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ABSTRACT Proteins and glycoproteins that form the surface layers of the Bacillus spore
assemble into semipermeable arrays that surround and protect the spore cytoplasm. Such
layers, acting like molecular sieves, exclude large molecules but allow small nutrients (ger-
minants) to penetrate. We report that CotG, a modular and abundant component of the
Bacillus subtilis spore coat, controls spore permeability through its central region, formed
by positively charged tandem repeats. These repeats act as spacers between the N and C
termini of the protein, which are responsible for the interaction of CotG with at least one
other coat protein. The deletion but not the replacement of the central repeats with dif-
ferently charged repeats affects the spore resistance to lysozyme and the efficiency of
germination—probably by reducing the coat permeability to external molecules. The pres-
ence of central repeats is a common feature of the CotG-like proteins present in most
Bacillus species, and such a wide distribution of this protein family is suggestive of a rele-
vant role for the structure and function of the Bacillus spore.

IMPORTANCE Bacterial spores are quiescent cells extremely resistant to a variety of unphy-
siological conditions, including the presence of lytic enzymes. Such resistance is also due to
the limited permeability of the spore surface, which does not allow lytic enzymes to reach
the spore interior. This article proposes that the spore permeability in B. subtilis is mediated
by CotG, a modular protein formed by a central region of repeats of positively charged
amino acid acting as a “spacer” between the N and C termini. These, in turn, interact
with other coat proteins, generating a protein layer whose permeability to external molecules
is controlled by the distance between the N and C termini of CotG. This working model
is most likely expandable to most sporeformers of the Bacillus genus, since they all have
CotG-like proteins, not homologous to CotG of B. subtilis but similarly characterized by
central repeats.
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Bacteria of the Bacillus genus produce (endo)spores, metabolically quiescent and extremely
resistant cells (1). Spores persist almost indefinitely in environments without nutrients,

under conditions of extreme temperature and pH, and in the presence of toxic chemicals
and lytic enzymes (2). Although quiescent, spores constantly sense the environment and
respond to the presence of nutrients by germinating and forming new vegetative cells (3).

In Bacillus subtilis, the spore core, the dehydrated cytoplasm and its membrane, is sur-
rounded and protected by a peptidoglycan-like cortex, a proteinaceous and multilayer
coat and the crust, formed by proteins and glycoproteins (2). The coat and crust form a rigid
but semipermeable shell around the core, providing mechanical integrity, excluding large
molecules from reaching the spore interior but allowing the transit of germinants (4). Some
heterologous molecules can adsorb the spore surface and infiltrate through its surface layers
without reaching the cortex or core (5). This property, which has biotechnological potential
(6), depends on the physicochemical properties of both the heterologous molecules and

Editor Gisela Storz, National Institute of Child
Health and Human Development (NICHD)

Copyright © 2022 Saggese et al. This is an
open-access article distributed under the terms
of the Creative Commons Attribution 4.0
International license.

Address correspondence to Ezio Ricca,
ericca@unina.it.

*Present address: Giuliana Donadio,
Department of Pharmacy, University of Salerno,
Italy.

The authors declare no conflict of interest.

Received 4 October 2022
Accepted 18 October 2022

Month YYYY Volume XX Issue XX 10.1128/mbio.02760-22 1

RESEARCH ARTICLE

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 1

1 
N

ov
em

be
r 

20
22

 b
y 

14
3.

22
5.

10
7.

11
1.

https://orcid.org/0000-0002-7355-0332
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1128/mbio.02760-22
https://crossmark.crossref.org/dialog/?doi=10.1128/mbio.02760-22&domain=pdf&date_stamp=2022-00-00
https://crossmark.crossref.org/dialog/?doi=10.1128/mbio.02760-22&domain=pdf&date_stamp=2022-11-10


the spore structure (7). Indeed, structurally different spores, such as, for example, those
produced by B. subtilis at different temperatures, show different surface permeabilities (7).

B. subtilis spore coats produced at low or high temperature are remarkably different,
with 25°C coats appearing lamellar and heavily electron dense and 42°C spores appear-
ing granular and thick (8). The switch between the different structures is mediated by
CotH, a heat-labile (8) regulatory protein known to control at least nine other coat pro-
teins (9) and to directly interact with the major coat morphogenetic protein CotE (10).
CotH is an atypical Ser/Tyr kinase that specifically phosphorylates two major outer coat
proteins, CotB and CotG (11, 12). The latter is a highly abundant coat protein (13) local-
ized in the outermost spore surface layer (14) and characterized by a modular structure
with a central part formed by tandem repeats of positively charged amino acids (15).

CotG has a high net charge and is listed in the top 20 positively supercharged proteins
present in data banks (16). Such a high charge is partially balanced by CotG's extensive,
CotH-dependent phosphorylation (12, 17), essential for CotG assembly on the spore coat
(18). Unphosphorylated, and presumably unfolded, CotG molecules do not assemble on
the spore and form inclusion body-like aggregates in the mother cell cytoplasm (18). In a
mutant strain lacking the kinase CotH, all CotG molecules are unphosphorylated, form
massive aggregates that sequester other coat proteins, and as a consequence, cause the
production of defective spores (17, 18). Such altered spores are not observed in a mutant
lacking the kinase CotH but also with the central repeats of CotG deleted, indicating that
the formation of cytoplasmic aggregates is due to the central part of CotG (17, 18).

The modular organization of CotG, with a central region formed by 19 tandem repeats
of 6 and 7 residues, is an outcome of multiple rounds of gene elongation events of an an-
cestral minigene (19). Similar events presumably started from different ancestral minigenes
in different Bacillus species, since most species contain a CotG-like protein that is not homol-
ogous to CotG of B. subtilis but shares with it the chromosomal organization, the modular
structure, the presence of central repeats, and in most cases, the positive charge (19).

The focus of this report is the function of the central repeats of CotG. The analysis of mu-
tant forms of CotG, in which the central repeats were either deleted or replaced by the central
repeats of CotG of Bacillus licheniformis, suggests that the positively charged central region
regulates the permeability of the spore surface, acting as a spacer between the N and C
termini of the protein.

RESULTS
The positive charge of CotG is mostly due to its central repeats. The net positive

charge of CotG is due to the presence of 92 (47%) positively charged (K, R, and H) amino
acids and only 13 (6%) negatively charged (D and E) residues. In addition, CotG has a low
number (18 [9%]) of hydrophobic residues (A, G, I, L, M, P, F, W, and V), which contribute to
making it an intrinsically disordered (IDP) and unstable protein (Table 1) (15). The extremely

TABLE 1 Structural properties of CotG of B. subtilis and B. licheniformis and the hybrid protein

Species Protein

No. (%) of aa

Total
chargea

Value by:

Total
Positively
charged

Negatively
charged

Instability
indexb

Unfoldability
indexc

B. subtilis CotG full protein 195 92 (47.8) 13 (6.6) 157.0 77.5 20.722
CotG with internal repeats deleted 126 68 (53.9) 0 152.9 90.5 20.908

B. licheniformis CotG full protein 168 67 (39.8) 32 (19.0) 120.0 26.2 20.536
CotG with internal repeats deleted 73 36 (49.3) 16 (21.9) 113.8 26.9 20.815

B. subtilis (recombinant) CotGHyb full protein 142 60 (42.2) 29 (20.4) 117.8 22.5 20.72
aAt pH 7.4 (https://www.protpi.ch/Calculator/ProteinTool/).
bThe instability index is an estimate of the stability of a protein. A protein with an index smaller than 40 is predicted as stable in vitro. The reported values were calculated
with an online tool (https://web.expasy.org/protparam/).

cDisorder prediction was done by using an online tool (https://fold.proteopedia.org/cgi-bin/findex). Positive values indicate a structured polypeptide, whereas negative
values indicate a disordered protein.
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high positive net charge of CotG is partially compensated for in vivo by the extensive phos-
phorylation occurring at 15 residues, mostly localized in the central repeats of the protein,
which are likely relevant also for CotG folding (see Fig. S1A in the supplemental material)
(12, 17). The central repeats of CotG have a strong role in the total positive charge and in
the disordered status of the entire protein. Indeed, the 19 repeats are formed by 126 amino
acids (aa), with 68 (53.9%) positive residues and no negatively charged ones (Table 1).

While most members of the Bacillus genus have a modular CotG-like protein that is
positively charged and unstable (15), B. licheniformis has a weakly positive and stable
CotG-like protein, as suggested by its instability index of ,40 (Table 1). The central
repeats of the B. licheniformis protein (Fig. S1B) contribute to these parameters, with 16
negatively charged amino acids and a negative instability index (Table 1).

In order to analyze the role of the central repeats of CotG of B. subtilis, the central repeats
of B. licheniformis were used to replace the repeats of the B. subtilis protein (see Materials
and Methods). The resulting hybrid protein of 142 aa (17.0 kDa) (Fig. S1C) is characterized by
a modestly positive net charge and is predicted to be a stable protein (instability index
of 22.5) (Table 1). The gene fusion coding for the hybrid protein (GHyb), constructed in
Escherichia coli (Materials and Methods) was integrated on the chromosome of B. subtilis
strain AZ604, lacking the wild-type (WT) copy of cotG; therefore, in the resulting strain,
AZ717, GHyb was the only form of CotG present and its expression was controlled by
transcription and translation signals of the B. subtilis cotG gene (Materials and Methods).

The hybrid CotG is functional. To verify whether GHyb was functional, Western
blotting experiments were performed on proteins extracted from purified spores of a wild-
type strain and strains expressing GHybwith and without the kinase CotH. Anti-CotG antibody,
raised against the N-terminal 14 residues of B. subtilis CotG (18), and anti-protein kinase C
(anti-PKC) antibody, recognizing phosphorylated serine residues (18), were reacted against the
extracted proteins. As previously reported, CotG was extracted from wild-type spores in two
forms (CotG36 and CotG32), and both proteins were not found in extracts of spores of a strain
lacking CotH (12, 20) (Fig. 1A). GHyb was instead extracted from spores independently from
the presence of the kinase CotH (Fig. 1A). A faster-migrating protein corresponding to the pre-
dicted size of GHyb (17 kDa) was extracted from spores of both strains (Fig. 1A). Slower-migrat-
ing proteins were also extracted from both strains: a single protein with an apparent molecular
weight of 20 kDa from a strain lacking the kinase (red star in Fig. 1A) and two proteins, both
bigger than 20 kDa, in the strain expressing the kinase (yellow stars in Fig. 1A). When the anti-
PKC antibody was used, no signals were observed in spores of strains lacking the kinase, indi-
cating that all observed signals were due to CotH activity (Fig. 1B). The wild type and a cotG
null mutant of B. subtilis showed a pattern of phosphorylated proteins consistent with that
previously reported (12), with mature CotB (CotB66) and CotG in the wild-type strain and with
the immature form of CotB (CotB46) in the cotG mutant (Fig. 1B). From the strain expressing
the hybrid protein (and CotH), three proteins corresponding in size to those reacting with
anti-CotG antibody in Fig. 1A and a protein corresponding in size to the mature form of CotB
were observed (Fig. 1B). The additional proteins, smaller than CotB and CotG, which were also
observed in Fig. 1B, were considered degradation products of CotB or CotG, since they were
only recognized by anti-PKC antibody. In addition, similar proteins have been previously identi-
fied as degradation products (12).

The preliminary indication that the GHyb allowed CotB maturation (Fig. 1B) was confirmed
by Western blotting with anti-CotB antibody. As previously established (12), the conversion of
the immature form of CotB (CotB46) into its mature form (CotB66) requires the kinase activity of
CotH and the presence of CotG. CotGHyb was able to complement the absence of CotG and
allowed CotB maturation (Fig. 1C). Therefore, like a CotG form with its central repeats deleted
(GDcentral) (15), GHyb also allows CotB maturation, indicating that the central repeats of CotG
are dispensable for this function, which is, therefore, due to the N- and C-terminal regions of
the protein.

GHyb spores were functional also in complementing the heat-sensitive phenotype
of spores lacking CotG. Similar amounts of purified spores (between 0.77� 108 and 1.10� 108)
were incubated at 80°C for 15 and 30 min, and their viability was assessed by plate counts. As
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shown in Fig. 2A, spores lacking CotG (orange line) showed decreased viability, while wild-type
and GHyb spores were fully resistant. Since spores lacking CotG also lack CotB (20, 21), while
GHyb spores normally assemble CotB (Fig. 1C), it is possible that the heat sensitivity observed in
Fig. 2A is at least in part due to the absence of CotB. An isogenic strain carrying a null mutation
in cotB (RH201) was then analyzed and shown to be fully resistant to the heat treatment (green
line in Fig. 2A), indicating that the heat sensitivity is exclusively due to the absence of CotG and
is fully complemented by GHyb. The reduced heat resistance of spores lacking CotG was consist-
ent and most probably due to an increased release of dipicolinic acid (DPA) upon heat treat-
ment. As shown in Fig. 2B, spores lacking CotG released 2-fold more DPA than wild-type and
GHyb spores, suggesting that upon heat treatment, spores of a CotG-lacking strain are somehow
leaky, release DPA, and as a consequence, show reduced viability.

GHyb does not have negative effects on the assembly of other coat proteins
and does not form cytoplasmic aggregates. CotC and CotU, two highly homologous
small coat proteins that assemble on the spore coat in multiple forms (22, 23), fail to assem-
ble in a strain lacking CotH (17). Such an effect, due to the accumulation of unphosphoryl-
ated CotG in the mother cell cytoplasm (18), is not observed when the central repeats of
CotG (GDcentral) were deleted (15). Western blotting experiments showed that all forms of
CotC and CotU were present in coat extracts of strains carrying GHyb as the only CotG form,
independently from the presence of CotH (Fig. 3A). A fluorescence microscopy analysis of
strains carrying the cotC::gfp fusion indicated proper assembly of CotC around forming and
mature spores (red and white arrows in Fig. 3B, respectively), independently from the pres-
ence of CotH (Fig. 3B). Although not directly tested, CotU is likely to behave similarly based
on its presence in coat extracts (Fig. 3A) and its high homology with CotC (22, 23). When
GHyb was present together with a wild-type version of cotG (strains AZ759 and AZ760),
some CotC molecules were properly assembled around forming and mature spores, while

FIG 1 Assembly (A) and phosphorylation (B) of GHyb and (C) its effects on CotB. Western blot analyses
of coat proteins extracted from purified spores of the indicated strains were performed on proteins
fractionated on 12.5% SDS-PAGE gels. Electrotransferred proteins were then reacted with anti-CotG (A),
anti-PKC (B), and anti-CotB (C) antibodies. The type of CotG form and the presence (1) or absence (2)
of CotH are indicated. Red and yellow stars represent different GHyb forms.
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others were not assembled and found in the mother cell cytoplasm (yellow arrows in Fig. 3B).
The latter result confirms that unphosphorylated CotG sequesters CotC in the mother cell
cytoplasm (18) and suggests that the N- and/or the C- terminal regions of CotG (present in
GHyb) are needed for CotC assembly on the spore coat. Altogether, the results of Fig. 3 indi-
cate that, like GDcentral (15), GHyb also does not have negative effects on the assembly of CotC.

This result suggests that both mutant forms of the protein do not form cytoplasmic
aggregates, recently shown to sequester CotC and CotU and impair their coat assembly (18).
To verify such a hypothesis, immunofluorescence microscopy experiments were performed
with anti-PKC and anti-CotG antibodies. As shown in Fig. 4A and B, most GHyb and GDcentral

molecules were assembled around the forming spore and only a minimal part of them were
found in the mother cell cytoplasm, where they never formed the well-defined spots typical
of unphosphorylated CotG of B. subtilis (arrows in Fig. 4B) (18). In a mutant lacking CotH,
CotG of B. subtilis failed to assemble on the spore and massively accumulated in the mother
cell (arrows in Fig. 4C) (13). In the same genetic background, the majority of the GHyb and
GDcentral proteins were still able to assemble around the forming spore and the few mole-
cules accumulated in the mother cell cytoplasm, never forming well-defined spots in the
mother cell cytoplasm (Fig. 4C). Therefore, in agreement with the results of Fig. 3 and previ-
ously reported data (15), the deletion of the positively charged central repeats of CotG or
their replacement with not positively charged repeats abolishes the dependency of CotG as-
sembly on its phosphorylation and impairs the formation of CotG-dependent cytoplasmic
aggregates.

The central repeats of CotG modulate the spore functions. The positively charged
central repeats of CotG are not involved in CotB maturation (described above and see reference
15), and their only role in B. subtilis seems to be limited to the regulation of CotC-CotU

FIG 2 Functional analysis of spores expressing different forms of CotG. (A) Resistance to heat treatment
(20 min at 80°C) and (B) DPA release (after 15 min at 100°C) of spores of the wild type (blue symbols) and
mutant strains carrying a cotG null mutation (DcotG [orange symbols]), a cotG gene with the internal repeats
deleted (GDcentral [gray symbols]), the hybrid cotG gene (GHyb [yellow symbols]), or carrying a cotB null
mutation (CotB [green symbols]). One hundred percent is considered the amount of DPA released from spores
autoclaved at 120°C for 30 min. Error bars represent standard deviations. Each percentage is the mean of
results from three replicate experiments, each performed with a different prepared spore suspension.
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assembly on the spore coat (18). However, most Bacillus species that have a CotG-like
protein do not have CotC-CotU homologs (Table S1), suggesting that the conserved
CotG protein family and their repeats might have an additional but still obscure role.
To further investigate the role of CotG repeats, several spore properties were analyzed
in a wild-type strain (WT) and in isogenic mutants either lacking CotG (herein indicated
as DcotG) or containing GDcentral or GHyb, as described above. The efficiency of germi-
nation was assessed by using either Asn or Ala as germinants and by measuring the
decrease in optical density at 590 nm (OD590) (Fig. 5A and B) and by flow cytometry
(Fig. 5C and D and Fig. S2A and B) as previously described (24, 25). The two
approaches gave similar results (Fig. 5): GDcentral spores were less efficient than those of
the wild type, while DcotG and GHyb spores showed an intermediate germination effi-
ciency. The germination defect of GDcentral spores was stronger with Asn than with Ala
as the germinant, in particular at early times after the induction of germination.

The resistance to lysozyme was analyzed by treating purified spores with 100 nM ly-
sozyme (Sigma) for 360 min and measuring the cell viability on the plate (CFU). While
DcotG and GHyb spores were slightly less resistant than wild-type spores, GDcentral

spores were clearly more resistant (Fig. 6). Resistance to lysozyme is due to the spore
coat, which acting as a sieve prevents the enzyme from reaching its target (peptidogly-
can) (4). Therefore, the increased resistance of GDcentral spores suggests that the internal
repeats of CotG affect the spore permeability to the lytic enzyme.

The central repeats of CotG modulate the permeability of the spore surface.
Heterologous proteins, when abundantly concentrated outside the spore, can cross
the spore surface (5, 6). Such permeability increases the amount of protein adsorbed

FIG 3 Effect of GHyb on the spore coat assembly of CotC and CotU. (A) Western blot analysis of coat
proteins fractionated on 12.5% SDS-PAGE gels, electrotransferred onto a membrane, and incubated
with anti-CotC antibody; (B) fluorescence microscopy analysis of spores carrying the fusion protein
CotC-GFP. The type of CotG form and the presence (1) or absence (2) of CotH are indicated. Red
and white arrows indicate forming and mature spores, respectively. Yellow arrows indicate CotC
aggregates in the mother cell cytoplasm. Scale bar, 1 mm.
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to the spore and varies with the chemical properties of the heterologous protein and
with the coat structure (7). The adsorption of heterologous lysozyme was then used to eval-
uate the permeability of the surface layers of wild-type, DcotG, GHyb, and GDcentral spores.
Lysozyme was fluorescently labeled with rhodamine (Lys-Rd) as previously described (7),
and 10 mM labeled protein used to treat 5.0 � 108 purified spores of the four strains. The
reactions were carried out for 1 h at 37°C in 50 mM sodium citrate buffer (pH 4.0) as previ-
ously described for other heterologous proteins (26). Spores were collected by centrifuga-
tion and analyzed by fluorescence microscopy and flow cytofluorometry as previously
described (7). The labeled lysozyme adsorbed to all four types of spores, and the intensity of
the fluorescence signal was weaker with GDcentral spores than with all other spores (Fig. 7A).
The relative fluorescence signals were analyzed by the ImageJ software (NIH) as previously
reported (5) and appeared high and heterogeneous in wild-type spores, while the signals
were low and homogeneous in GDcentral spores (Fig. 7B). Fluorescence signals in DcotG and
GHyb spores were slightly stronger and less heterogeneous than those of wild-type spores.
The fluorescence heterogeneity observed with wild-type spores, and in part with DcotG and
GHyb spores, is due to a combination of highly and weakly fluorescent spores, suggestive of
a porous spore surface easily crossed by the labeled lysozyme molecules. As a consequence,
different numbers of fluorescent molecules localize at different positions within the coat (6),
producing signals of heterogeneous intensities. The fluorescence homogeneity, as well as
the low red emission intensity, observed with GDcentral spores is instead suggestive of a com-
pact, less porous surface that cannot be easily crossed. As a consequence, all lysozymemole-
cules localize in the same position and produce homogeneous fluorescent signals.

The fluorescence signals were quantitatively analyzed in duplicate on 100,000
spores each by flow cytometry. The analysis confirmed the fluorescence microscopy
results and indicated that the only statistically significant difference was between wild-
type and GDcentral spores (P, 0.001) (Fig. 8).

To support the hypothesis that the reduced adsorption of GDcentral spores was due to a
reduced permeability to lysozyme, the gene coding for the green fluorescent protein (GFP)
fused to B. subtilis genes coding for proteins known to localize in the inner coat (CotS) (14, 27)
or in the crust (CotZ) (14) were moved by chromosomal DNA-mediated transformation into
wild-type, CotG, GHyb, and GDcentral strains. Purified spores of the resulting strains (see
Materials and Methods) were treated with the rhodamine-labeled lysozyme and observed by
fluorescence microscopy. More than 80 free spores from each strain were used to measure

FIG 4 Immunofluorescence analysis of different strains carrying different forms of CotG with anti-PKC
(A) and anti-CotG (B and C) antibodies in the presence (A and B) or absence (C) of CotH. In phase-
contrast (PC) panels, the position of the forming spore is indicated by dotted red ovals. The exposure
times were 200 ms for panel A and 500 ms for panels B and C. Scale bar, 1 mm.
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the intensity of GFP and Lys-Rd on the spore long axis (indicated by the x axis in Fig. 9) by
using ImageJ software as previously described (5). Averages of red and green fluorescence
intensities of the various strains are plotted in Fig. 9. Although the size of the observed structures
is below the resolution limit of the fluorescence microscope, the averaged results suggested a

FIG 6 Lysozyme resistance of spores of the wild type (blue symbols) and mutant strains carrying a
cotG null mutation (DcotG [orange symbols]), a cotG gene with the internal repeats deleted (GDcentral [gray
symbols]), and the hybrid cotG gene (GHyb [yellow symbols]). Spores were incubated with lysozyme for 6 h
at 37°C, and survival was estimated by CFU count. Error bars are based on the standard deviation of values
from 4 independent experiments.

FIG 5 Germination efficiency of spores of the wild type (blue symbols) and mutant strains carrying a cotG
null mutation (DcotG [orange symbols]), a cotG gene with the internal repeats deleted (GDcentral [gray symbols]),
and the hybrid cotG gene (GHyb [yellow symbols]). The germination was induced using L-Ala-GFK (A and C) or
L-Asn-GFK (B and D) and measured as the percentage of loss of the OD600 and by flow cytometry (C and D).
Error bars (A and B) are based on the standard deviations of values from four independent experiments.
Panels C and D report the percentage of germination obtained from flow cytometry data (Fig. S2).
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different permeability to the lytic enzyme for the spores of the various strains. The red fluores-
cence signal of the labeled lysozyme was always external to the inner coat (cotS::gfp) and in-
ternal to the crust (cotZ::gfp) for spores of all strains but GDcentral spores (red and green arrows
in Fig. 9).

DISCUSSION

The CotG-like protein family is conserved in sporeformers of the Bacillus genus. Members
of the family do not have a homologous primary sequence but share a similar modular
structure with a central part formed by several repeats containing, in most cases, a high per-
centage of positively charged amino acids (15). In B. subtilis, CotG is present in sporulating
cells as a phosphorylated protein that is readily assembled around the forming spore and as
a presumably unfolded unphosphorylated protein that accumulates in the mother cell cyto-
plasm, where it forms aggregates able to sequester other coat proteins (i.e., CotC and CotU)
(18). On the spore, CotG is localized in the outermost layer (14) and interacts with CotB, and
such interaction is strictly required for the CotH-dependent conversion of the immature
form of CotB (CotB46) into its mature form (CotB66) (12, 21). Results of this study clarify that
when the central repeats of CotG are replaced by repeats that are not as positively charged
(GHyb), the assembly of the protein on the spore surface no longer depends on its phospho-
rylation, pointing to the massive CotH-dependent phosphorylation of CotG as an essential
step needed to balance the high positive charge of the protein and probably to allow its
proper folding as schematically represented in Fig. 10A.

When the internal repeats of CotG are either lacking (GDcentral) or have been replaced
(GHyb), the protein is able to interact with CotB (Fig. 1) and allows CotC assembly (Fig. 3B),
indicating that the central repeats are not involved in such interaction and may have differ-
ent functions. Although we cannot rule out the possibility that the deletion of the central
repeats of CotG alters the coat structure, causing pleiotropic effects, the reduced efficiency

FIG 7 (A) Fluorescence microscopy analysis of spores of the wild type and mutant strains carrying a
cotG null mutation (DcotG), a cotG gene with the internal repeats deleted (GDcentral), and the hybrid cotG gene
(GHyb) after treatment with lysozyme conjugated with rhodamine (Lys-Rd). The exposure time was 100 ms for
each panel. Scale bar, 1 mm. PC, phase contrast. (B) Box plots displaying the total corrected cellular fluorescence
(TCCF) for 50 different spores of each strain. The limits of each box represent the first and the third quartiles (25
and 75%), and the values outside the boxes represent the maximum and minimum values.
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FIG 8 (A) Flow cytometry analysis of 10,000 spores of the wild type and mutant strains carrying a cotG
null mutation (DcotG), a cotG gene with the internal repeats deleted (GDcentral), and the hybrid cotG gene
(GHyb) after treatment with lysozyme conjugated with rhodamine (Lys-Rd). The black curves represent the
nonspecific fluorescence signal of the spores (no Lys-Rd), whereas the red curves represent the fluorescence
signal after treatment with Lys-Rd. (B) Quantitative analysis of the fluorescence of over 50 spores by the
ImageJ software. The y axis describes the total corrected cellular fluorescence (TCCF) value. The fluorescent
intensity threshold is 1 � 103 (red line). a.u., arbitrary units.
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of germination and the increased resistance to lysozyme together point to the central
repeats of CotG as a modulator of the permeability of the spore surface. Such a conclusion
is also indirectly supported by the reduced adsorption of lysozyme to the spore surface and
by its localization outside the spore crust in a strain lacking the central repeats of CotG. A
working model developed on the basis of the reported results hypothesizes that the N and
C termini of CotG, involved in the interaction with another coat protein (CotB), are separated
by the internal repeats acting as spacers (Fig. 10B). When the central repeats of CotG are
deleted (GDcentral), the N and C termini are close to each other, the connection with CotB
(and possibly with other coat proteins) is tight, and the spore is not permeable and highly
resistant to lysozyme (Fig. 10B). When the central repeats of CotG are replaced by repeats
that are not as positively charged (GHyb), the permeability of the spore surface is more simi-
lar to that of wild-type spores than GDcentral spores, indicating that the presence of the
repeats allows a distance between the N and C termini and, as a consequence, the forma-
tion of a less compact and more permeable spore surface. When CotG is totally lacking, the
interaction with CotB cannot occur, causing the formation of a completely different spore

FIG 9 (A) Schematic representation of the localization of GFP in the spore coat of strains carrying
GFP fused to inner coat (cotS::gfp), outer coat (cotC::gfp), or crust (cotZ::gfp) proteins; (B) plots of green
(GFP) and red (Lys-Rd) fluorescence intensities along the long axis of spores of the strains indicated in
panel A. Green and red arrows indicate peaks of GFP and Rd fluorescence intensities and are represented
only when the Rd fluorescence signals colocalize or Rd signal is more external than the GFP signal. One pixel
corresponds to 1.18 nm. a.u., arbitrary units.
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surface. Indeed, when CotG (and therefore CotB) is lacking (12) or when the protein’s abun-
dance is strongly reduced (8), the spore surface has a totally different structure. Several
attempts to purify CotG after overexpression in heterologous hosts have been so far unsuc-
cessful, suggesting the toxicity of the unphosphorylated protein. Low levels of CotG were
produced in E. coli also when the kinase CotH was coexpressed (12). However, such levels
were not sufficient to purify enough protein for structural studies, impairing the possibility
to propose a more definite model so far.

MATERIALS ANDMETHODS
Bacterial strains and molecular procedures. Strains are listed in Table S2 in the supplemental ma-

terial. Plasmid amplification for nucleotide sequencing, subcloning experiments, and transformation of Escherichia
coli competent cells were performed with E. coli strain DH5a (28). Bacterial strains were transformed by previously
described procedures: CaCl2-mediated transformation of E. coli competent cells (28) and two-step transfor-
mation of B. subtilis (29). DNA ligation, isolation of plasmids, and restriction digestions were performed by
using standard methods (28). Chromosomal DNA extraction of B. subtilis and B. licheniformis was carried out
as described previously (29). The replacement of the antibiotic resistance gene cassettes was performed as
described previously (30).

B. subtilis strain construction. The gene fusion coding for GHyb was constructed in E. coli. The 59
(including the promoter region) and 39 portions of cotG of B. subtilis were PCR amplified using B. subtilis PY79
as a template and oligonucleotide pairs G1-H19/Glich1 (for 59 region) and G3-Glich4/X2 (Table S3). DNA coding
for the internal repeats of the CotG-like of B. licheniformis was PCR amplified by using chromosomal DNA of
strain ATCC 14580 as a template and the oligonucleotide pairs Glich2/Glich3 (Table S3). The partially overlap-
ping PCR products were fused by using the gene SOEing (splicing by overlap extension) technique (31) to
obtain a fusion DNA fragment that was cloned into the pGEM-T Easy vector (Promega). The cloned fragment
was analyzed by nucleotide sequencing. The fusion fragment was then digested with the restriction enzymes
BamHI and HindIII and inserted into pDG1731, an integrative vector commonly used to integrate cloned genes
at the thrC gene (31), previously digested with the same enzymes. The obtained plasmid, pOS16, was linearized

FIG 10 (A) Schematic representation of unphosphorylated and phosphorylated forms of CotG protein; (B) working
model of the role of the central repeats of CotG in controlling spore permeability.
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with ScaI and used to transform competent cells of PY79 to yield strain AZ715 (thrC::cotGHyb). The gene fusion
was then moved by chromosomal DNA-mediated transformation into competent cells of strains AZ603 and
AZ604 (Table S2) to yield strains AZ716 (DcotG DcotH thrC::GHyb) and AZ717 (DcotG DcotH amyE::cotGstopcotH
thrC::GHyb).

The chloramphenicol resistance gene cassette of strains RH238 (cotC::gfp), AZ644 (cotS::gfp), and
AZ573 (cotZ::gfp) was replaced with tetracycline resistance gene cassette by transformation with plasmid p::TC
(27), obtaining AZ640 (cotC::gfp), AZ583 (cotS::gfp), and AZ628 (cotZ::gfp), respectively. Chromosomal DNA of
AZ583 (cotS:gfp) was used to transform compentent cells of strains AZ604, AZ613, AZ717 to yield strains AZ681
(DcotG DcotH amyE::cotGstopcotH cotS::gfp), AZ694 (DcotG DcotH amyE::cotGstopcotH thrC::cotGDCentral cotS:
gfp) and AZ752 (DcotG DcotH amyE::cotGstopcotH thrC::GHyb cotS:gfp) respectively. Chromosomal DNA of
AZ628 (cotZ:gfp) was used to transform compentent cells of strains AZ604, AZ613, AZ717 to yield strains
AZ682 (DcotG DcotH amyE::cotGstopcotH cotZ::gfp), AZ695 (DcotG DcotH amyE::cotGstopcotH thrC::cotGDCentral
cotZ:gfp) and AZ751 (DcotG DcotH amyE::cotGstopcotH thrC::GHyb cotZ:gfp) respectively. Chromosomal DNA of
AZ640 (cotC:gfp) was used to transform competent cells of AZ607, AZ717, AZ716, AZ715 to obtain AZ623
(DcotG DcotH::neo amyE::cotG cotC::gfp), AZ742 (DcotG DcotH::neo amyE::cotGstopcotH thrC::GHyb cotC::gfp)
AZ758 (DcotG DcotH thrC::GHyb cotC::gfp) and AZ760 (thrC::cotGHyb cotC::gfp), respectively.

The spectinomycin resistance gene cassette of strain ER220 (DcotH::spec) was replaced with the neo-
mycin resistance gene cassette by transformation with plasmid p::Neo (27), obtaining AZ664 (DcotH::neo).
Then, chromosomal DNA of AZ664 was used to transform competent cells of strain AZ715 (thrC::cotGHyb) to
obtain AZ757 (DcotH::neo thrC::cotGHyb). Finally, chromosomal DNA of AZ640 (cotC::gfp) was used to transform
competent cells of AZ757 to obtain AZ759 (DcotH::neo thrC::cotGHyb cotC::gfp) (Table S2).

Spore purification, coat protein extraction, and Western blot analysis. Sporulation of all strains
was induced by growing cells in Difco sporulation medium (DSM) at 37°C with vigorous shaking. After
30 h, spores were analyzed under the light microscope, collected by centrifugation, washed four times with dis-
tilled water, and purified as described previously (32). In particular, spores were purified by a lysozyme treatment
(29) when they were prepared for coat protein extraction and by overnight incubation in H2O at 4°C to lyse resid-
ual sporangial cells (25, 32) when prepared for functional analysis or lysozyme adsorption. Spore purity was
checked by microscopic inspection, and the preparation was considered pure when less than 5% of sporangia
were present. Spore coat proteins were extracted from a suspension of 1 � 109 spores by SDS-dithiothreitol
(DTT) treatment (29). The extracted proteins were quantified with a Bio-Rad DC protein assay kit (Bio-Rad), and
20 mg of total proteins was fractionated on 12.5 or 15% polyacrylamide SDS-PAGE gels. For Western blotting,
SDS-PAGE gels were electrotransferred on a nitrocellulose filter (Bio-Rad), and filters were reacted with polyclonal
antibodies. Anti-CotC, anti-CotB, and anti-CotG antibodies were diluted 1:7,000, while commercial
anti-PKC antibody (Cell Signaling Technology) was diluted 1:10.000. Then, a horseradish peroxidase
(HRP)-conjugated anti-rabbit secondary antibody (Santa Cruz) was used to recognize specific bands
that were visualized by the SuperSignal West Pico chemiluminescence (Pierce) method as specified by
the manufacturer.

Physiological analysis. (i) Heat resistance. Suspensions of 1.0 � 107 spores were incubated at 80°C
for 0, 15, and 30 min, and then the suspensions were serially diluted and plated on LB agar (2%) plates
and incubated overnight at 37°C for CFU count.

(ii) DPA release. Suspensions of 1.0 � 109 spores were incubated at 100°C for 15 min or autoclaved
at 120°C for 30 min and centrifuged for 10 min at 13,000 � g, and then 150 mL of supernatant was placed in a
96-well microtiter plate with 150mM TbCl3 in 400 mM sodium acetate buffer (pH 5) and analyzed with a BioTek
Synergy H4 microplate reader. One hundred percent was considered the amount of DPA released from spores
autoclaved at 120°C for 30 min (total DPA content). Spores of all strains contained similar amounts of DPA rang-
ing between 108 and 146mM. For all samples, the DPA content was measured as described previously (8).

(iii) Lysozyme resistance. Spores were prepared as described above, omitting the lysozyme step
and eliminating vegetative cells by heat treatment (10 min at 80°C). Purified spores were heat treated
(20 min at 80°C), suspended in 10 mM Tris-HCl (pH 7.0) buffer containing lysozyme (0.01 mg/mL), and
incubated at 37°C for 0 h and 6 h. Finally, the suspension was diluted and plated on LB agar (2%) and
incubated overnight at 37°C for the CFU count.

(iv) Germination efficiency. Purified spores were heat activated (30 min at 70°C), and germination
was induced by adding the indicated germinants. Germination was measured by OD590 decrease (25) and by
flow cytometry (24, 25) by using as the germinant 10 mM L-asparagine or 10 mM L-alanine in a buffer contain-
ing 10 mM Tris-HCl (pH 8.0) and a buffer containing 1 mM fructose, 1 mM glucose, and 10 mM KCl. The flow
cytometry approach was based on the use of a nucleic acid stain, SYTO 16, that was added to spores before
the induction of germination and the fluorescence followed by a BD Accuri C6 flow cytometer. Since nucleic
acids of dormant spores are not accessible to SYTO 16, while those of germinating spores are efficiently stained
(24), different numbers of highly fluorescent cells are indicative of different levels of germination (24).

Fluorescence and immunofluorescence microscopy. Fluorescence analyses were carried out using
an Olympus BX51 fluorescence microscope fitted with a 100� objective UPlanF1. Fluorescein isothiocyanate
(FITC) (U-MNIB2) and tetramethyl rhodamine isocyanate (TRITC) (U-MWIG2) filters were used to detect the
green and red fluorescence signals, respectively. Images were captured using an Olympus DP70 digital cam-
era equipped with an Olympus U-CA magnification changer and processed with Image Analysis software
(Olympus) for minor adjustments of brightness, contrast, and color balance and for creation of merged
images. Fluorescence intensities and the distance between two fluorescent peaks were measured using
unadjusted merged images with ImageJ processing software (version 1.48; NIH) as previously described (5).
One pixel corresponds to 1.18 nm in our detection system. ImageJ was also used to draw an outline around
80 spores for each strain, prior to area, integrated density, and the mean fluorescence measurements being
recorded, together with several adjacent background readings. The total corrected cellular fluorescence
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(TCCF) was calculated by subtracting (area of selected cell � mean fluorescence of background readings)
from integrated density values.

Immunofluorescence experiments were performed as described previously (18). In brief, 1 mL of
sporulating cells was fixed for 1 h at room temperature in 80% methanol and then washed and incubated
overnight at 4°C in 100% methanol. Fixed sporangia were permeabilized by incubating samples with a solu-
tion containing GTE (5% glucose, 0.01 M EDTA [pH 8.0], 20 mM Tris-HCl [pH 7.5]) plus 0.2 mg/mL lysozyme
and rapidly placed on a coverslip previously treated for 30 s with poly-L-lysine. The coverslips were air dried,
and cells were pretreated with 1% (wt/vol) dried milk in phosphate-buffered saline (PBS [pH 7.4]) prior to 2 h
of incubation at 4°C with the monoclonal anti-CotC primary antibody (raised in rabbit; 200-fold dilution).
After four washes with PBS, the samples were incubated with a 64-fold-diluted anti-rabbit secondary anti-
body, conjugated with fluorescein isothiocyanate (FITC) (Bethyl Laboratories) for 2 h at room temperature in
the dark. After four washes, the coverslips were mounted onto microscope slides, one drop of PBS was
added, and the samples were analyzed by fluorescence microscopy (18). Sporangia with only addition of the
secondary FITC-conjugated antibody were used as a control of the specificity of this technique.

Lysozyme labeling and treatment of B. subtilis spores. Lysozyme was fluorescently labeled with
rhodamine as previously described (5). Labeled lysozyme (Lys-Rd) was used to treat spores. In brief, 10 mM
Lys-Rd was added to a suspension of 5.0 � 108 spores in 50 mM sodium citrate pH 4.5 in a final volume of
200 mL. After 1 h of incubation at 25°C, the binding mixtures were washed and centrifuged (10 min at
13,000 � g) to fractionate adsorbed spores (pellet) from unbound protein (supernatant). Collected spores
were analyzed by fluorescence microscopy or flow cytometry as described in reference 7.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, PDF file, 0.05 MB.
FIG S2, PDF file, 0.2 MB.
TABLE S1, DOCX file, 0.01 MB.
TABLE S2, DOCX file, 0.02 MB.
TABLE S3, DOCX file, 0.01 MB.
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