
Bacteria have many strategies for surviving environ-
mental challenges. These strategies frequently involve 
rapid changes in gene expression that temporarily alter 
the phenotype of a cell and allow it to survive. A more 
sophisticated and prolonged example of stress response 
is spore formation, or sporulation, wherein the bacterial 
genome is sequestered in a safe place (the spore) until 
environmental conditions improve, upon which the 
spore quickly germinates and returns to the vegetative 
state. Endospores are formed and nurtured completely 
within a mother cell, which must lyse to release the spore 
into the environment. Unrelated mechanisms of bacte-
rial sporulation1 include the formation of exospores, 
myxospores and akinetes (BOX 1).

Endospores (hereafter referred to as spores) exhibit  
extraordinary resistance properties and have served as 
textbook examples of long-term cell survival2–4. The 
exact mechanism of spore persistence is unknown, 
but in addition to being resistant to ultraviolet (UV) 
radiation, chemicals (such as peroxide and hypochlo-
rite), extreme heat and other stresses, spores are meta-
bolically dormant and partially dehydrated, which is 
likely to allow their survival in nutrient-free and harsh 
environments. Although the upper limit of viability is 
unknown, some researchers have reported the revival 
of spores from samples ranging in age from decades to  
several thousands of years5, a claim that is difficult  
to prove unambiguously. Nevertheless, viable spores 
have been isolated from specimens such as dried  
plant samples dating from 1640 onwards6 and a flask  

of Bacillus anthracis spores sealed in Louis Pasteur’s  
laboratory for 60 years7.

Two taxa within the phylum Firmicutes — the aero-
bic Bacillaceae and the anaerobic Clostridia — form 
spores via an evolutionarily conserved mechanism8,9 
(see below). These bacteria include the pathogens 
B. anthracis and Clostridium difficile, and the model 
organism Bacillus subtilis. Sporulation is a simple exam-
ple of differentiation: a cell replicates its DNA, divides 
asymmetrically and places copies of its genome in both 
compartments. Over the next 8 to 10 hours, the smaller 
of the two compartments, the forespore (or prespore), 
develops into a mature spore capable of protecting the 
genome. When the spore is released into the surround-
ing environment it can persist or germinate to re-enter 
the vegetative cycle. A variety of spore-forming species 
are routinely found in soil samples10, but they have also 
been isolated from ecosystems as diverse as hot springs11, 
arctic sediments12 and the mammalian gastrointestinal 
tract13.

Our focus here will be the spore coat, a structure 
present on the exterior of all spores that is crucial for 
conferring resistance to environmental stress. The 
paradigm for coat architecture is provided by B. sub-
tilis, which uses at least 70 different proteins to build 
this multilayered structure. In this Review, we provide a 
brief overview of sporulation in B. subtilis with a focus 
on the assembly and function of the coat. We discuss 
recent investigations combining genetic, biochemi-
cal and cytological approaches that have led to a better 

Sporulation
The developmental process of 
spore formation.

Endospores
Metabolically dormant cells 
composed of a partially 
dehydrated central core 
(containing the genome) 
surrounded by several 
concentrically arranged 
protective layers. An 
endospore develops inside a 
mother cell.
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Mother cell
The larger of the two 
compartments formed by 
asymmetric division of the 
sporulating cell, it synthesizes 
most of the building blocks 
required to assemble the 
endospore protective 
structures and lyses at the end 
of sporulation, releasing the 
spore into the environment.

Forespore
The smaller of the two 
compartments that are formed 
by asymmetric division of the 
sporulating cell. It matures into 
an endospore.

Coat
A spore protective structure, 
which is made up of dozens of 
proteins. It is usually 
multilayered, consisting of 
inner and outer layers.

Sporangium
A vessel in which spores are 
formed. In endospore 
formation it refers to a cell that 
has entered sporulation by 
dividing asymmetrically.

Engulfment
The morphological transition in 
sporulation during which the 
mother cell swallows the 
forespore in a phagocytosis-like 
process involving membrane 
migration. After engulfment is 
complete, the forespore 
becomes a cell within the 
mother cell cytoplasm.

understanding of coat morphogenesis. Knowledge about 
the molecular mechanisms behind the formation of this 
complex structure should reveal novel principles under-
lying the assembly of multiprotein structures in various 
organisms.

Sporulation in Bacillus subtilis
In laboratory cultures, sporulation begins at the onset 
of stationary phase when nutrients are depleted; how-
ever, the ultimate ‘molecular signal’ of sporulation, if it 
exists, remains elusive. Sporulation is triggered by the 
activation of histidine sensor kinases (including KinA, 
KinB and KinC), which shuttle phosphate through an 
extended phosphorelay, resulting in phosphorylation 
of the master regulator of sporulation, the transcrip-
tion factor Spo0A. Simply upregulating the expression 
of KinA appears to be sufficient to trigger sporulation, 
regardless of nutrient status14. Phosphorylated Spo0A 
controls a large regulon of genes, including those 
involved in asymmetric cell division and those involved 
in activation of the sporulation-specific sigma factors15. 
An asymmetric division of the sporulating cell creates a 
sporangium composed of two compartments, the larger 
mother cell and the smaller forespore, which ultimately 
becomes the spore (FIG. 1). The next stage is the engulfment  
of the forespore by the mother cell in a process resem-
bling phagocytosis. After the completion of engulf-
ment, the forespore is a double membrane-bound cell 
within the mother cell. Engulfment is coordinated with 
the building of two external protective structures: the 
cortex is composed of peptidoglycan16 and is assembled 
between the inner and outer forespore membranes, and 
the proteinaceous coat comprises the outermost layer  
of the spore17,18. Spore peptidoglycan precursors are 
synthesized in the mother cell19 and are flipped across 

the outer forespore membrane into the intermembrane 
space by an as yet incompletely understood mecha-
nism20. The coat is composed of at least 70 individual 
proteins that are produced by the mother cell and begin 
to localize to the spore surface during engulfment21.

Structure of the spore
Since the initial application of electron microscopy to 
sporulating bacteria, researchers have been captivated by 
the concentrically arranged layers making up the spore 
external structure22,23 (FIG. 2). The genome is contained  
in the partially dehydrated central core, in which most of 
the water has been replaced with Ca2+-dipicolinic acid. The  
core is surrounded, from innermost to outermost, by  
the inner spore membrane, germ cell wall (a thin layer of 
vegetative cell wall-like peptidoglycan that is not depicted 
in the figures), cortex, outer spore membrane and coat. 
Most of these structures are rapidly lost upon germina-
tion: the coat is shed and the cortex is degraded by cell 
wall hydrolases. The germ cell wall is retained to serve as 
a primer for vegetative cell wall assembly. The inner spore 
membrane becomes the plasma membrane, whereas the 
fate of the outer spore membrane is less clear. It may 
be lost during spore maturation, but there is at least 
one organism (Acetonema longum) in which it persists  
after germination, thus generating a double membrane 
vegetative cell akin to Gram-negative bacteria24.

Three layers of the B. subtilis spore coat are observed 
in thin-section electron microscopy: a lamellar inner 
coat, a more coarsely layered outer coat and a recently 
identified layer named the crust23,25 (FIG. 2a,b). In some 
species, such as B. anthracis, a different type of outermost 
layer exists, called the exosporium22. The exosporium is a 
distinct glycoprotein layer that surrounds the spore and 
is separated by a gap called the interspace26–29 (FIG. 2c). 
In Bacillus cereus and its close relatives B. anthracis 
and Bacillus thuringensis, the exosporium consists of a 
basal layer adorned with hair-like projections. Recent 
structural studies have documented the crystalline two-
dimensional architecture of the basal layer30. In isolation, 
or in combination with the exosporium, the coat fulfils 
several functions other than protection of the genome 
(see below).

Between species, the spore surface differs most obvi-
ously by the presence or absence of an exosporium, but 
there is also considerable diversity in the individual coat 
proteins. Analysis of existing genome sequences suggests 
that about half of the known B. subtilis coat protein genes 
have recognizable orthologues in other Bacillus species, 
whereas the other half do not appear to be conserved 
at all. In the genomes of Clostridium spp., conserva-
tion of B. subtilis coat genes is even more limited8,9,17,31. 
Considering that the spore surface represents the inter-
face between spores and the environment, diversity in 
coat composition may have a crucial role in defining the 
ecological niches of spore-forming bacteria (see below).

Functions of the spore coat
Protection from environmental stress. The resistance of 
spores to extreme environmental stresses is likely to be 
an emergent property of spore architecture, making it 

Box 1 | Resting cells: endospores, exospores, myxospores and akinetes

A variety of metabolically dormant bacterial cells, called resting cells, have been found 
in nature1. Endospores form inside a mother cell after the separation of the sporangium 
into distinct forespore and mother cell compartments; however, endospore formation is 
not limited to the production of a single spore per mother cell. Metabacterium 
polyspora, which is found in the gastrointestinal microbiota of guinea pigs, forms 
endospores at both poles of the mother cell. M. polyspora endospores also appear to 
have the capacity to divide further by binary fission, enabling the production of more 
than three spores per cell108. Genetic manipulation of Bacillus subtilis can also result in 
the formation of two viable endospores in a single mother cell109.

Various other resting cell types that form ‘outside’ the original vegetative cell have 
also been described. Streptomyces species sporulate by forming a multinucleate 
sporogenic cell at the leading tip of an aerial hypha filament. Divisomes are assembled 
along the length of the sporogenic cell to partition each chromosome into an individual 
compartment that will eventually become an exospore110. During myxospore formation 
in Myxococcus species and akinete formation in heterocyst-forming species of 
Cyanobacteria, an entire individual cell transforms its morphology to form a resting cell 
in the absence of division1. To our knowledge, there has been no comprehensive parallel 
study of the relative resistance properties of the known types of resting cells; however, 
meta-analysis suggests that all resting cell types appear to be resistant to desiccation, 
whereas resistance to other types of stress such as extreme heat and predation by 
protozoa is variable111. The spore coat of myxospores has been investigated to some 
extent112, but it appears to be unrelated to the spore coat of endospores, both in terms 
of composition (it is made essentially of exopolysaccharides) and mechanism of 
assembly, which requires a dedicated protein machinery.

R E V I E W S

34 | JANUARY 2013 | VOLUME 11  www.nature.com/reviews/micro

© 2013 Macmillan Publishers Limited. All rights reserved



Nature Reviews | Microbiology

Coat

Vegetative 
cycle

Mother cell

Binary
fission

Growth

Asymmetric
cell division

Late
sporulation

Sporulation

Engulfment

Germination

Mother cell lysis

Forespore

Spore coat

Chromosome

Septum

Cortex

Inner forespore 
membrane

Outer forespore 
membrane

Cortex
A spore protective structure 
composed of peptidoglycan. It 
is assembled between the 
inner and outer forespore 
membranes.

Crust
The outermost layer of the 
coat in Bacillus subtilis. It 
closely follows the contours of 
the outer coat.

Exosporium
The outermost structure of the 
spore in several species. It is a 
protein (and, in at least some 
cases, a glycoprotein) layer 
separated from the outer coat 
by a large gap of irregular 
width referred to as the 
interspace.

Bacteriovores
Free-living heterotrophs that 
feed on bacteria.

difficult to describe causal connections between indi-
vidual stresses and resistance mechanisms. For example, 
resistance to extreme heat requires partial dehydration 
of the spore core, a functional cortex, RecA-dependent 
DNA repair machinery and an array of small acid- 
soluble proteins, which bind to the genome in the spore 
core32. Similarly, spores may be resistant to desiccation 
because the spore core itself is partially dehydrated. Late 
in sporulation, most of the water in the spore core is 
replaced with Ca2+-dipicolinic acid, and mutants defi-
cient in Ca2+-dipicolinic acid production do not survive 
desiccation.

Spores of B. subtilis are also more resistant to UV 
irradiation and peroxide than vegetative cells32. CotA, a 
copper-dependent laccase found in the outer coat, con-
tributes to protection against UV radiation and peroxide 
by generating a pigment that is structurally similar to 
melanin33. Melanin confers resistance to reactive oxy-
gen species in a number of different microorganisms34, 
and deactivation of reactive oxygen species may be a 
common mediator of resistance to both UV light and 
peroxide. Melanin has also been shown to interfere with 
phagocytosis of fungal pathogens such as Cryptococcus 
neoformans by human macrophages, and it is necessary 
for yeast survival within macrophages35. It is currently 
unknown whether CotA has a similar effect on the 
phagocytosis and survival of spores.

The major known function of the coat is spore protec-
tion and, indirectly, preservation of the spore genome. 

Remarkably, B. subtilis spores can survive ingestion by 
bacteriovores as different as the protozoan Tetrahymena 
thermophila and the nematode Caenorhabditis ele-
gans36–38. After being fed wild-type spores of B. subti-
lis, electron microscopy revealed that T. thermophila 
phagosomes were full of intact, undigested spores; 
however, mutations that disrupt the coat result in 
rapid digestion of the spore cortex and core. Thus, in 
the natural environment, the coat is likely to provide 
physical protection from predators. Although the exact 
molecular mechanism of this protection is unknown, 
the genomes of both T. thermophila and C. elegans 
contain multiple homologues of putative peptidogly-
can hydrolases, suggesting that the coat may have an 
important role in limiting access of these enzymes to 
the peptidoglycan-containing cortex.

Regulation of germination. For dormancy to be a viable 
survival strategy, spores must be able to germinate rapidly 
when nutrients become available again. Spores continually 
monitor their surroundings using an array of germina-
tion receptors embedded in the inner spore membrane. 
Germinants of B. subtilis include sugars, amino acids, 
peptidoglycan fragments and ions39,40. As germinants 
will reach their receptors by traversing the spore coat and 
cortex, the coat must ultimately be both protective and 
permeable. The coat can be conceptualized as a molecular 
sieve that excludes large molecules, such as lysozyme, while 
allowing the passage of small-molecule germinants22,41.

Figure 1 | The sporulation and germination cycle in Bacillus subtilis. Sporulation begins when a sporangium divides 
asymmetrically to produce two compartments: the mother cell and the forespore, which are separated by a septum.  
Next, the mother cell engulfs the forespore, and following membrane fission at the opposite pole of the sporangium, a 
double-membrane bound forespore is formed. Coat assembly begins just after the initiation of engulfment and continues 
throughout sporulation. The peptidoglycan cortex between the inner and outer forespore membranes is assembled 
during late sporulation. In the final step, the mother cell lyses to release a mature spore into the environment. Spores are 
capable of quickly germinating and resuming vegetative growth in response to nutrients.

R E V I E W S

NATURE REVIEWS | MICROBIOLOGY  VOLUME 11 | JANUARY 2013 | 35

© 2013 Macmillan Publishers Limited. All rights reserved



Nature Reviews | Microbiology

Chromosomea

cb

Core

Cortex

Basement layer

Inner coat
Outer coat

Crust

Inner forespore
membrane

Outer forespore
membrane

Although the effect of the coat on the initiation of 
germination may be strictly passive, the coat and the 
exosporium also have the potential to enzymatically 
affect germination. An intrinsic property of spore sur-
faces is the ability to convert l-alanine to d-alanine 
using an alanine racemase 42. Because l-alanine is a 
potent germinant, conversion of l-alanine to d-alanine 
by the coat could suppress germination. Recently, an 
alanine racemase enzyme (Alr) from the exosporium 
of B. anthracis spores was characterized43,44. During 
sporulation of B. anthracis cells lacking Alr, forespores 
germinate prematurely within the mother cell, suggest-
ing that Alr insulates the developing forespore from free 
l-alanine in the mother cell cytoplasm45. An orthologue 
of alr in B. subtilis (yncD) encodes an alanine racemase 
that localizes to the outer coat layer25,46; however, dele-
tion of yncD does not result in premature forespore 
germination47.

The coat also influences germination by sequestering 
enzymes required for degradation of the cortex pepti-
doglycan. In particular, the B. subtilis inner coat con-
tains at least two peptidoglycan hydrolases, CwlJ and 
YaaH (SleL)21,48–51. Furthermore, peptidoglycan-binding 
domains, such as the LysM domain52, are present in 
several coat proteins (including YaaH), but their exact 
functions have not yet been determined in the context 
of the sporulation–germination cycle. It is possible that 
the impact of the coat on peptidoglycan hydrolysis is 
more complex than currently suspected. The functional 
interdependency between the coat and cortex layers is 
emphasized further by the recent discovery of CmpA, 
a mother cell-expressed protein that appears to be 
involved in a checkpoint ensuring that cortex synthesis 
is delayed until coat assembly successfully initiates53.

After the initiation of germination, the coat must be 
opened and ultimately shed to allow the vegetative cell to 
grow out54. In B. subtilis, it is unclear whether outgrowth 
is a polarized process, wherein one pole of the spore is 
favoured over another. In B. anthracis, outgrowth appears 
to be biased towards the mother cell proximal (MCP) 
pole, which is the initial localization site of the spore coat 
and exosporium proteins55.

Defining an ecological niche? For all bacteria, the prop-
erties of the cell surface define the range of interactions 
that the bacterium may establish with other organisms 
and surfaces. The diversity of spore surface structures 
(see, for example, REFS 22,27,56–58) and the conserva-
tion of only a subset of coat proteins8,9,17, which includes 
the coat morphogenetic proteins17, suggests that spore 
surface properties are diverse and may contribute to the 
wide dispersal of spore-forming bacteria. The available 
data suggest that, between species, spore surfaces can 
display varying degrees of hydrophobic or hydrophilic 
characteristics29,59,60.

If the function of the coat is to resist ubiquitous envi-
ronmental stresses, then why is coat structure so vari-
able? In contrast to the coat, the core and cortex do not 
usually display interspecies differences that are distin-
guishable by electron microscopy. Given the diversity 
in coat structure among species, it seems reasonable  
to speculate that this diversity is driven by adaptation to  
a variety of niches. However, as any specific niche har-
bouring bacterial spores typically possesses diverse spe-
cies (see, for example, REF. 61), addressing this question 
is extremely complex62. The functions of the coat and 
the exosporium might have evolved in an exquisitely 
fine-tuned manner to allow spores to thrive in diverse 
habitats, both natural and man-made. For example, to 
cause disease in a hospital setting, a C. difficile spore 
needs to interact with abiotic surfaces, such as stainless 
steel, as well as the varied microenvironments within 
a host. During their transit between niches, it is likely 
that the level and type of stresses vary considerably, and 
the surfaces to which spores need to adhere represent 
another important source of variation. Thus, spore 
transmission in complex environments, where the ability 
to adhere to and survive on variable surface structures 
is crucial, could be a key factor that promotes diversity 

Figure 2 | Spore ultrastructure. a | Cartoon of a typical 
Bacillus subtilis spore. The multiple layers of the spore serve 
to protect the genome, which is housed in the partially 
dehydrated central core. The inner forespore membrane 
(grey) is visible in electron micrographs of sectioned spores, 
but the outer forespore membrane is not usually visible. 
The core is protected by the cortex (green) and the spore 
coat, which consists of four layers: the basement layer 
(blue), inner coat (orange), outer coat (purple) and crust 
(red), which is only visible after ruthenium red staining. The 
concentric rings of the basement layer and inner coat 
reflect the lamellar appearance of the inner coat in electron 
micrographs. It is unknown how these lamellae form or 
whether they are composed of specific proteins. b | Thin 
section transmission electron micrograph of a B. subtilis 
spore stained with ruthenium red. c | Thin section 
transmission electron micrograph of a Bacillus anthracis 
spore stained with osmium tetroxide. The exosporium is 
the outermost protective layer of the spore and it contains 
hair-like projections. It is separated from the rest of the 
spore by a large interspace. Part b is reproduced, with 
permission, from REF. 25 © (2010) Elsevier.
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Lamellae
The characteristic alternating 
dark and light rings of the inner 
coat that are visible by electron 
microscopy.

Encasement
The morphological transition in 
spore coat assembly from a 
cap of coat proteins on the 
mother cell proximal pole of 
the forespore to a symmetric 
distribution around the 
circumference of the spore.

in coat structure and composition. Moreover, the ability 
of a spore to attach to or avoid specific surfaces could 
facilitate future growth after germination. Elucidation 
of the physical and chemical properties of spores, in 
conjunction with their variability in different ecological 
conditions, is an important goal for future research and 
should help to identify specific environmental features 
driving coat variation.

Spore coat assembly
The first coat proteins were identified by reverse genetic 
approaches. Specifically, extracts of coat material were 
subjected to peptide sequencing, the resulting sequences 
were cloned and mutants were constructed to determine 
the role of each protein in coat assembly, which was 
examined by electron microscopy63–65 (TABLE 1). Although 
electron microscopy offers unparalleled resolution 
of subcellular structures, the lack of systems for high-
sensitivity labelling of individual proteins has limited its 
application. More recently, proteomics approaches and 
global transcriptional profiling of the mother cell com-
partment led to the discovery of several novel spore pro-
teins66–70. Candidate coat proteins can then be verified by 
fluorescence microscopy, which involves examining the 
localization of green fluorescent protein (GFP)-tagged 
candidate coat proteins in mutants with disrupted coat 
assembly71,72. Moreover, the combination of a GFP 
fusion protein with a fluorescent membrane stain allows  
the kinetics of coat protein localization relative to the 
membrane dynamics of engulfment to be observed21.

Coat morphogenetic proteins. The first description of 
spore coat structure came from thin-section electron 
microscopy23 (FIG. 2). Distinct inner and outer coat layers 
were made visible using osmium tetroxide staining: the 
outer coat was darkly stained, whereas the inner coat was 
stained more lightly and contained multiple concentric 
dark lamellae. Initial forward genetic screens aimed at 
identifying the genes required for sporulation in B. sub-
tilis revealed two loci that have a major effect on coat 
structure: spoIVA73 and spoVM74. Electron microscopy of 
spoIVA mutants showed that coat material was present, 
but instead of encircling the spore, the coat assembled 
in aggregates floating in the mother cell cytoplasm73,75. 
Interestingly, the darkly and lightly stained layers of 
the coat were still present, suggesting that even in the 
absence of spore-surface localization, some self-assem-
bly was preserved. These data are consistent with a role 
for SpoIVA in anchoring the coat to the spore surface. By 
contrast, a transposon insertion in spoVM resulted in a 
spore coat that was localized to the spore surface but was 
only partially attached and significantly disorganized74.

Among the genes identified using reverse genetics 
approaches were safA, cotE and spoVID64,65,76,77. Electron 
microscopy of mutant strains revealed that safA mutant 
spores lack an inner coat but retain a seemingly unaf-
fected outer coat76, whereas cotE mutant spores retain 
an inner coat but lack an outer coat65. By contrast, the 
phenotype of spoVID mutant spores resembled that of 
the spoVM mutant spores64; in both cases the two coat 
layers could be distinguished, but the coat did not form 

a shell of protein around the forespore and was often 
found detached from the forespore surface. Subsequent 
work showed that spoVID, along with spoVM, is required 
for a later stage in coat assembly, spore encasement (see 
below). Collectively, the electron microscopy data sug-
gested that assembly of the two layers occurs indepen-
dently: SafA is necessary for assembly of the inner coat, 
whereas CotE is necessary for assembly of the outer 
coat. We now know that these two proteins, together 
with SpoIVA, form the core of a modular network 
responsible for assembly of a scaffold cap of the spore 
coat on the MCP pole of the forespore25 (FIG. 3). By con-
trast, SpoVM and SpoVID are crucial for the transition 
from a single cap to a full spherical shell that encases the 
spore. These key proteins (SpoIVA, SpoVM, SpoVID, 
SafA and CotE) were named morphogenetic proteins 
as they have a major role in coat morphogenesis but do 
not affect gene expression in the mother cell.

The spore coat genetic interaction network. The applica-
tion of immuno-electron microscopy to B. subtilis spores 
revealed the subcellular localization of the morphoge-
netic proteins and provided initial clues as to how these 
proteins direct spore coat protein assembly: SpoIVA was 
detected in close proximity to the membrane, SafA in 
the inner coat77 and CotE at the interface of the inner 
and outer coats78. By using the localization data of these 
three proteins and the phenotypes of the correspond-
ing mutants, it was possible to draw the skeleton of an 
interaction network (FIG. 3a). Our laboratories and oth-
ers took a genetic approach to further characterize this 
network25,69,79. Spore coat proteins were defined by a 
failure to localize to the spore surface in the absence of 
SpoIVA, and catalogued as inner or outer coat proteins 
based on their inability to localize to the spore surface in 
mutants of safA and cotE, respectively (TABLE 1). To date, 
41 GFP-tagged spore coat proteins have been examined 
for genetic interactions with spoIVA, cotE and safA25,69.

These investigations revealed a network of genetic 
interactions with three nearly independent modules: a 
SafA-dependent subnetwork, a CotE-dependent sub-
network and a third module consisting of proteins that 
are independent of both SafA and CotE, and primarily 
dependent on SpoIVA (FIG. 3a; TABLE 1). Spatial informa-
tion was inferred from the genetic dependencies. For 
example, because SpoIVA is necessary to anchor the coat 
to the spore surface, the subnetwork around SpoIVA 
should localize closest to the spore membrane.

To test whether the genetic interaction network 
accurately predicted the localization of individual 
coat proteins, high-resolution image analysis was used 
to circumvent the theoretical limit of light micros-
copy, which overlaps with the maximal width of the  
spore coat (~200 nm). The distances between the spore 
membrane and 17 individual coat protein fusions were 
measured. When these data were then sorted by the 
mean distance between the spore membrane and each 
fusion protein, coat proteins grouped according to the 
interactions predicted by the genetic interaction net-
work: CotE-independent proteins were closest to the 
membrane and CotE-dependent proteins were furthest 
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Table 1 | Table of representative coat proteins from Bacillus subtilis

Coat protein EM phenotype of 
null mutant

Dependent coat 
proteins

Domains* Conservation‡ Refs

Basement layer proteins (SpoIVA-dependent)

SpoIVA No coat attached, no 
cortex

All tested Walker A ATPase All endospore formers 73,75,86,93

SpoVM No cortex, 
encasement blocked

All tested Amphipathic α-helix All members of the Bacillaceae and 
most Clostridium spp.

74,82,83,90,118

SpoVID Encasement blocked Most tested 
proteins

LysM Most members of the Bacillaceae and 
no Clostridium spp.

64,78,83,91,92

LipC (also known as 
YcsK)

ND ND Lipase All members of the Bacillaceae and 
most Clostridium spp.

122

YhaX ND ND HAD (haloacid 
dehydrogenase) 
family

All members of the Bacillaceae and 
most Clostridium spp.

25,72

YheD ND ND – Some members of the Bacillaceae and 
no Clostridium spp.

88

Inner coat proteins (SafA-dependent)

SafA No inner coat 17 LysM Most members of the Bacillaceae and 
no Clostridium spp.

76,77,85

CotD ND ND – Most members of the Bacillaceae and 
no Clostridium spp.

25,51,63

CotT Thinner inner coat ND – Only found in Bacillus subtilis 25, 51,123

CwlJ ND ND Peptidoglycan 
hydrolase

All endospore formers 21,48,49

OxdD (also known 
as YoaN)

ND ND Oxalate 
decarboxylase

Most members of the Bacillaceae and 
some Clostridium spp.

124

YaaH (also known 
as SleL)

ND ND LysM (×2)§, N-acetyl-
glucosaminidase

All members of the Bacillaceae and 
most Clostridium spp.

25,48,50,51

YuzC ND ND – Some members of the Bacillaceae and 
no Clostridium spp.

25,72

Outer coat proteins (CotE-dependent)

CotE No outer coat 16 – All members of the Bacillaceae and no 
Clostridium spp.

25,65,71,78,94

CotA No phenotype ND Multi-copper oxidase Most members of the Bacillaceae and 
some Clostridium spp.

25,33,51,63

CotM Modest outer coat 
defect

ND α-crystallin family of 
stress proteins

Most members of the Bacillaceae and 
some Clostridium spp.

25,125

CotO (also known 
as YjbX)

Outer coat defect ND – Most members of the Bacillaceae and 
no Clostridium spp.

25,72,102

CotS No phenotype ND Bacterial spore kinase Most members of the Bacillaceae and 
some Clostridium spp.

25,69,126,127

YncD ND ND Alanine racemase All endospore formers 25,46

YtxO ND ND – Most members of the Bacillaceae and 
no Clostridium spp.

25,51,69

Crust proteins (CotX/Y/Z-dependent)

CotX/CotY/CotZ|| No crust attached 1 – Most members of the Bacillaceae and 
no Clostridium spp.

25,79,97

CotW ND ND Coiled coil Some members of the Bacillaceae and 
no Clostridium spp.

25,97

EM, electron microscopy; ND, not determined. *‘–’ indicates that no homology to a previously defined domain was identified for this protein. ‡Data from REF. 9. 
§Two copies of the LysM domain. ||The conservation information refers only to CotY and CotZ.
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from the membrane25. Unexpectedly, a group of pro-
teins that are significantly separated from CotE was also 
identified, suggesting the possibility of an additional 
layer and perhaps a fourth genetic interaction module 
controlled by cotX, cotY and cotZ25. Notably, a homo-
logue of CotY had been identified in extracts of the 
exosporium of B. anthracis80, but as mentioned above, 

B. subtilis spores do not have an exosporium. Electron 
microscopy in combination with conventional staining 
indicated that the outer coat is the outermost layer in 
B. subtilis. However, more recent analysis using stain-
ing with ruthenium red showed an additional electron-
dense layer assembled over the outer coat81, which we 
have named the crust25. Because the contours of the 
outer coat and crust follow each other very closely, we 
propose that these layers are in direct contact, in spite 
of the electron-translucent region seen by transmission 
electron microscopy. The crust was absent in ΔcotXYZ 
mutant spores, arguing that CotX, CotY and CotZ, indi-
vidually or in combination, are morphogenetic proteins 
involved in crust assembly25,79.

Encasement: the second step in coat assembly. The 
morphogenetic proteins discussed thus far have similar 
mutant phenotypes in that they appear to be involved 
in localizing spore coat proteins to the spore surface. 
Another distinct phenotypic class also exists: in these 
mutants, coat proteins localize to the spore surface, 
but the coat fails to form a full shell around the spore. 
Two examples are mutants of spoVID and spoVM64,82,83 
(TABLE 1). In these two mutants, most of the 41 GFP-
tagged coat proteins localize to the MCP pole of the fore-
spore but fail to transition to complete concentric rings 
of fluorescence78,83–87. This phenomenon was named 
‘spore encasement’ to distinguish it from the localization 
of coat proteins to the spore surface, which is controlled 
by SpoIVA, SafA, CotE, CotX, CotY and CotZ.

Morphogenesis of the spore coat in real time
The genetic interaction network was assembled using 
data from mature spores; however, it has been clear 
from the first observations of the localization of indi-
vidual coat proteins that coat morphogenesis is dynamic 
and coordinated with spore development78,88 (FIG. 4). For 
example, SpoIVA and SpoVM were observed tracking 
along with the engulfing forespore membrane78,86,89,90, 
whereas CotE appears to localize in two distinct steps: 
first forming a cap on the MCP pole of the spore  
and later forming a second cap on the mother cell  
distal (MCD) pole of the spore after the completion of 
engulfment71,83,89.

Recently, the dynamics of spore coat protein localiza-
tion over the course of sporulation were examined by 
fluorescence microscopy of the library of 41 GFP-tagged 
coat proteins21. The proteins could be divided into two 
roughly equal groups based on whether initial localiza-
tion on the forespore surface occurred during or after 
engulfment. The proteins that localized during engulf-
ment did so simultaneously to the forespore MCP pole 
and included the morphogenetic proteins SpoIVA, 
SpoVM and SpoVID. These three proteins tracked along 
the membrane, forming a full shell of fluorescence upon 
the completion of engulfment (FIG. 4). Thus, their pres-
ence in the earliest kinetic class links the genetically 
uncoupled phenomena of coat protein localization and 
encasement. Consistent with these observations, these 
proteins interact physically in biochemical assays83,87,91. 
Surprisingly, additional waves of encasement could be 

Figure 3 | The coat genetic interaction network. a | Recognition of the spatially scaled 
genetic interaction network led to the proposal of a coat made up of four layers (the 
basement layer (blue), inner coat (orange), outer coat (purple) and crust (red)), each with 
its own independent morphogenetic protein (SpoIVA, SafA, CotE and CotX/CotY/CotZ, 
respectively). The morphogenetic proteins SpoVM and SpoVID are required for spore 
encasement (FIG. 4). b | Assembly of each layer may be driven by the multimerization of 
the underlying morphogenetic protein. Polymerization of a morphogenetic protein 
would, presumably, create the necessary binding sites for each of the individual coat 
proteins that make up each layer. It remains to be determined whether and how the proteins 
of the individual layers interact with adjacent layers and how adjacent layers interact to 
form the mature spore coat.
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readily distinguished. Among the early-localizing coat 
proteins, another wave of encasement occurred only 
after completion of engulfment and the establishment 
of the MCD pole of the forespore, arguing that proteins 
in this class, including CotE, require the MCD pole 
for encasement (FIG. 4). Importantly, this later wave is 
dependent on SpoVM and SpoVID, as highlighted by 
the observation that a direct interaction between CotE 
and the amino-terminal domain of SpoVID is crucial for 
encasement of the outer coat92. The final wave of encase-
ment among the early-localizing coat proteins, which 
includes the crust protein CotZ, occurs even later (FIG. 4). 
In summary, encasement by the morphogenetic proteins 
proceeds in a distinct order from basement layer to outer 
coat to crust. As such, the timing of encasement (which 
is subject to transcriptional control, see below) may rep-
resent the primary organizational phenomenon of coat 
morphogenesis21.

Encasement. The molecular mechanism driving encase-
ment is unknown; however, the sequential encasement 
of the spore by the morphogenetic proteins may offer 

some clues. For example, multimerization of all or some 
of the morphogenetic proteins is a plausible model of 
coat assembly (FIG. 3b). Purified SpoIVA polymerizes in 
an ATP-dependent manner and forms cables of vary-
ing diameter93, and the morphogenetic proteins SafA, 
CotE and CotZ have all been shown to self-interact 
biochemically84,94,95.

Because polymerization is limited by the availabil-
ity of polymer subunits, one way to control the timing 
of encasement would be to limit the availability of coat 
protein monomers so that they are only expressed when 
they are needed. Gene expression in the mother cell is 
organized into a series of feedforward loops that result 
in successive waves of gene transcription and protein 
synthesis68,96. This hierarchical organization of gene 
expression is the result of transcriptional control of pro-
moters by compartment-specific sigma factors and tran-
scription factors (FIG. 4). The sigma factor σE is activated 
shortly after the completion of asymmetric division and 
regulates early gene expression in the mother cell. After 
the completion of engulfment, a second sigma factor, 
σK, replaces σE and regulates late gene expression in the 

Figure 4 | A model for coat morphogenesis: successive waves of spore encasement. Coat morphogenesis begins with 
the assembly of a scaffold containing half of all coat proteins on the mother cell proximal (MCP) pole of the forespore. 
Assembly of the basement layer (blue), which consists of proteins that are solely under the control of the sigma factor σE  
for transcription, is dependent on SpoIVA. Encasement by SpoIVA is likely to be driven by multimerization and happens 
concomitantly with engulfment. Assembly of the inner (orange) and outer (purple) coat layers is dependent on SafA and 
CotE, respectively. Proteins of the inner and outer coat appear to have delayed encasement kinetics in comparison to the 
basement layer, and although they begin to assemble on the MCP pole during engulfment, they only form a cap on the 
mother cell distal (MCD) pole of the forespore after engulfment is complete. Most proteins in this class show dependency 
on combinations of σE and σK, as well as the transcription factor SpoIIID for expression. CotZ, a key component of the crust 
(red) belongs to the last encasement class and is dependent on σE, σK and the transcription factor GerE for expression. All 
four layers contain late-expressed σK-dependent proteins that are not part of the initial scaffold. These proteins presumably 
diffuse through the permeable coat matrix to reach their final location within the coat. Transcriptional regulation in the 
mother cell controls the kinetics of spore encasement, in particular the two sigma factors — σE (for the control of early  
gene expression during engulfment) and σK (for the control of late gene expression post-engulfment) — and two mother 
cell-specific transcription factors — SpoIIID (which is turned on by σE and modulates the σE regulon) and GerE (which is 
turned on by σK and modulates the σK regulon). RNAP, RNA polymerase.
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Injectisomes
In Gram-negative bacteria, a 
family of secretion systems 
that have a molecular 
architecture homologous to 
flagella.

mother cell. Among the >250 genes in the σE regulon is 
the gene encoding the transcription factor SpoIIID68,96. 
SpoIIID regulates subsets of the σE regulon, both posi-
tively and negatively. This results in three waves of gene 
expression: an initial wave that is σE-dependent and later 
repressed by SpoIIID, a second wave under the control of 
σE alone and unaffected by SpoIIID, and a third wave that 
is σE-dependent and further upregulated by SpoIIID68. 
Similarly, a late mother cell-specific transcription factor, 
GerE, positively and negatively regulates subsets of the 
σK regulon, also subdividing it into three waves68.

The genes encoding the coat morphogenetic proteins 
belong to four temporally distinct classes of promoter 
regulation. Although clusters of sporulation genes can 
be found in the genome, genes encoding coat proteins 
appear to be randomly distributed around the chromo-
some and are rarely organized into operons (one excep-
tion being the cotXYZ cluster of genes that is required 
for crust formation97,98). SpoIVA is expressed in a short 
pulse under the control of σE, and its synthesis is later 
repressed by SpoIIID68,75. SafA is upregulated by σE 
alone and is unaffected by SpoIIID76, whereas CotE is 
expressed in two pulses, first by σE and then by σK, before 
being repressed by GerE68,99. Expression of the crust pro-
tein operon, cotYZ, is activated by σE, σK and GerE68,98. 
The transcriptional data correspond well to the locali-
zation kinetics of these proteins (as discussed earlier) 
and support the notion that the major coat morpho-
genetic proteins are expressed in ordered waves. SpoIVA 
is a member of the first kinetic class of fusion proteins 
that finish encasement at the end of engulfment86. The 
localization kinetics of SafA are unknown; however, it 
is either a member of the first kinetic class (considering 
that it interacts directly with SpoVID85) or, along with 
CotE, it could belong to a second kinetic class. Finally, 
encasement by CotZ begins only after the spore becomes 
visible by phase contrast microscopy as a dark sphere in 
the mother cell cytoplasm. Although it is initially tran-
scribed at a modest level under the control of σE, cotYZ 
is only transcribed at a high level during late sporulation.

Summary of coat assembly. The large number of pro-
teins that localize simultaneously to the MCP pole 
indicate that the coat may be spatially organized into 
layers from the beginning of the assembly process, as 
previously suggested78 (FIG. 4). Time-resolved meas-
urements of individual protein fusions during engulf-
ment confirmed that proteins are organized into four 
distinct layers early in morphogenesis and may form 
an organized scaffold on the MCP pole21. Encasement 
then occurs in successive waves, beginning with pro-
teins of the basement layer, followed by the outer coat 
and finally the crust. This establishes each layer of the 
scaffold on both poles and around the circumference of 
the spore. Intuitively, the easiest way to continue coat 
assembly for the late-expressed coat proteins would be to 
build additional layers on top of the pre-existing scaffold. 
The presence of some inner coat proteins among the  
latest-expressed coat gene promoters suggests that  
the coat remains permeable late in morphogenesis, even 
to protein fusions as large as 70 kDa21. Thus, with all coat 

layers present at the beginning of coat morphogenesis, 
we expect that the major mechanism of addition of late-
expressed coat proteins is by diffusion through the per-
meable coat. Crosslinking among proteins may limit this 
permeability. The one example of crosslinking among 
coat proteins that has been described in detail, the Tgl-
mediated crosslinking of GerQ, appears to occur only 
after mother cell lysis and the release of spores into the 
environment100.

Outstanding questions and concluding remarks
Many important questions regarding the mechanism 
of spore coat assembly have not yet been addressed. In 
addition to CotE, other coat morphogenetic proteins 
such as CotO and CotH appear to be necessary for the 
recruitment of proteins to the outer coat101–103. This raises 
the possibility of hierarchical interactions among indi-
vidual proteins within a single coat layer. It also remains 
to be determined whether the current genetic interaction 
network accurately predicts physical interactions among 
proteins. For example, does CotE exclusively interact 
with predicted outer coat proteins and not with inner  
coat proteins? Various physical interactions between coat  
proteins have been described77,83–85,87,91,92,95,104, but this 
has not yet been comprehensively investigated with, 
for example, a high-throughput two-hybrid technique. 
A systematic test of all possible physical interactions 
among coat proteins would also address the extent of 
hierarchical organization within coat layers.

Another potentially interesting question is how the 
thickness of each layer is determined. A possible clue 
is provided by a study that analysed B. subtilis spores 
with mutations in the spore coat protein genes cotH 
and cotO102. Individually, mutation in either gene results 
in a disorganized outer coat. The double mutation has 
an intriguing additional phenotype: outer coat pro-
teins form aggregates that bulge out significantly from 
the spore surface, resulting in a thicker outer coat. It 
is possible that proteins such as CotH and CotO act 
synergistically to enforce a specific width on the outer 
coat, analogous to the ‘molecular rulers’ of flagella and 
injectisomes105.

The coat morphogenetic proteins may be important 
targets for evolutionary adaptation across species, pro-
viding a pathway for rapid modification of coat archi-
tecture. Thus, an especially interesting area of future 
research will be to compare the coat protein assembly 
network of B. subtilis with networks in other species. 
B. anthracis possesses orthologues of several B. subtilis 
coat morphogenetic proteins, so it is tempting to specu-
late that B. anthracis uses some of the same proteins as 
B. subtilis to direct assembly of its coat27. For example, 
SpoIVA is necessary to anchor the coat to the spore 
surface in both species. By contrast, deletion of cotE 
in B. anthracis has only a modest effect on coat assem-
bly; however, it is necessary for proper assembly of the 
exosporium.

The dynamics of spore encasement may also be 
largely conserved among spore-forming bacteria. In early 
electron micrographs, assembly of the exosporium in 
B. anthracis was observed to progress from an initial cap 
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on the MCP pole of the spore to a full shell106. These elec-
tron microscopy observations appear to agree with the 
localization dynamics of individual exosporium proteins, 
which form an initial cap on the MCP pole before transi-
tioning to a complete shell of protein that surrounds the 
spore107. In cells deleted of exsY, a homologue of B. subtilis  
cotZ, the exosporium assembles as a cap on the MCP pole  
of the forespore but fails to encase the spore26. This pheno type  
is reminiscent of the spore encasement phenotypes of  
the spoVM and spoVID mutants of B. subtilis83.

Through a combination of genetic, biochemical and  
microscopy studies, much progress has been made in 
understanding how the spore protective layers are assem-
bled in B. subtilis. By examining how spores interact with 
various surfaces, biofilms and microbial consortia, it 

should be possible to connect what has been learned in 
the laboratory to what occurs in nature. Future studies 
that assess how well-conserved the proteins and assem-
bly mechanisms are should help us to determine whether 
the phenomena observed in B. subtilis coat assembly are 
applicable to other spore formers. These future goals 
also bring to mind a key gap in our knowledge: we cur-
rently know very little about the diversity in spore coat 
structure and composition among species. Progress in 
addressing some of these outstanding questions could 
be substantially facilitated by analysis of species beyond 
the familiar models. Importantly, knowledge of the coat 
assembly mechanisms could also be exploited in vari-
ous applications with public health implications, such as  
vaccine development (BOX 2).
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Box 2 | Applications of spore surfaces

An understanding of spore coat organization may benefit the development of microbial cell surface display technologies, 
which have been used to produce biocatalysts, biosorbents and vaccines113. Bacillus subtilis is edible and has been used in 
Japan for centuries to ferment soy beans for the production of natto. Spores are also naturally heat-stable, so spore-based 
therapies may not require refrigeration, eliminating a major cost of vaccine distribution to developing nations114. Several 
groups have attempted to generate vaccines against Clostridium tetani by engineering the surface of B. subtilis spores to 
display C. tetani antigens, and this has shown some promise115,116. However, the antigens were fused to the outer coat 
proteins CotB and CotC, which are covered by the crust layer in B. subtilis. Antigen display on the crust or preparations of 
crust-free spores, such as the ΔcotXYZ strain, may prove to be more successful strategies for vaccine development. In 
order to avoid using protein fusions to coat proteins, attempts have been made to use heterologous proteins that can be 
adsorbed to the spore surface. Nevertheless, this approach would also require a detailed characterization of the spore 
surface to determine how the different coat layers influence adsorption properties. For example, a recent study indicated 
that the efficiency of adsorption of β-galactosidase is improved in spores that lack the crust or the outer coat117.

Another avenue to explore in surface-display technologies is the generation of synthetic vesicles encased by selected 
coat proteins that could be tailor-made to display specific properties. Eukaryotic vesicles are readily produced with 
purified components in vitro, so it should also be possible to produce vesicles coated with spore coat proteins. A first step 
in that direction was accomplished with the coat morphogenetic protein SpoVM fused to green fluorescent protein 
(SpoVM–GFP), which appears to bind preferentially to sites of positive membrane curvature and displays affinity for 
vesicles close to the size of B. subtilis spores (<2 μm)118. By changing a proline to alanine, potentially straightening the 
SpoVM helix, it was possible to expand the size range of vesicles bound by SpoVM–GFP. Our understanding of the 
mechanisms of coat assembly in bacteria can be integrated with what is known about coated vesicle formation in 
eukaryotes. The first step in both events is the localization of proteins to a site of membrane curvature119,120. A common 
mediator of curvature recognition among the domains of life may be amphipathic α-helices. This feature is common to 
both SpoVM and the GTPases, along with BAR (Bin–Amphiphysin–Rvs) domain-containing proteins that are involved in 
the early steps of eukaryotic vesicle formation121. Second, a scaffold of coat material is assembled at the initial site of 
localization, and protein polymerization proceeds around the circumference of the developing vesicle. Ultimately, the 
process terminates with membrane fission at the opposite pole of the vesicle.
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