






may have a role similar to that of B. subtilis CotG and may be
considered a protein family typical of Bacillus species.

Construction of cotGmutant alleles. The presence of posi-
tively charged repeats in the central region of all CotG-like pro-
teins and of C- and N-terminal regions prompted us to investigate
the function of such modules. To address this question, we used B.
subtilis to construct three cotG deletion mutants (Fig. 4) either
lacking all central repeats (cotG�) or expressing only the N-termi-
nal part (cotG-Nterm) or only the C-terminal region (cotG-
Cterm) of CotG. Each mutant allele of cotG was independently
integrated at the thrC locus on the B. subtilis chromosome of pa-
rental strain PY79 and then moved by chromosomal DNA-medi-
ated transformation into strain AZ604 (�cotG-�cotH amyE::
cotGstop cotH) not expressing the wild-type copy of cotG (20). It is
known that CotG action is mediated by CotH when it exerts either
its positive role on CotB maturation or its negative role on CotC,
CotU, and CotS assembly and on spore germination (20). There-
fore, by using chromosomal DNA-mediated transformation, we
moved all mutant cotG alleles in strain AZ603 (�cotG-�cotH) also
lacking the cotH gene (20). Strains in both mutant backgrounds
are indicated in Fig. 4 and are described in Table S3 in the supple-
mental material.

Spores of all strains indicated in Fig. 4 were then analyzed to
assess the role of the various CotG modules in the assembly of
some CotG-controlled proteins and in spore germination.

The C- and N-terminal modules of CotG are essential for
CotB maturation. CotB is extracted from wild-type spores in its
66-kDa mature form (17). CotB maturation from the 46-kDa
form requires the presence of both CotH and CotG (17, 20).
The Western blot shown in Fig. 5A confirms that without CotG
(lane 2) or CotH (lane 3), only the immature CotB form is
assembled onto the spore, showing that all three mutant ver-
sions of CotG allowed CotB maturation in a CotH-dependent
way. Therefore, all three versions of CotG were able to cooper-
ate with CotH and convert the 46-kDa CotB form (CotB-46)
into CotB-66. However, CotG� was clearly more efficient than
CotG-Cterm or CotG-Nterm and was able to convert all
CotB-46 molecules into CotB-66 to the same extent as that
found for the wild type (Fig. 5A). CotG-Cterm or CotG-Nterm
was able to produce some CotB-66, but the major part of the
CotB molecules were in the 46-kDa form (Fig. 5A). Based on
this, we speculate that both the C- and N-terminal regions of
CotG cooperate with CotH and act somehow synergistically
when both are present. The results shown in Fig. 5A also sug-

FIG 2 Repeats of CotG and CotG-like proteins. The tandem repeats of CotG of B. subtilis (18) and of CotG-like proteins found in the indicated species are shown.
B. subtilis CotG modules are boxed. Positively charged amino acids are in red.
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gest that the central repeats of CotG are not required for CotB
maturation.

The internal repeats are responsible for the negative effect of
CotG on the assembly of CotC/CotU and CotS. CotC and CotU
share significant homologies and are both recognized by anti-

CotC and anti-CotU antibodies (27, 28). They are assembled in
several forms, including a CotC homodimer of 21 kDa and a
CotC-CotU heterodimer of 23 kDa (29). It was recently reported
(20) that CotH counteracts a not-understood negative role
played by CotG on CotC and CotU assembly on the spore. In

TABLE 1 Features of CotG-like proteins in Bacillus spp.

Species (strain, protein identification)d

No. of
residues pI

% positively
charged
residues

% Ser-Thr
residues

No. (%) of
phosphorylated Thr
or Ser residuesa

Unfoldability
indexb

Instability
indexc

B. subtilis (168, BSU36070) 195 10.26 47.2 21.0 28 (68) �0.716 77.91
B. anthracis (Sterne, BAS1898) 186 9.28 29.6 13.4 8 (33) �0.174 62.30
B. cereus (ATCC 10987, BCE_2114) 180 9.40 27.8 14.4 6 (26) �0.167 58.53
B. cytotoxicus (NVH39198, Bcer98_1534) 182 9.73 35.1 12.6 9 (39) �0.351 44.37
B. licheniformis (ATCC 14580, BL01346) 168 9.62 39.8 9.1 2 (13) �0.536 26.21
B. megaterium (QM B1551, BMQ_1411) 195 12.95 43.0 39.0 50 (66) �0.829 201.18
B. pumilus (SAFR032, ND) 216 10.95 44.5 21.0 40 (83) �0.760 90.75
B. thuringiensis (BMB171, BMB171_C1814) 186 9.33 29.6 13.9 11 (42) �0.175 61.96
B. weihenstephanensis (KBAB4, BcerKBAB4_1895) 196 9.62 31.9 15.1 8 (27) �0.218 58.65
B. mycoides (219298, DJ92_4596) 233 10.22 35.6 20,2 24 (51) �0.288 56.40
B toyonensis (ND, Btoyo_4601) 193 9.59 32.1 16.06 10 (32) �0.225 65.58
Bacillus sp. JS (ND, MY9_3666) 154 10.66 22.5 18.8 7 (24) 	0.024 14.92
Bacillus sp. 1NLA3E (ND, B1NLA3E_12550) 220 6.36 1.8 35.4 1 (1) 	0.340 86.25
B. smithii (ND, BSM4216_1708) 220 12.43 34.1 35.9 65 (76) �0.613 183.13
B. bombysepticus (ND, CY96_09240) 192 9.64 31.2 15.1 10 (34) �0.208 63.86
Bacillus sp. strain YP1 (ND, QF06_16450) 159 12.16 22.6 20.1 6 (18) �0.002 5.79
a Phosphorylation prediction was done by using the NetPhosBac 1.0 server (http://www.cbs.dtu.dk/services/NetPhosBac-1.0/). For each Ser and Thr residue, a score between 0 and
1 was calculated. When the score is �0.5, the residue is predicted to be a phosphorylation site.
b Disorder prediction was done by using Foldindex (http://bip.weizmann.ac.il/fldbin/findex). Positive values indicate a structured polypeptide, whereas negative values indicate a
disordered protein.
c The instability index was determined by using ProtParam (http://web.expasy.org/protparam/). Values of �40 predict that the protein is unstable.
d Protein identification is the protein code in the KEGG database. ND, not determined (the strain name is not available in the KEGG list or the protein is not available [the
divergent ORF upstream of cotH is not annotated in the NCBI database]).

FIG 3 cotH transcription in B. cereus and B. licheniformis. (A) Schematic representation of the cotH-cotG locus. Arrows indicate the positions of the synthetic
oligonucleotides used for RT-PCR. Dashed arrows indicate the direction of transcription. (B and C) Reverse transcription reactions were performed by using
total RNA from sporulating cells of B. cereus (B) or B. licheniformis (C) as a template and were primed with oligonucleotide H1. Amplification reactions were
performed by using cDNA as the template and oligonucleotide pair H1/H2 or H1/H3, as indicated. Negative controls (C�) and positive controls (C	) were RNA
samples treated and not treated with DNase, respectively. Arrows indicate the amplification products of the expected size, and M indicates the molecular weight marker.
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mutant strains lacking only CotG or both CotG and CotH, all
CotC/CotU forms are normally present and assembled, but
when CotG is present and CotH is not present, all forms of
CotC and CotU are not found around the forming spore or in
the mother cell cytoplasm (Fig. 5B, lanes 1 and 2) (20). As
shown in Fig. 5B, none of the three mutant forms of CotG,
CotG�, CotG-Cterm, and CotG-Nterm, had a negative effect
on CotC or CotU, which were normally assembled around the
forming spore, independently from the presence of CotH. This
suggests that the internal repeats of CotG are directly involved
in the negative role of CotG in CotC/CotU assembly.

CotS is a 41-kDa protein whose assembly is negatively con-
trolled by CotG when CotH is not present (20). A cotS::gfp fusion

(19) was used to monitor the effects of CotG modules on CotS
assembly. As shown in Fig. 6, only the wild-type version of CotG
had a negative effect on CotS that was not assembled on mature
spores. Instead, a normal CotS-dependent fluorescence signal was
observed in mature spores as well as in sporulating cells of strains
expressing each of the mutant CotG forms (CotG�, CotG-Cterm,
and CotG-Nterm). As in the case of CotC/CotU, this suggests that
the internal repeats of CotG are responsible for the negative role of
CotG in CotS assembly.

Taken together, the results shown in Fig. 5 and 6 indicate that
(i) the N-terminal and C-terminal modules of CotG are responsi-
ble for the positive effect of CotG on CotB maturation, acting
synergistically, and (ii) the internal repeats of CotG are responsi-

FIG 4 CotG versions. The wild-type protein (CotG) is represented as being composed of three domains: the N- and C-terminal regions of 34 and 35 amino acids,
respectively, and a central domain of 126 amino acids organized into tandem repeats (18). CotG� lacks the central domain, and CotG-Cterm and CotG-Nterm
contain only the C- and N-terminal domains, respectively. All constructs were integrated into the chromosomes of strains carrying either a null mutation in cotG
or a double-null mutation in cotG and cotH (indicated in parentheses). The names of strains carrying the different cotG alleles in the two genetic backgrounds are
shown.

FIG 5 Effects of CotG on CotB, CotC, and CotU assembly. Western blot analysis of coat proteins extracted from purified spores of the indicated strains was
performed. Proteins were fractionated on 15% SDS-PAGE gels, electrotransferred onto a membrane, and incubated with anti-CotB (A) and anti-CotC (B)
antibodies. The type of CotG allele expressed in each strain (CotG form) in the presence (	) or in the absence (�) of CotH is also indicated. wt, wild type.
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ble for the negative effects of CotG on the assembly of CotC, CotU,
and CotS.

The internal repeats are responsible for the negative effect of
CotG on the efficiency of germination. It was previously reported
that a cotH-null mutation causes a small defect in the efficiency of
spore germination in response to asparagine (19). More recently,
we showed that such a defect is actually due not to the lack of CotH
but rather to the presence of CotG that, in the absence of CotH,
exerts its negative effect (20). Indeed, mutant spores lacking only
CotG or both CotG and CotH have a germination efficiency sim-
ilar to that of an isogenic wild-type strain (20). To verify whether
the internal repeats are also involved in this negative effect of
CotG, we analyzed the germination efficiency of strains expressing
the wild-type and mutant cotG alleles in a cotH background. As
shown in Fig. 7, the only strain showing a defect in the efficiency of

spore germination was the strain expressing the wild-type allele of
cotG. The efficiency of germination of spores of all other strains
was identical to that of wild-type spores (Fig. 7, dashed line). The
results shown in Fig. 7 then indicate that the internal repeats of
CotG are involved in the negative effect of this protein on spore
germination.

Conclusions. CotG of B. subtilis is not highly conserved in the
Bacillus genus; however, a CotG-like protein with a modular
structure and chemical features similar to those of CotG is com-
mon in spore-forming bacilli, at least when cotH is also present.
The conservation of CotG-like proteins in almost all species con-
taining a CotH orthologue suggests that the two proteins act to-
gether and may have a relevant role in the structure and function
of the Bacillus spore. To address the function of the various mod-
ules of CotG of B. subtilis, we have constructed mutants expressing

FIG 6 Effects of CotG on CotS assembly. A cotS::gfp fusion was introduced into a wild-type strain (PY79) and into cotH strains expressing wild-type CotG
(AZ607), CotG� (AZ612), CotG-Cterm (AZ614), and CotG-Nterm (AZ616). Representative fields using phase-contrast microscopy (PC) and fluorescence
microscopy (green fluorescent protein [GFP]) are shown. The exposure time was 588 ms in all cases.

FIG 7 Effects of CotG on germination efficiency. Spores derived from strains expressing wild-type CotG (AZ607) (squares), CotG� (AZ612) (crosses),
CotG-Cterm (AZ614) (circles), and CotG-Nterm (AZ616) (diamonds) in a cotH background were tested for germination efficiency and compared with those of
a wild-type strain (PY79) (dashed line). Germination was induced by Asn-GFK and measured as the percent loss of the optical density at 600 nm. Error bars are
based on the standard deviations of data from four independent experiments. OD600, optical density at 600 nm.
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CotG-deleted forms lacking the central modular region (CotG�)
or expressing only the N- or the C-terminal part of CotG. Analysis
of the various mutants allowed us to propose that the N- and
C-terminal modules are able to both interact with CotH and me-
diate CotB maturation and that this interaction is synergistic. The
central part of CotG, containing the repeats of positively charged
amino acids, is not involved in CotB maturation but is instead
responsible for the negative effect of CotG on the assembly of at
least three coat components, CotC, CotU, and CotS, and on the
efficiency of spore germination. CotH counteracts this negative
effect, ensuring the correct assembly of the spore coat. Our find-
ings indicate that CotG and CotH are functionally linked to each
other and support the idea that the entire cotH-cotG locus and not
only cotH has been conserved during the evolution of spore-form-
ing bacilli.
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