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Spore germination
Peter Setlow

The germination of dormant spores of Bacillus species is the first
crucial step in the return of spores to vegetative growth, and is
induced by nutrients and a variety of non-nutrient agents.
Nutrient germinants bind to receptors in the spore’s inner
membrane and this interaction triggers the release of the spore
core’s huge depot of dipicolinic acid and cations, and
replacement of these components by water. These latter events
trigger the hydrolysis of the spore’s peptidoglycan cortex by
either of two redundant enzymes in B. subtilis, and completion of
cortex hydrolysis and subsequent germ cell wall expansion
allows full spore core hydration and resumption of spore
metabolism and macromolecular synthesis.
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Abbreviations

AGFK mixture of asparagine, glucose, fructose and K*
DPA dipicolinic acid

MPa megaPascals

Introduction

Spores of Bacillus species are formed in sporulation, a
process triggered by starvation. These spores are meta-
bolically dormant and resistant to heat, radiation, desicca-
tion, pH extremes and toxic chemicals [1]. The dormant
spore also monitors its environment, and when conditions
are again favorable for growth, the spore germinates and
goes through outgrowth, ultimately being converted back
into a growing cell [2]. In addition to its intrinsic interest,
spore germination has attracted applied interest, as it is
through germination that spores ultimately cause food
spoilage and foodborne disease. Similarly, it is via germi-
nation in lung macrophage that spores of Bacillus anthracis
cause pulmonary anthrax [3].

Spores in nature germinate probably only in response to
nutrients, termed germinants. These germinants are gen-
erally single amino acids, sugars or purine nucleosides,
but there are also combinations of nutrients that trigger
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spore germination, one being a mixture of asparagine,
glucose, fructose and K (AGFK) that triggers B. subtilis
spore germination [2]. Within seconds of mixing spores
and germinants, the spore becomes committed to germi-
nate, and germination will proceed even after removal of
the germinant. However, the mechanism of commitment
is not known. Subsequent steps in germination, in the
order they take place [2] (Figure 1), are: first, release of
spore H', monovalent cations and Zn*", probably from
the spore core (release of H elevates the core pH from
~6.5 to 7.7, a change essential for spore metabolism once
spore core hydration levels are high enough for enzyme
action [4]); second, release of the spore core’s large depot
(~10% of spore dry wt) of pyridine-2, 6-dicarboxylic acid
(dipicolinic acid [DPA]) and its associated divalent
cations, predominantly Ca*"; third, replacement of
DPA by water, resulting in an increase in core hydration
and causing some decrease in spore wet-heat resistance
(although this initial increase in core hydration is not
sufficient for protein mobility or enzyme action in the
spore core [5,6]); fourth, hydrolysis of the spore’s pepti-
doglycan spore cortex; and fifth, swelling of the spore core
through further water uptake and expansion of the germ
cell wall [5]. Only after this further increase in core
hydration does protein mobility in the core return, thus
allowing enzyme action [5,6]. These events take place
without detectable energy metabolism, and comprise the
process of germination [2]. This process is divided into
two stages (Figure 1), stage I comprises the first three
steps of the process, and stage II comprises the fourth and
fifth steps. The two stages can be separated experimen-
tally by either chemical treatments or mutations [2,5,7].
The initiation of enzyme action in the spore core after
completion of stage II allows initiation of spore metabo-
lism, followed by the macromolecular synthesis that
converts the germinated spore into a growing cell [2].
This period is termed spore outgrowth and will not be
considered in this review.

In addition to nutrients, spores are germinated by other
agents, including lysozyme, salts, high pressures, Ca*"—
DPA and cationic surfactants such as dodecylamine [8].
Although these ‘non-nutrient’ agents are probably not
physiological, they use several of the components of the
nutrient germination pathway. In addition, it is possible
that Ca*"—DPA released from one spore may stimulate
the germination of other neighboring spores.

In this review, I will concentrate on recent work on spore
germination. This work has mainly been carried out with
B. subrilis, and results are with this organism, unless
noted otherwise. Recent work has focused on three major
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Events in spore germination. The process of spore activation can potentiate and thus synchronize the germination of spores of some species.
A common activation treatment is a sub-lethal heat shock, but the mechanism of spore activation is not well understood [2], hence the question

marks. Spore germination is divided into two stages, as cortex hydrolys

is is not required for stage |. SASP degradation denotes the hydrolysis of the

large depot of small, acid-soluble spore proteins (SASP) that make up 10-20% of the protein in the spore core. One type of SASP, the o/B-type,
saturates spore DNA and prevents many types of DNA damage [1]. Whereas metabolism and SASP degradation (which require enzyme action in
the spore core) are shown as taking place only after stage Il is complete, these events may begin partway through stage Il when the core water

content has risen sufficiently for enzyme action. Also shown in this figure

is that the spore’s germ cell wall must expand significantly to complete stage

Il of germination. This figure is adapted from Figure 1 in reference [2], and does not show the spore’s inner and outer membranes (see Figure 2).
The events in stage | may take only seconds for an individual spore, although there may be a lag of several minutes after addition of a germinant

before these events begin, and spore cortex degradation may take sev:

eral minutes for an individual spore. However, because of significant

variation between individual spores, particularly in the times for the initiation of the first events in stage | after addition of a germinant, these events may

take many minutes for a spore population.

components of the germination apparatus (Figure 2):
the receptors that respond to nutrient germinants; the
channels that allow ion and DPA movement out of the
spore; and the lytic enzymes that degrade the spore
cortex. There has also been progress in understanding
germination by non-nutrient agents, and all of this
knowledge has provided new insight into how the various
components of the germination apparatus interact and
function together.

Germinant receptors

The action of nutrient germinants is initiated by binding
to receptors located in the spore’s inner membrane
(Figure 2). In B. subrilis these receptors are encoded by
the homologous tricistronic gerA, gerB and gerK operons
(termed gerA operon homologs) expressed in the fore-
spore late in sporulation [2,9]. Similar GerA-type proteins
are present in spores of other Bacillus and Clostridium
species [2,9]. In B. subrilis spores, the GerA receptor
recognizes L-alanine, whereas the GerB and GerK recep-
tors are required together for germination with AGFK.
B. subrilis also has two additional gerA operon homologs
of unknown function [10]. The evidence that the gerA

operon homologs encode the spore’s germinant receptors
includes the isolation of mutations in B. subtilis that allow
spores to germinate in D-alanine [2,9,11]. These muta-
tions are in the gerBA or gerBB cistrons (termed gerB*
mutations), and analysis of strains carrying both the gerB*
and gerB alleles provided strong evidence that GerBA and
GerBB physically interact, as has been suggested for the
proteins encoded by other gerAd operon homologs. The
proteins encoded by these operons are probably mem-
brane proteins, and at least GerAA, GerAC and GerBA are
in the spore’s inner membrane (Figure 2) [12,13]. The
proteins encoded by the B cistrons of the gerA operon
homologs also show limited sequence similarity to the
superfamily of amino acid/polyamine/organocation trans-
porters [14]. Taking all of these data into account, the
simplest model is that each germinant receptor is com-
posed of the three proteins encoded by each gerA operon
homolog, with this protein complex being located in the
spore’s inner membrane. However, the topology of these
proteins in the membrane, the stoichiometry of proteins
in the receptor, and the possible physical interaction
between different germinant receptors and with addi-
tional proteins is not clear (see below).

www.current-opinion.com

Current Opinion in Microbiology 2003, 6:550-556



552 Growth and development

Figure 2

Inner spore

Coats
membrane

Outer spore
membrane

Germ cell wall

Cortex

Current Opinion in Microbiology

Spore structure and locations of components of the spore germination
apparatus. The sizes of the various spore layers are not drawn to
scale, and the outermost spore layer, the exosporium, is not shown,
as it has no known role in germination. Note that the outer spore
membrane may not be a good permeability barrier in dormant spores,
unlike the inner spore membrane [2]. The location of the spore’s nutrient
germinant receptors is shown in the inner spore membrane [12,13].
The cortex-lytic enzyme CwlJ is shown in the spore coat layer adjacent
to the spore cortex on which it acts during germination, even though the
precise location of CwlJ in the coats is not known. CwlJ is shown
adjacent to GerQ (originally YwdL), also a coat protein and needed for
the presence of CwlJ in spore coats [31°,35,36°]. The cortex-lytic
enzyme SleB and the YpeB protein needed for the appearance of SleB in
spores are shown in both the inner spore membrane and at the cortex/
coat boundary, although the location of these proteins in the spore’s
outer layers has not been precisely determined [31°]. Whereas CwlJ is
shown to be adjacent to GerQ, and SleB adjacent to YpeB, there is no
direct evidence that these protein pairs physically interact, although
GerQ is essential for CwlJ’s presence in the coats and YpeB is needed
for the presence of SleB [31°,36°]. Note that SleB and YpeB are also
shown to be adjacent to each other in the spore’s inner membrane. The
GerP proteins, at least some of which may be important in allowing
nutrients to access the germinant receptors, are shown in the spore
coats. The presence of DPA and ion channels in the inner spore
membrane is also noted, although the components of these channels
have not yet been definitively identified.

B. subrilis spores lacking all germinant receptors do not
germinate with nutrients [10]. However, these mutant
spores exhibit a slow constant rate of spontancous germi-
nation, the mechanism of which is not understood. These
‘receptorless’ spores do, however, germinate normally
with lysozyme, Ca®*-DPA and dodecylamine [10,15].

Major unknown aspects of the germinant receptors are
the proteins these receptors interact with, including other
germinant receptors. This is of particular interest, as some
germinants, for example AGFK in B. subtilis, require
participation of two different germinant receptors (GerB
and GerK) [2,9]. This is also the case for some germinants

of B. cereus and B. anthracis spores [16-19]. However, at
least the GerB* receptor can function alone to cause
germination in D-alanine [11,20°]. Overexpression of
the GerA or GerB™ receptors 20- to 200-fold increased
rates of spore germination considerably with L-alanine or
D-alanine, respectively, but the increases were not com-
mensurate with the level of receptor expression [20°].
Overexpression of the GerB or GerK receptor or both
receptors also did not increase the rate of spore germina-
tion with AGFK, and overexpression of either the GerA
or GerK receptors significantly inhibited spore germina-
tion with D-alanine and the GerB* receptor [20°]. These
findings indicate that germinant receptors can interact
directly either with each other and/or with additional
components needed for spore germination, with likely
candidates for the latter being proteins involved in DPA
and cation movement. Although the identities of proteins
that interact with the germinant receptors are not known,
at least one other type of bacterial membrane receptor
physically interacts with other receptors, forming com-
plexes that function ‘collaboratively’ [21,22].

In addition to the gerA operon homologs, there are several
other genes whose products play roles in B. subtilis spore
germination [2]. These include: gerF, whose product adds
diacylglycerol to membrane proteins, probably including
the proteins encoded by the B cistrons of the gerA operon
homologs; gerC, which encodes an enzyme of menaqui-
none biosynthesis; and gerD, whose product is needed in
some unknown fashion for nutrient germination.

lon/DPA channels

The release of cations (the question of parallel anion
release is not resolved), followed by release of DPA and
associated divalent cations early in spore germination
suggests that one or more channels for these ions must
be opened in the inner spore membrane upon binding of a
germinant to its receptor. Similarly, during sporulation,
there must be a mechanism for the uptake of DPA into
the forespore from its site of synthesis in the mother cell
compartment. DPA uptake into the forespore probably
requires energy, given that extremely high concentrations
of DPA are accumulated, but there is no obvious need for
energy in the release of DPA and cations in germination.
Unfortunately, the proteins involved in these ion move-
ments are not known. Recent work [23] confirmed an
carlier suggestion [24] that proteins encoded by the spoVA
operon are involved in DPA uptake in sporulation. How-
ever, it is not clear if these same proteins are involved in
DPA efflux during spore germination.

A Na*/H"-K" antiporter termed GerN has been identi-
fied in B. cereus as a possible participant in cation move-
ment during spore germination [25,26]. The gerN gene is a
homolog of a B. megaterium gene termed grmA mutation of
which blocks spore germination in nutrients [27]. Muta-
tion of B. cereus gerN does not affect growth or sporulation
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but significantly reduces spore germination with inosine,
although less so with L-alanine and not at all with Ca®"—
DPA. However, mutation of possible B. subtilis gerN
homologs has no effect on spore germination [25]. Con-
sequently, the role of GerN in spore germination is not
clear, and perhaps this protein functions in spore forma-
tion and not in spore germination.

Additional proteins that may play some role in movement
of small molecules during spore germination are those
encoded by the gerP locus [28]. This hexacistronic operon
is transcribed in the mother cell compartment at approxi-
mately the time of DPA synthesis. In B. cereus and B.
subtilis, mutations in several gerP cistrons give spores that
are defective in nutrient germination. This defect is
suppressed by removal of spore coats, and in B. subtilis
by a mutation that disrupts spore coat assembly. It has
been suggested that GerP proteins are required for some
aspect of spore coat structure that is crucial in allowing
nutrients to access the germinant receptors. However, the
specific role of the GerP proteins in this process is unclear.

Another small molecule that exhibits significant move-
ment in spore germination, but in the opposite direction of
ions and DPA, is water. The B. subtilis spore core volume
increases 2- to 2.5-fold through stage I1 of germination, and
does so by water uptake [2]. However, the mechanism for
this water uptake is not known, and B. subtilis has no
homologs of the aquaporins found in other organisms, save
for GlpF, the facilitator for glycerol uptake. As yet, the role
of GIpF in spore germination has not been tested.

Cortex-lytic enzymes

In B. subtilis two enzymes, Cwl] and SleB, play redundant
roles in the degradation of the spore’s peptidoglycan
cortex during germination [2,5,29,30,31°,32,33]. Germi-
nation of cw// and s/B spores is relatively normal, and
even cwl/] sleB spores go through stage I of germination
relatively normally. However, the double mutant spores
cannot degrade their cortex and do not progress beyond
stage | of germination. Cwl] and SleB require muramic-9-
lactam in peptidoglycan for their action, with SleB being
a lytic transglycosylase while the specificity of Cwl] is
unknown [31°,33]. The muramic-6-lactam requirement
for peptidoglycan cleavage by Cwl] or SleB ensures that
the spore’s germ cell wall (Figure 2), which lacks this
modification, is not degraded during germination and
becomes the cell wall of the outgrowing spore [9,30].
Note that the germ cell wall must expand considerably to
encompass the increased volume of the stage II germi-
nated spore core (Figures 1,2). This expansion can be
blocked by some treatments of spores [34], but its
mechanism is not understood.

Cwl] and SleB are synthesized only in sporulation, Cwl]
in the mother cell and SleB in the forespore; neither is
synthesized in zymogen form, although SleB is synthe-
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sized with a signal peptide that is rapidly removed [2,31°].
Cwl] is located in the spore coat fraction and is readily
removed by decoating procedures [31°,35]. Cwl] is also
absent from corE spores, which have a severe coat defect.
SleB is found in the spore integuments (coats, outer
membrane and cortex) [31°]. Since SleB has a potential
peptidoglycan-binding domain, this protein may be
located in the cortex or the coat/cortex boundary
(Figure 2) [31°]. However, a significant amount of SleB
is also associated with the inner spore membrane [31°].

Both Cwl] and SleB require specific proteins for assembly
and/or stability in spores [31°,36°]. For SleB the protein
required is YpeB [31°,32]. The ypeB gene is co-transcribed
with s/B, and YpeB is in the same location in spores as
SleB (Figure 2). Similarly, in most Baci/lus species, cwll is
co-transcribed with ger(Q) (originally called ywdl.). Although
this is not the case in B. subtilis, even in this organism, gerQ)
and cw/J are transcribed in the mother cell at the same time
in sporulation [36°]. GerQ is essential for the presence of
Cwl] in spores and GerQ is, like Cwl], a coat protein
(Figure 2). The reason for the absence of Cwl] in gerQ
spores is not clear, but ger(Q) spores have no gross coat
defects and GerQ is not needed for cw// transcription.

Because both SleB and Cwl] are synthesized in a mature
form, there must be a mechanism (or mechanisms) keep-
ing these enzymes in an inactive state in dormant spores.
For SleB, this mechanism is not clear, although it may be
that SleB only works on a cortex in which the peptido-
glycan has a level of stress much higher than that in
dormant spores [37,38]. However, the inactivity of Cwl]
in dormant spores and its activation after stage I of
germination is probably because Cwl] requires Ca*'—
DPA for its action (Figures 2,3 and see below) [39°°].

Whereas Cwl] and SleB are the only enzymes needed for
cortex degradation during B. subti/is spore germination,
other enzymes may be involved in this process, yet not be
essential [31°,40]. One such enzyme is the yeaH gene
product that encodes a cortex-lytic enzyme (termed Slel.
in B. cereus) [31°,40]. The situation in spores of Clostridium
perfringens may be somewhat different from that in Baci/-
lus spores, as C. perfringens spores have a cortex-lytic
enzyme (termed SleC) that is activated by proteolysis
in the first minutes of spore germination [29,41,42].

Non-nutrient germination

In addition to nutrients, spores are germinated by a
variety of non-nutrients [8], including lysozyme, Ca*'—
DPA, cationic surfactants, high pressures and salts. These
various non-nutrients can bypass individual components
of the nutrient germination pathway (Figure 3).

Because lysozyme can degrade the cortex of most spores,
this is a potential pathway for spore germination, although
lysozyme will also degrade the spore’s germ cell wall. In
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Model for nutrient and non-nutrient spore germination in B. subtilis. Nutrients activate the germinant receptors and this causes the release of
ions including Ca®>*-DPA from the spore core, which in turn triggers CwlJ action as the released Ca®*-DPA flows past this enzyme. SleB action
may be triggered by germinant receptor activation upon nutrient binding, and/or by changes in the stress upon the spore cortex due to the core
hydration in stage | of germination. Perhaps binding of nutrients to germinant receptors activates SleB in the spore’s inner membrane, whereas
cortical stress activates both this SleB as well as the SleB located in the coat fraction. SleB and/or CwlJ then catalyze the cortex hydrolysis that
is needed for completion of stage Il of germination upon germ cell wall expansion. High pressures either activate the germinant receptors
(100-200 MPa) or Ca?*-DPA release (500-600 MPa), whereas alkylamines activate Ca?>*-DPA release either directly or indirectly by effects at the
spore’s inner membrane. External Ca?"-DPA activates CwlJ, which then causes cortex hydrolysis, and this process might be amplified by
consequent release of endogenous Ca?*-DPA. Lysozyme treatment also causes cortex lysis and this in turn somehow causes Ca?*-DPA release.

order for spores to be germinated by lysozyme, the spore
coats must first be removed. With this pretreatment,
spores are readily germinated by lysozyme, undergo DPA
release and, if the lysozyme treatment is in a hypertonic
medium, give rise to colonies.

Exogenous Ca*"—DPA also is a good spore germinant.
Spores lacking all germinant receptors germinate nor-
mally with Ca*"-DPA, as do s/B spores [10]. However,
cwl] spores do not germinate with Ca*™—DPA, and spores
that lack SleB as well as DPA due to lack of DPA synthase
also do not germinate with nutrients, although they do
germinate with Ca*"—~DPA [39°°]. These findings
strongly suggest that germination by exogenous Ca®'—
DPA is via some direct or indirect activation of Cwl].

Spore germination by cationic surfactants like dodecyl-
amine, was recognized over 40 years ago [43]. (Complete
spore germination induced by dodecylamine requires
either Cwl] or SleB, but does not require the spore’s
germinant receptors [15]. Because dodecylamine causes
rapid Ca*"—DPA release from spores that cannot degrade
their cortex, yet causes no release of other small mole-
cules from these spores, this agent may open the spore’s
channels for Ca*"—DPA.

Spores of many species can be germinated at very high
pressures (100-600 megaPascals [MPa]) [2,8]. At lower
pressures (100-200 MPa), germination is caused by the
activation of the germinant receptors [44]. However, at
higher pressures (500-600 MPa), spores that lack nutrient
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receptors trigger germination rapidly, suggesting that
these pressures somehow open the spore’s Ca* —DPA
channels [45].

Finally, spores of some species, for example B. megater-
ium, only require salts such as KBr for germination.
However, essentially nothing is known about the mech-
anism of germination induced by salt.

Conclusions and future directions

Significant progress has been made recently in under-
standing the process of spore germination (Figure 3). The
function of the germinant receptors in recognition of
nutrient germinants has been established, and the loca-
lization of the receptors to the spore’s inner membrane is
now consistent with the relative lack of effect of removal
of the spore’s outer layers on nutrient germination [2].
However, the proteins these receptors interact and ‘talk’
with are not known and thus the picture of receptor
function is not yet clear. Also not clear are how nutrient
binding to a receptor results in the transduction of a signal
to other components of the germination apparatus and
how different receptors interact to trigger spore germina-
tion with some germinants.

Another unknown in spore germination is the mechanism
through which DPA and cations are lost from spores. This
mechanism probably involves channels in the spore’s
inner membrane that are closed in dormant spores and
opened upon germinant-receptor binding. One formal
possibility is that the germinant receptors are themselves
ion channels, but this seems unlikely, as spores lacking all
germinant receptors germinate normally with the non-
nutrient germinants Ca®"—DPA, dodecylamine or lyso-
zyme [10,15,36°,39°°]. However, perhaps the opening of
some cation channels is not needed for germination with
non-nutrients. Unfortunately, with the exception of the
SpoVA proteins, there are no good candidates for spore-
specific constituents of DPA and cation channels in the
spore’s inner membrane. An added complication in
understanding the function of molecules that are
embedded in the spore’s inner membrane is that the
great majority of lipid molecules in this membrane are
immobile (Cowan AE, Melly E, Koppel DE ez a/., unpub-
lished data). This lipid immobility is consistent with the
extremely slow passage of small molecules such as water
and methylamine through the inner spore membrane
[2,46], and will undoubtedly affect membrane protein
function, but in ways that are not clear.

A later part of the signal transduction pathway in spore
germination is the activation of Iytic enzymes that
degrade the spore cortex, allowing progression through
stage II of germination. The mechanism of activation of
SleB by stage I events is not known, although SleB
activation has been suggested to be caused by nutrient
binding to germinant receptors and/or changes in the
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stress on the cortical peptidoglycan [2,31°,39%°]. How-
ever, the mechanism of Cwl] activation is clearer, as this
protein requires exogenous or endogenous Ca®"—DPA for
its activation [36°,39°%]. Since Ca’'—DPA release is a
hallmark of stage I of germination, the released Ca*"—
DPA then activates Cwl], resulting in progression to stage
IT. Whereas the mechanism of the activation of Cwl] by
Ca*"-DPA is not clear (it may be direct or indirect), the
outline of the signal transduction pathway leading to
completion of spore germination through Cwl] action is
clear. Unfortunately, Cwl] activity has not been demon-
strated 7z vitro. Clearly, much remains to be learned about
the process of spore germination.
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