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The DNA-binding protein GerE is the latest-acting regulatory protein in the mother cell line of gene
expression during sporulation in Bacillus subtilis. GerE directs the transcription of several genes that encode
structural components of the protein coat that encases the mature spore. We report on the identification and
characterization of a cluster of additional genes whose transcription is dependent on GerE. These genes, which
are located in the replication terminus region of the chromosome (181& on the genetic map), are arranged in
adjacent and divergently oriented operons called cgeAB and cgeCDE, which consist of two and at least three
genes, respectively. CgeD, the product of the second member of the cgeCDE operon, is strikingly similar to the
product of a B. subtilis gene (ipa-63d) of unknown function and is similar at its amino terminus to certain
glycosyl transferases involved in polysaccharide biosynthesis. Strains with mutations in the cgeAB and cgeCDE
operons produce spores with altered surface properties, on which basis we propose that proteins encoded by
these operons influence maturation of the outermost layer of the spore, perhaps by glycosylation of coat
proteins at the spore surface.

Spore formation in the gram-positive bacterium Bacillus sub-
tilis is governed by a highly ordered program of gene expres-
sion (reviewed in references 14, 34, and 58). At the septation
stage of sporulation, when the sporangium is partitioned into
mother cell and forespore compartments, the program of gene
expression bifurcates into two distinct lines of gene expression.
The forespore line of gene expression is relatively simple, be-
ing governed by the successive actions of two forespore-spe-
cific, RNA polymerase sigma factors, sF and sG. The mother
cell line of gene expression, in contrast, is a hierarchical reg-
ulatory cascade involving the successive actions of two sigma
factors and two auxiliary regulatory proteins in the alternating
order sE, SpoIIID, sK, and GerE (66). Gene expression in the
earliest step of the hierarchy is governed by sE, which directs
transcription of several morphogenetic genes as well as the
gene for the DNA-binding protein SpoIIID (3, 13, 29, 45, 56,
66). Next, SpoIIID, acting in conjunction with sE-containing
RNA polymerase, stimulates the transcription of additional
sporulation genes, including genes involved in the appearance
of sK (22, 28, 31, 52). The sK factor, in turn, governs the
expression of the third gene set in the regulatory cascade (7, 9,
49, 64–66), one member of which encodes GerE, the subject of
the present communication. Acting in conjunction with sK-
containing RNA polymerase, this 72-amino-acid DNA-binding
protein stimulates transcription of the last temporal class of
mother cell-expressed genes (6, 64–66). The GerE-controlled
regulon includes several genes (cotB, cotC, cotG, and cotX)
that encode structural components of the coat, the thick pro-
teinaceous shell that encases the mature spore (12, 47, 63). In

the cases of the Px promoter of cotX and the cotB and cotC
promoters, GerE has been shown to bind to specific sequences
that overlap or lie upstream of the 235 regions of the promot-
ers and to stimulate transcription by sK-containing RNA poly-
merase in vitro (64–66).
Cells with mutations in the gene (gerE) for GerE produce

misformed spores that lack several coat proteins, are sensitive
to lysozyme, and fail to germinate properly (15, 26, 38). On the
other hand, spores from cells with multiple mutations in cotB,
cotC, and cotG do not exhibit the gerE mutant phenotype (12,
47), nor do cells with mutations in cotX (63). These findings
indicate the existence of additional, yet-to-be discovered
GerE-controlled genes. Here we report the discovery and char-
acterization of two divergently oriented operons, called cgeAB
and cgeCDE, whose transcription is under GerE control. As is
the case for the other known GerE-controlled genes, the ef-
fects of mutations in cge do not mimic the effects of a mutation
in gerE. However, cge mutations do cause alterations in spore
surface properties, suggesting that the cge products are in-
volved in modification of the outer layer of the coat.

MATERIALS AND METHODS

Bacterial strains. Standard cloning procedures were with Escherichia coli TG1
or DH5a (48). The B. subtilis strains used in this study are listed in Table 1.
General methods. Selection for drug resistance was done on Luria-Bertani

plates (48) containing ampicillin (100 mg/ml), chloramphenicol (5 mg/ml), or
kanamycin (5 to 10 mg/ml). B. subtilis strains were induced to sporulate by growth
in Difco sporulation medium, without antibiotics, in liquid cultures or on agar
plates as described previously (49). Transformation and bacteriophage PBS1-
mediated transduction of B. subtilis cells were carried out as described by Cutting
and Vander Horn (10). Assays for heat and lysozyme resistance of spores as well
as plate assays for germination were those described by Nicholson and Setlow
(39).
DNA sequencing analysis was carried out by the method of Sanger et al. (51)

with Sequenase 2.0 (U.S. Biochemical Corp.) according to the manufacturer’s
instructions. Analysis of DNA and protein sequence data was done by using the
programs in the Sequence Analysis Software Package (version 7.3) from Genet-
ics Computer Group, Inc. (11, 17).
Cloning of the cge locus. For the initial step in cloning cge, we took advantage
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of the ability of cotC Pr1 (59-aAcCCATATaTaCTCCTCC) to prime cDNA
synthesis from cgeA-containing mRNA (65) (see Results). The sequence near the
59 end of the cotC Pr1-derived cge extension product was determined as de-
scribed below. We then designed and synthesized an oligonucleotide primer, the
cge 30-mer (59-GcTGTGTgAATGAGCTCTGAAAATGCACAG), correspond-
ing to a portion of that sequence (see Fig. 3). (Note that the oligonucleotide does
not match the reported sequence of cge at two positions because of inaccuracies
in determining the sequence of the extension product.) The cge 30-mer and cotC
Pr1 were then used to amplify a 106-bp fragment of cge by PCR with chromo-
somal DNA from PY79 as a template. One PCR produced a product of the
expected size which was eluted from an agarose gel and used as the template for
a second PCR, which produced only the 106-bp fragment. The product from this
second reaction was purified by use of the Mermaid kit (Bio 101), and its ends
were rendered blunt by treatment with T4 DNA polymerase (48). Finally, the
fragment was ligated to SmaI-digested pER19 (43) to yield pSR99. The cge
fragment in pSR99 was oriented such that the sequence corresponding to the cge
30-mer oligonucleotide was nearest the BamHI site of the vector.
Chromosomal DNA adjacent to sequences represented in the PCR clone were

obtained as follows. Competent cells of PY79 were transformed with pSR99, with
selection for resistance to chloramphenicol. Transformants were expected to
arise by integration of the plasmid by a single reciprocal (Campbell-like) recom-
bination event between the insert in the plasmid and corresponding sequences in
the chromosome. Chromosomal DNA was prepared from one such transfor-

mant, SR270, and was digested with HindIII, liberating a fragment that con-
tained vector DNA and 2.3 kb of cge DNA extending from sequence present in
pSR99 to the HindIII site within cgeE (at the left end of the region illustrated in
Fig. 1). The DNA in the digest was diluted to 25 mg/ml, circularized by treatment
with T4 DNA ligase, and used to transform E. coli, with selection for ampicillin
resistance. The resulting plasmid, pSR104, was digested with PstI and SacI (to
remove a fragment of cge DNA including sequence represented in the original
PCR-derived clone), treated with T4 DNA polymerase to render the ends blunt,
and recircularized with T4 DNA ligase to generate pSR127.
The 4.2-kb cge clone discussed in Results was obtained as follows. pSR127 was

integrated into the chromosome of PY79 as described above to yield strain
SR274. Chromosomal DNA from SR274 was digested with EcoRI, liberating a
fragment that contained vector DNA and 4.2 kb of cge DNA extending from the
HindIII site in cgeE to the EcoRI site in orf181 (Fig. 1), and this fragment was
recovered by circularizing and transforming E. coli as described above. The
resulting cge-containing plasmid was designated pSR129.
Isolation of RNA. B. subtilis PY79 (spo1), KS215 (spoIVCB::Tn917), KS450

(gerE36), and SR294 [D(cgeD-cgeB)::kan] were sporulated in liquid Difco sporu-
lation medium, and samples (4 to 8 ml) were taken at the onset of sporulation
and at 3, 5, 7, and 9 h of sporulation. In addition, PY79 was grown in liquid
Luria-Bertani medium, and cells (20 ml) were harvested during exponential
growth at an optical density of 0.7 at 600 nm. Cells were harvested by centrifu-
gation in a microcentrifuge for 2 min or at 8,000 3 g for 5 min. The cells were
washed by suspension in 0.1 volume of cold STE (100 mM NaCl, 10 mM
Tris-HCl [pH 8.0], 1 mM EDTA). The cells were pelleted in a microcentrifuge
for 2 min, and the cell pellets were frozen in liquid nitrogen and stored at2708C
until needed. RNA was purified as described previously (8) with the following
modifications. Cells were suspended in 0.8 ml of LETS buffer (10 mM Tris-HCl
[pH 8.0], 50 mM LiCl, 10 mM EDTA, 1% sodium dodecyl sulfate) prewarmed to
758C and then quickly transferred to 15-ml conical tubes containing 1 ml of
acid-washed glass beads (,150 mm in diameter; Sigma) and 0.4 ml of phenol (pH
5.5) prewarmed to 758C. The tubes were then vortexed vigorously for 3 min to
lyse the cells. Chloroform (0.4 ml) was then added, the samples were vortexed
again for 30 s, and the aqueous phase was separated by centrifugation at 8,000 3
g for 10 min at 48C. All subsequent manipulations were done at 48C unless
otherwise noted. The aqueous layer was extracted twice with 1 volume of a
mixture (1:1, vol/vol) of phenol (pH 5.5) and chloroform. The RNA was precip-
itated by the addition of NaCl (to 0.3 M) and then 2.5 volumes of ethanol
followed by incubation at 2208C overnight. The precipitate was collected by
centrifugation and suspended in 300 ml of diethylpyrocarbonate-treated water.
Next, the samples were extracted twice with a mixture of 100 ml of phenol (pH
4.3; Amresco) and 100 ml of chloroform and then once with 100 ml of chloroform.
The RNA was precipitated by the addition of KCl (to 0.3 M) and then 2.5
volumes of ethanol followed by incubation at 2208C overnight. Finally, the
precipitate was collected by centrifugation and suspended in 150 ml of diethylpy-
rocarbonate-treated water.
The RNA used in sequencing of the 59 termini of cgeAB transcripts was

purified as described previously (8, 45).
Northern (RNA) blot hybridization analysis. Northern blot analysis was car-

ried out as described by Roels et al. (45) with the following modifications. The
gels contained 1.25% agarose, and the hybridization and washing solutions were
those described by Virca et al. (61). Two single-stranded probes were generated
as follows. First, the cge-containing plasmid pSR129 was used as a template in

TABLE 1. B. subtilis strainsa

Strain Genotype or description Source and/or
reference(s)

PY79 Prototrophic, SPbS Laboratory stock (62)
SR293 cgeD::kan SPbS This work
SR294 D(cgeD-cgeB)::kan SPbS This work
SR297 DcgeAB::kan SPbS This work
SR270 cgeA::pSR99(cat) SPbS This work
SR402 amyE::(cgeAB cat) SPbS This work
SR404 D(cgeD-cgeB)::kan

amyE::(cgeAB cat)
SPbS

This work

SR406 DcgeAB::kan
amyE::(cgeAB cat)
SPbS

This work

KS215(RL142) spoIVCB::Tn917VHU215
SPbS

31, 50

KS450(RL325) gerE36 SPbS 49
PS138 chr(sspC)::pHC101(cat) P. Setlow (5)
QB922 gltA trpC2 BGSCb

a All strains except strains PS138 and QB922 were derived from the prototro-
phic wild-type strain PY79 (62).
b BGSC, Bacillus Genetic Stock Center.

FIG. 1. Physical map of the cge region of the chromosome. A partial restriction map of the 4,162-bp cge clone is shown below an illustration depicting coding regions
and other features in this region. The positions and orientations of open reading frames are indicated by boxes. The positions of the proposed transcription start sites
for the cgeAB and cgeCDE operons are indicated by arrows. The bar near the beginning of cgeA corresponds to sequences cloned initially by PCR (see text), and
potential transcription terminators are denoted by lollipop symbols. The bottom portion of the figure depicts the chromosome structures of three cge mutants (see
Materials and Methods). Abbreviations: H, HindIII; A, AatII; P, PstI; B, BstBI; G, BglII; S1, SacI; S2, SacII; E, EcoRI.

6264 ROELS AND LOSICK J. BACTERIOL.



standard PCRs to amplify fragments internal to cgeC (with primers ol179 [59-
CCCCAGCTTACAACACTTGAGAG] and ol180 [59-AAGGGAGAGGGAT
GATTTGG]) or cgeA (with primers cge 30-mer and ol129 [59-AATGCTGATT
GTAGTGCC]). The PCR product from each reaction was purified by ultrafil-
tration with Microcon-100 concentrators (Amicon) and by agarose gel electro-
phoresis. The PCR products were used in turn as templates in labeling reactions
with only a single oligonucleotide primer (ol179 for cgeC or ol129 for cgeA) to
generate strand-specific probes. The components of these reaction mixtures were
as follows: 50 mM KCl; 10 mM Tris-HCl (pH 9.0); 1.5 mM MgCl2; 0.1% Triton
X-100; 16.6 mM each dATP, dGTP, and dTTP; 0.83 mM [a-32P]dCTP (50 mCi);
20 ng of template DNA; 50 pmol of primer; and 5 U of Taq polymerase (Pro-
mega) (final volume, 20 ml). The following cycles were performed: 1 cycle of 958C
for 2 min and then 20 cycles of 958C for 30 s, 458C for 1 min, and 728C for 1 min.
The probe DNA was then ethanol precipitated and suspended in water. About
half of a probe reaction mixture was used in each Northern hybridization.
Mapping and sequencing the 5* termini of cge transcripts. The 59 termini of

cge transcripts were identified by primer extension analysis with the primers
ol179 and ol125 (59-CATCTTGGTTTTCTTCTCGATCC) for cgeC and ol124
(59-GTTGCAGTTGGAAATAAAGGGC) and ol129 for cgeA. The primers
were labeled at their 59 ends with [g-32P]ATP and T4 polynucleotide kinase
(Bethesda Research Laboratories) as described by Sambrook et al. (48). One
picomole of each labeled primer was incubated with 5 mg of RNA in 5 ml of
hybridization buffer (50 mM Tris-HCl [pH 7.7], 100 mM KCl) at 908C for 1 min
and then at 478C for 20 min. The samples were chilled on ice, and 4 ml of
modified 2.53 reverse transcriptase buffer (62.5 mM Tris-HCl [pH 7.7], 25 mM
KCl, 25 mM MgCl2, 2.5 mM dithiothreitol, 1 U of RNAguard [Pharmacia] per
ml, 2.5 mM each deoxynucleoside triphosphate [dNTP]) was added. The samples
were then warmed to 478C, and 1 ml (20 U) of Moloney murine leukemia virus
reverse transcriptase (Pharmacia) or avian myeloblastosis virus reverse tran-
scriptase (Pharmacia) was added. Extension reaction mixtures were incubated at
478C for 1 h, after which 6.7 ml of loading dye containing 95% formamide and 20
mM EDTA was added. The products of the extension reactions were resolved on
6% polyacrylamide gels containing 8 M urea.
A partial sequence of the cotC Pr1-derived cgeAB extension product was

obtained by a modification of the above-described protocol. Twenty micrograms
of RNA was incubated with 20 pmol of 59-end-labeled cotC Pr1 in 15 ml of
hybridization buffer at 908C for 2 min and then at 458C for 20 min. Three
microliters of this solution was used in 10-ml extension reaction mixtures con-
taining (final concentrations) 22 mM Tris-HCl [pH 7.7]; 55 mM KCl; 10 mM
MgCl2; 1 mM dithiothreitol; 1 U of RNAguard per ml; 0.4 mM each dNTP; 1
mM ddGTP, ddATP, ddTTP, or ddCTP; and 1 U of avian myeloblastosis virus
reverse transcriptase (Life Sciences) per ml. Extension reaction mixtures were
incubated at 458C for 30 min, and then 0.5 ml of a solution of each dNTP at 25
mM was added and the reaction mixtures were incubated for an additional 10
min at 458C.
Construction of cge mutant strains. Three insertion and deletion mutations in

cge, illustrated in Fig. 1, were generated as follows. A 1.4-kb HaeII fragment of
pUK19 that confers resistance to kanamycin was purified, and its ends were
rendered flush with T4 DNA polymerase. Plasmid pUK19 (a gift from Bill
Haldenwang) was constructed by cloning a 1.5-kb ClaI fragment from pJH1 (33,
60) containing a kanamycin resistance gene into NarI-digested pUC19 such that
the kan gene was oriented toward the polylinker. The kan-containing fragment
was then ligated to blunted backbone fragments of pSR129 resulting from di-
gestion with BstBI, PstI, or both SacI and SacII (Fig. 1), yielding pSR153,
pSR157, and pSR160 respectively. These plasmids were then linearized and used
to transform competent PY79 cells, with selection for kanamycin resistance.
Southern analysis demonstrated that in transformants SR293, SR297, and
SR294, the wild-type cge region had been replaced by double (marker replace-
ment) recombination with the disrupted cge sequences present on pSR153,
pSR157, and pSR160, respectively. The kan gene in SR293 (and pSR153) is
oriented in the same direction as cgeCDE, whereas the kan gene in SR297 and
SR294 (and pSR157 and pSR160) is oriented toward orf181.
Construction of strains harboring cgeAB at the amyE locus. Strains harboring

a copy of cgeAB at the amyE locus were constructed as described by Cutting and
Vander Horn (10). A 2.4-kb BglII-EcoRI fragment of pSR129 containing the
cgeAB operon was cloned into BamHI-EcoRI-cut plasmid pDG364 (a gift from
Patrick Stragier) between the two halves of the amyE gene to generate plasmid
pSR179. Competent cells of strains PY79, SR294, and SR297 were then trans-
formed with linearized pSR179, with selection for resistance to chloramphenicol,
to generate SR402, SR404, and SR406, respectively. The cgeAB sequences were
expected to integrate at the amyE locus as a consequence of a double recombi-
nation event between amyE sequences of pSR179 and the corresponding se-
quences in the chromosome. Disruption of the chromosomal amyE gene in
SR402, SR404, and SR406 was verified by demonstrating that these strains had
an Amy2 phenotype.
Nucleotide sequence accession number. The DNA sequence of the cge region

of the chromosome as reported here has been deposited in the GenBank data-
base with the accession number U18421.

RESULTS

Identification and cloning of the cge locus. The existence of
an additional gene under the control of GerE was discovered
fortuitously during the course of experiments designed to map
the 59 terminus of the transcript for the coat protein gene cotC
(65). A synthetic oligonucleotide primer, cotC Pr1, was used to
generate extension products with RNA from late-sporulating
cells as a template. Nucleotide sequence analysis of the exten-
sion products showed that one of them, an extension product
of 127 nucleotides (nt), did not correspond to cotC but was
instead copied from a distinct transcript that, like the cotC
transcript, appeared late during sporulation and was present at
only a very low level in gerE mutant cells (46, 65). We refer to
the locus that specifies this transcript as cge, for controlled by
GerE.
To clone cge, we first determined the partial sequence of the

127-nt Pr1-generated cge extension product and synthesized a
30-nt primer corresponding to a portion of the extension prod-
uct sequence (see Materials and Methods). The 30-nt primer
and Pr1 were then used to amplify a 106-bp fragment of cge
DNA by PCR with B. subtilis DNA as a template. The PCR
product was cloned, and the resulting plasmid was used, in
turn, to clone a 4.2-kb fragment of DNA in the cge region of
the chromosome by a two-step chromosomal walk as described
in Materials and Methods. Figure 1 shows a restriction map of
the 4.2-kb cge-containing clone. The position of the sequence
represented in the PCR-derived clone is also indicated.
Mapping of the cge locus. The chromosomal location of cge

was determined by two methods. First, radioactively labeled
cge DNA was used as a hybridization probe against an ordered
yeast artificial chromosome (YAC) library of the B. subtilis 168
chromosome (53), an analysis that was kindly carried out for us
by Pascale Serror. The probe was found to hybridize specifi-
cally to YAC clone 15-19, and not to either of the overlapping
YAC clones 10-131 and 15-37, indicating that cge was located
at about 1818 on the genetic map (Fig. 2), near the position of
the SPb prophage and the replication terminus (1, 53). Other
genes in this region include gltA (1778), which is also located
within the region specific to YAC 15-19, and sspC (1828), which
is located outside SPb and within the region of overlap be-
tween YAC clones 15-19 and 10-131. This positions sspC be-
tween SPb and cge.
In confirmation and extension of the YAC library mapping,

phage PBS1-mediated generalized transduction demonstrated
that gltA and sequences adjacent to sspC were cotransduced at
frequencies of 52 and 98%, respectively, with a drug resistance
gene inserted at cge (cgeD::kan). These results, together with
the relatively weak genetic linkage between gltA and sspC re-
ported previously (5% cotransduction) (5), are consistent with
the gene order sspC-cge-gltA, with cge being located somewhat
closer to sspC than to gltA.
Nucleotide sequence of the cge region of the chromosome.

The nucleotide sequence of the 4.2-kb (precisely 4,162-bp) cge
clone is shown in Fig. 3. Inspection of the sequence revealed
four complete and two partial open reading frames which, for
reasons indicated below, were designated cgeE, cgeD, cgeC,
cgeA, cgeB, and orf181 (Fig. 1). cgeA and cgeB are oriented to
the right as drawn in Fig. 1, whereas the remaining open
reading frames are oriented to the left. The 59 terminus of the
cge transcript identified by primer extension with cotC Pr1 is
located just upstream of cgeA (nucleotide 2166 in Fig. 3), and
this transcript extends into cgeA. A pair of inverted repeat
sequences (possible transcription terminators) can be found
between cgeB and orf181, and another inverted repeat is lo-
cated just downstream of cgeC (Fig. 1 and 3). The sizes of the
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cge open reading frames and the predicted molecular masses of
the polypeptides they are capable of encoding are listed in
Table 2. cgeB is unusual in that none of the potential initiation
codons near the beginning of the open reading frame are
preceded by a compelling match to a Shine-Dalgarno se-
quence. One possibility is that translation of cgeB is facilitated
by its close proximity (a separation of 6 nucleotides) to the end
of cgeA. Alternatively, translation may initiate at one of two
downstream sites as indicated in Table 2. Similarly, the pro-
posed translation start site for cgeE is preceded, at a distance
of 14 codons, by an alternative initiation codon which lacks a
compelling Shine-Dalgarno sequence but which overlaps with
the end of cgeD (Fig. 3). This raises the possibility that trans-
lation of cgeE originates at the upstream site and is facilitated
by translation through cgeD. One noteworthy feature of CgeC
is the presence of a stretch of 12 hydrophobic amino acids,
mostly leucines, near its amino terminus (Fig. 3).
None of the amino acid sequences of the predicted cge gene

products exhibited significant similarity to protein sequences
represented in GenBank and related databases, except for
CgeD, whose sequence was highly similar to that of the pre-
dicted product of a recently identified B. subtilis open reading
frame of unknown function called ipa-63d (18) (see Discus-
sion). The ipa-63d-encoded protein and the first 258 residues
of CgeD were 41% identical at the amino acid level, with the
similarity extending to 62% when conservative changes were
considered (Fig. 4A).
Interestingly, CgeD and the product of ipa-63d are also

similar in sequence to several bacterial proteins that are known
or are inferred to be nucleotide sugar transferases involved in
the biosynthesis of extracellular polysaccharides. The most
compelling similarities involve residues in two closely spaced
regions within the amino-terminal 111 amino acids of CgeD. A
partial alignment between these regions of CgeD and the cor-
responding regions of proteins exhibiting the greatest degree
of similarity to CgeD is shown in Fig. 4B. The sequences shown
include those for the ExoO, ExoW, and ExoU glycosyl trans-
ferases of Rhizobium meliloti, which are required for biosyn-
thesis of the repeating octasaccharide subunit of succinoglycan,
the exopolysaccharide involved in host nodule invasion (19,
20). The regions shown in Fig. 4 are also those in which the
ExoO, -W, and -U proteins (as well as the other proteins
shown) exhibit the greatest similarity to each other, and these
regions are thus postulated to be important for enzymatic
activity (19). Also included in the alignment are partial amino

acid sequences of the following proteins: (i) KfaB, a putative
glycosyl transferase from E. coli (44); (ii) VirB, a protein from
Vibrio anguillarum that is involved in the production of a lipo-
polysaccharide antigen found on the surface of the flagellar
sheath (40); (iii) the product of ORF5 in the lsg locus of
Haemophilus influenzae, a locus required for lipopolysaccha-
ride synthesis (37); (iv) the product of a partially sequenced E.
coli gene of unknown function called yibD (54); (v) the product
of an open reading frame downstream of the hetA gene in an
Anabaena sp. (23), whose similarity to ExoO had been noted
previously (19); (vi) the product of another recently identified
B. subtilis gene of unknown function called ipa-56d (18); and
(vii) NodC, a protein from R. meliloti that is involved in pro-
duction of Nod factors, which are oligomers of N-acetylglu-
cosamine that are required for the initiation of host nodule
development (2, 25). As shown in Fig. 4, a somewhat degen-
erate consensus sequence, involving 56 residues, was deduced
from examination of the 11 aligned sequences (excluding
CgeD). The sequence of CgeD was found to agree with the
consensus sequence at 40 (71%) of those positions, and at four
of the remaining positions at least two other proteins had the
same amino acid as CgeD. Moreover, the sequence of CgeD
agreed with the consensus sequence at 12 of 15 positions where
a particular amino acid was found in at least 9 of the 11 aligned
sequences.
cge consists of two adjacent and divergent GerE-dependent

transcription units, cgeAB and cgeCDE. To determine the dis-
tribution and regulation of transcription units in the cge region,
we carried out Northern hybridization analysis with blots con-
taining RNA harvested from wild-type and mutant cells during
vegetative growth and at various times during development. As
noted above, the cge transcript identified by primer extension
with cotC Pr1 originates upstream of cgeA, indicating that cgeA
is transcribed under the control of GerE. When an internal
fragment of cgeA was used to generate a single-stranded probe,
two transcripts of approximately 1.4 and 1.0 kb were detected
which accumulated late during sporulation (beginning at about
5 h) but which were present at greatly reduced levels in gerE
mutant cells (Fig. 5A). Both transcripts appear to originate
from a promoter just upstream of cgeA (46) (see below), and
the size of the larger transcript is consistent with that expected
if cgeA and cgeB were cotranscribed. (The 1.0-kb transcript,
then, presumably results from transcription termination within
cgeB or from processing/degradation of the more abundant,
and presumably full-length, 1.4-kb transcript.) Moreover, cgeB

FIG. 2. Map position of cge on the B. subtilis 168 chromosome. The approximate position of the SPb prophage and genes near 1808 on the genetic map (1) are
indicated. Also shown are the genetic distances, on the basis of phage PBS1-mediated generalized transduction, between cge and the nearby genes sspC and gltA. The
lines at the bottom of the figure depict the inserts in YAC clones in the cge region (adapted from reference 53).
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FIG. 3. Nucleotide sequence of the cge locus. The nucleotide sequence of the cloned cge fragment, with the first nucleotide position corresponding to the left end
of the fragment as drawn in Fig. 1, is shown. The sequence shown is that of the nontranscribed strand with respect to the cgeAB open reading frames, but the sequences
of both strands in the vicinity of the cge promoters are shown. The amino acid sequences of the predicted translation products are shown above (for cgeA and cgeB)
or below (for the remaining genes) the DNA sequence. A stretch of 14 amino acids shown in parentheses at the amino terminus of CgeE would result from the use
of an alternative initiation codon which precedes the predicted initiation codon but for which there is no compelling Shine-Dalgarno sequence. The positions of
sequences corresponding to oligonucleotide primers are indicated by arrows. Inverted repeat sequences (possible transcription terminators) between cgeB and orf181
and downstream of cgeC are indicated by pairs of arrows. The proposed transcription start sites for cgeAB and cgeCDE are denoted by large arrows, and regions
corresponding to the 210 and 235 regions of the cge promoters are also indicated. Sequences between the proposed cge transcription start sites which are similar to
the consensus sequence for GerE binding (RWWTRGGY--YY, where R refers to purine, W refers to T or A, and Y refers to pyrimidine) (64) are delimited by brackets.
The positions of the restriction sites shown in Fig. 1 are also indicated.
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FIG. 3—Continued.
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does not appear to have an additional mode of expression,
because no additional transcripts were detected when a frag-
ment of DNA extending from the SacI site at the beginning of
cgeA to the SacI site within cgeB was used as a probe in
Northern hybridization analysis (46). Thus, cgeA and -B con-
stitute an operon, hereafter referred to as cgeAB, whose ex-
pression is under the control of GerE.
Inspection of sequences near the proposed cgeAB promoter

(see below) led us to suspect that a second GerE-controlled
promoter was located upstream of, and directed toward, cgeC.
To investigate this possibility, Northern hybridization was car-
ried out with a single-stranded probe generated from an inter-
nal fragment of cgeC. Two principal transcripts, an abundant
0.4-kb transcript and a much less abundant 2.7-kb transcript,
were detected. Like the cgeAB transcripts, these transcripts
accumulated late during sporulation (beginning at about 5 h)
and were present at only very low levels in gerE mutant cells
(Fig. 5B). The size of the smaller transcript coincides approx-
imately with the size (303 bp) of the cgeC open reading frame.
Assuming that the two transcripts have the same transcription
start site (see below), the larger transcript would extend about
0.7 kb beyond the region represented in the cge clone and
could encompass cgeC, cgeD, and presumably cgeE. Thus,
cgeC, -D, and -E constitute a second GerE-controlled operon,
hereafter referred to as cgeCDE, located just upstream of, and
oriented divergently from, cgeAB.
The relatively low abundance of the 2.7-kb cgeCDE tran-

script may be due to transcription termination between cgeC
and cgeD, a possibility suggested by the presence of an inverted
repeat in this region. If this is the case, then the lower level of
GerE-dependent expression of cgeD and cgeE could be due to
attenuation of transcription originating from the promoter up-
stream of cgeC. Alternatively, the 39 portion of the cgeCDE
polycistronic mRNA could be less stable than the 59 region
containing cgeC. In either case, it would appear that the distal
cgeCDE products are needed at lower levels or that the prin-
cipal mode of cgeD and cgeE expression may not be related to
expression from the promoter upstream of cgeC. To investigate
whether cgeD is expressed at other times from one or more
additional promoters, Northern blots were hybridized with a
single-stranded cgeD probe. The results were the same as those
obtained with the cgeC probe except that the 0.4-kb transcript,
which presumably encompasses only cgeC, was no longer de-
tected (46). Thus, cgeD does not appear to have an alternative
mode of expression, at least not at the times or under the

conditions examined. It remains possible, however, that cgeE is
expressed from another promoter in addition to the promoter
upstream of cgeC.
Because GerE affects promoter recognition by RNA poly-

merase containing the sporulation sigma factor sK, and be-
cause the gerE gene is itself transcribed by sK RNA poly-
merase (7, 65), it was expected that the expression of cgeAB
and cgeCDE would also be dependent on sK. To test this, we
examined cge transcript levels during sporulation in a strain
containing a mutation in the gene, spoIVCB, that encodes the
amino-terminal half of sK (spoIVCB and spoIIIC are joined by
a developmentally regulated DNA rearrangement to generate
sigK, the composite gene for sK [30, 57]). The cge transcripts,
which were greatly reduced in abundance in gerE mutant cells,
were absent from spoIVCB mutant cells, in agreement with
expectations (Fig. 5).
Mapping of the 5* termini of cgemRNAs. Figure 6 shows the

results of high-resolution mapping of the 59 termini of the
cgeAB and cgeCDE transcripts. In each case, a pair of oligo-
nucleotide primers was used to prime cDNA synthesis from
RNA isolated from sporulating wild-type cells or, as a control,
from sporulating mutant cells in which much of the cge region
(from the PstI site in cgeD to the PstI site in cgeB) had been
deleted. The cgeA Pr1 and Pr2 primers yielded predominantly
extension products of 104 and 270 nt, respectively, which cor-
responded to a 59 terminus located 30 nt upstream of the
proposed start codon of cgeA, in agreement with the position
suggested by the 127-nt extension product obtained previously
with the cotC Pr1 primer. The cgeC Pr1 and Pr2 primers
yielded predominantly extension products of 68 and 321 nt,
respectively, which corresponded to a 59 terminus located 25 nt
upstream of the proposed start codon for cgeC. (The extension
products of greater than 68 nt that were obtained with cgeC Pr1
are attributable to a lack of primer specificity. This is demon-
strated by their presence in a control reaction with RNA har-
vested from a strain in which the region corresponding to the
primer had been deleted, as well as by the absence of corre-
sponding extension products when cgeC Pr2 was used [Fig.
6B].) Consistent with the finding that accumulation of cge
transcripts was dependent on sK, the sequences centered ap-
proximately 10 and 32 nt upstream of the proposed transcrip-
tion start sites for both cgeAB and cgeCDE were similar to
those found at those positions in promoters for genes known to
be transcribed by sK RNA polymerase (Fig. 7).
The dependence of cge expression on GerE suggests that

one or more GerE binding sites would be located near the cge
promoters, analogous to those found near the promoters for
other sporulation genes whose expression is influenced by
GerE (64, 65). Indeed, several sequences that are similar to the
consensus sequence for a GerE binding site (64) are present in
the cge promoter region (see Fig. 3 and its legend). However,
the degree of degeneracy in the GerE binding site consensus
sequence and the absence of sites near the promoters that
match the consensus sequence perfectly make it difficult, on
the basis of sequence analysis alone, to speculate as to which,
if any, of the cge sequences serve as binding sites for GerE.
Nevertheless, it is worth noting that a pair of sequences similar
to the consensus sequence can be found extending from posi-
tion 232 to 243 and from position 258 to 269 relative to the
proposed transcription start site for cgeCDE (Fig. 3). The po-
sitions of these sequences relative to the transcription start site,
and the spacing between them, are reminiscent of those found
for sequences within the GerE-binding regions of the cotB and
cotX promoters (64, 65). Also, another potential GerE-binding
sequence can be found extending from position 232 to 243
relative to the transcription start site for cgeAB, the same

TABLE 2. Genes in the cge region of the chromosome

Gene or open
reading frame No. of codons Predicted size

(kDa)

cgeA 133a 14.2
cgeB 317b 36.9
cgeC 101 11.4
cgeD 426 50.1
cgeE $104a

orf181 .177

a cgeA and cgeE have alternative translation start sites (initiation codons)
which precede the proposed start sites by 9 and 42 nucleotides, respectively, but
for which there is no compelling Shine-Dalgarno sequence.
b The start codon that would correspond to the beginning of the cgeB open

reading frame listed here (and depicted in Fig. 3) is not preceded by a compelling
Shine-Dalgarno sequence. Two alternative start codons, preceded by sequences
with successively better matches to a Shine-Dalgarno sequence, would give rise
to polypeptides of 274 or 241 amino acids, respectively. Also, the cgeB open
reading frame ends in a UGA stop codon which is read at low frequency as a Trp
codon in B. subtilis (35). Translation through that stop codon would extend the
open reading frame by 13 codons.

VOL. 177, 1995 GerE-CONTROLLED B. SUBTILIS GENES 6269



position and orientation as for one of the sequences noted
above that overlaps the 235 region of the cgeCDE promoter.
Effects of cge mutations on spore surface properties. To

assess the possible role of cge-encoded proteins in spore for-
mation, we constructed strains harboring deletion or insertion
mutations in cge genes (Fig. 1; see Materials and Methods). All
of the mutant strains were able to produce normal yields of
optically refractile, heat-resistant spores (46). (This result was
expected because gerE mutant cells, while exhibiting defects in
the composition and appearance of the spore coat as well as in
some spore properties, are not blocked in spore formation per
se.) The cge mutant spores, in contrast to those produced by
gerE mutants, were resistant to lysozyme treatment and were
not substantially impaired in germination (46). However, the
spores produced by cge mutants did exhibit altered surface
properties. In particular, strains harboring a deletion of most
of the cgeAB operon (DcgeAB::kan) produced spores that had
a tendency to clump, formed compact pellets (relative to those

formed by wild-type spores) when centrifuged, and adhered to
the surface of glass or plastic tubes. In contrast, the spores
produced by strains harboring an insertion in cgeD (cgeD::kan)
were difficult to harvest by centrifugation, and the pellets
formed were much less compact than those formed by wild-
type spores under the same conditions. Strains harboring a
large deletion extending from within cgeD to near the end of
cgeB [D(cgeD-cgeB)::kan] produced spores that behaved like
those produced by DcgeAB mutants. In each case, these spore
properties were observed even after purification of spores (39)
by application over a Renografin density gradient or by ly-
sozyme treatment followed by extensive washing.
To verify that the phenotypes observed for the DcgeAB and

D(cgeD-cgeB) mutants were attributable to absence of one or
both cgeAB gene products, we carried out complementation
analysis. A copy of the cgeAB operon was placed at the amyE
locus of a wild-type strain and two of the cge mutants (see
Materials and Methods). The presence of a second copy of

FIG. 4. Sequence comparison of CgeD with the product of B. subtilis ipa-63d and with regions of certain bacterial glycosyl transferase enzymes. (A) Alignment,
generated by using the GAP program of the Genetics Computer Group sequence analysis package (see Materials and Methods), between the predicted ipa-63d product
and the first 258 amino acids of CgeD. Identical residues are connected by vertical lines, and similar residues are connected by two dots. Over the region of comparison,
41% of the paired residues were identical in the two proteins, and an additional 21% were similar. (B) Alignment between two regions at the amino terminus of CgeD
and corresponding regions of high similarity within several bacterial proteins, most of which are known or are believed to be glycosyl transferases (see text). Shown
above the sequences is a consensus sequence derived from comparison of the 11 sequences listed below that for CgeD. An amino acid was included in the consensus
sequence if it was found at that position in at least five sequences. Asterisks denote positions where one of five hydrophobic residues (I, L, V, M, or F) was found in
at least eight sequences, and an asterisk was used even if an I, L, or V residue was found in five or more sequences. Plus signs denote positions where a basic residue
(R, K, or H) was found in at least eight sequences. A dot denotes a position where an aromatic residue (F, Y, or W) was found in seven sequences. The numbers refer
to the positions within each protein of the amino acids bordering the two regions shown. The database accession numbers corresponding to the sequences shown are
as follows: B. subtilis Ipa-63d and Ipa-56d, X73124; R. meliloti ExoO, Z22636; R. meliloti ExoU, P33700; R. meliloti ExoW, P33702; Anabaena Orf, P22639; E. coli KfaB,
X77617; V. anguillarum VirB L08012; H. influenzae Lsg Orf5, M94855; E. coli YibD, U00039; and R. meliloti NodC, P04341.
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cgeAB in a cge1 strain had no effect, whereas a copy of cgeAB
at amyE in a DcgeABmutant strain resulted in spores that were
indistinguishable from those produced by the wild-type strain.
Finally, complementation of the large deletion [D(cgeD-cgeB)]
resulted in a strain that produced spores exhibiting the prop-
erties noted above for the cgeD insertion mutant.
The timing of cge expression and the effects of cge mutations

on the surface properties of spores suggested that cge might
encode one or more structural components of the coat. How-
ever, none of the cge mutations visibly altered the spore ultra-
structure as judged by electron microscopy, nor did they no-

ticeably alter the pattern of coat polypeptides extracted from
purified spores, as judged by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (46).

DISCUSSION

We have identified and characterized a cluster of GerE-
controlled (cge) genes that are located at 1818 on the genetic
map of the B. subtilis 168 chromosome. The five cge genes are
organized into two adjacent and divergent transcription units
designated cgeAB and cgeCDE. The cgeAB operon consists of

FIG. 5. Characterization of cge transcription units by Northern blot analysis. (A) Illustration of the cge region of the chromosome. Shaded bars denote sequences
used as single-stranded probes (see Materials and Methods). Probes 1 and 2 are specific for cgeA-containing transcripts and cgeC-containing transcripts, respectively.
Arrows indicate the directions and extents of the transcripts detected. (B) Detection of cge transcripts by Northern blot analysis. RNA was purified from wild-type (WT)
or mutant cells harvested during vegetative growth (V) and at intervals during sporulation (0, 3, 5, 7, and 9 h). The RNA was then electrophoresed through agarose
gels containing formaldehyde, transferred to nylon membranes, and hybridized to the single-stranded probes illustrated in panel A. Autoradiographic images of the
resulting blots are shown. The positions and estimated sizes (in kilobases) of prominent transcripts are indicated. Asterisks denote the positions of a few minor
transcripts not discussed in the text. The positions of RNA molecular size standards (Bethesda Research Laboratories) are shown between the top images. The strains
used were PY79 (spo1), SR294 [D(cgeD-cgeB)::kan], RL325 (gerE36), and KS215 (spoIVCB::Tn917V215).
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FIG. 6. Mapping of the 59 termini of cge transcripts. (A) Low-resolution mapping of the 59 termini of cge transcripts. RNA was purified from cells of PY79 (spo1)
(1) or SR294 [D(cgeD-cgeB)::kan] (D) cells harvested at 7 h of sporulation, and this RNA was used as a template in primer extension reactions with primer Pr1 or Pr2
to cgeA or cgeC (see panel C and Materials and Methods). The products of the extension reactions were resolved by electrophoresis through a polyacrylamide gel, and
autoradiographic images of the gel are shown. The positions and sizes (in nucleotides) of principal extension products are indicated. Less abundant extension products
are attributable to a lack of specificity (in the case of cgeC Pr1) or to premature termination of extension reactions (demonstrated by an absence or reduced abundance
of these extension products when avian myeloblastosis virus reverse transcriptase was used instead of Moloney murine leukemia virus reverse transcriptase [46]). The
positions and lengths of DNA fragments used as size markers are indicated on the right. (B) High-resolution mapping of the 59 termini of cge transcripts. RNA from
PY79 (see above) was used as a template for primer extension reactions with cgeA Pr1 or cgeC Pr1, and the products of the extension reactions were resolved on
polyacrylamide slab gels alongside sequence ladders generated with the same 59-end-labeled primers. The nucleotide sequences near the termini are shown, and
nucleotides corresponding to the termini are indicated by circles. In the case of cgeC, the Pr1 extension reaction produces three extension products which differ in length
by a single nucleotide. The filled circle denotes the nucleotide at the 59 terminus of the principal extension product. (C) cgeC and cgeA Pr1 and Pr2 primers.
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two genes, cgeA and cgeB, whereas the cgeCDE operon com-
prises the remaining three genes, cgeC, cgeD, and cgeE. cge
transcripts were shown to accumulate relatively late during
sporulation and in a manner that was strongly dependent on
GerE. We infer that the cge operons are transcribed by RNA
polymerase containing sK, with GerE acting as an auxiliary,
positively acting regulatory protein (see below), as has been
shown to be the case for the GerE-controlled genes cotB, cotC,
and cotX (64, 66).
The cgeAB and cgeCDE operon promoters bring to seven the

number of promoters that are known (or inferred in the case of
cwlC) to be under the control of GerE. The alignment shown
in Fig. 7 compares the sequences of these seven promoters
with those of nine sK-controlled promoters that are not
strongly dependent on GerE. Updating previous analyses (16,
65) is the finding that the 235 and 210 regions of the GerE-
independent promoters conform to the consensus sequences
mACm (where m is C or A) and CATA---Ta, respectively. The
235 regions of these nine promoters match the consensus
sequence perfectly (with one exception), and the 210 se-
quences conform with no more than one mismatch. In contrast,
the GerE-dependent promoters (shown at the bottom of Fig.
7), including those for cgeAB and cgeCDE, conform imper-
fectly to the consensus sequence. The mismatches were most
apparent in the 235 regions, where none of the sequences
matched the consensus sequence at all four positions, but some
of the GerE-dependent promoters also lack highly conserved
nucleotides in their 210 regions. The deviation of GerE-de-
pendent promoters from the sK consensus sequence is consis-
tent with the view that GerE influences transcription by com-
pensating for otherwise weak interactions between sK and the
promoter (64).

Our interest in the cge locus was based in part on the fact
that none of the known GerE-dependent genes accounted for
the dramatic defects exhibited by gerE mutant spores. For
example, mutations in cotB or cotC resulted only in the ab-
sence of the corresponding polypeptide from the spore coat
and had no discernible effect on the appearance of the coat or
on resistance properties or germination of the spores (12). In
extension of these previous findings, none of the cgemutations,
alone or in combination with mutations in the GerE-controlled
coat protein genes cotB, cotC, and/or cotG, resulted in the
production of spores exhibiting any of the dramatic defects
associated with mutations in gerE (46). Moreover, cotX has a
GerE-independent mode of expression (Fig. 7) (64), and nei-
ther cotX nor cwlCmutations affect spore resistance properties
or impair germination (32, 63). Interestingly, the predicted
product of cgeD is very similar to that of another B. subtilis
gene, ipa-63d, which is also part of a large, developmentally
regulated operon that is under the control of sK (18, 24). This
raises the possibility that the operon encompassing ipa-63d is
another member of the GerE regulon (although this has not
yet been determined). However, a deletion of the ipa-63d
operon, alone or in combination with mutations in cge, does
not result in spores that exhibit the gerE mutant phenotype of
lysozyme sensitivity and defective germination (46). It is likely,
then, that a full understanding of the GerE regulon and the
effects of gerE mutations on spore properties will require the
discovery and characterization of additional genes whose tran-
scription is dependent on this late-acting transcription factor.
Despite not appreciably mimicking the effects of a gerE

mutation, cge mutations nevertheless resulted in the produc-
tion of spores with altered surface properties. These observa-
tions, combined with the timing and mother cell localization of

FIG. 7. Alignment of promoter regions of genes transcribed by sK RNA polymerase. Shown are the sequences near the transcription start sites of genes transcribed
by RNA polymerase containing sK. Promoters for nine transcription units that are transcribed efficiently in the absence of GerE are shown above consensus sequences
derived from inspection of these promoters. A nucleotide was included in the consensus sequence if it was found at that position in at least six of the nine promoters
(and is shown in uppercase if found in at least seven). Also indicated are cases, in the 235 region, in which one of two nucleotides was found at a particular position
in at least eight promoters (m means C or A). The promoter regions of seven transcription units that require GerE in addition to sK RNA polymerase for efficient
expression are shown below the consensus sequence. Note that our assignment of the cwlC promoter to the GerE-dependent class is tentative and is based only on the
relatively late appearance (7.5 h) of cwlC transcripts (32). Nucleotides in each promoter that match the consensus sequence are shown in uppercase. Nucleotides
corresponding to the 59 ends of transcripts are underlined. References for the sequences of these promoters are as follows: sigK (spoIVCB), 31; cotA, 49; cotB, cotD,
and cotE, 66; cotC, 65 and 66; cotF, 9; gerE, 7; spoVK, 16; cotVXW, cotX, and cotYZ, 63; cotG, 47; and cwlC, 32.
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cge expression, suggested that cge encodes one or more coat
components or a protein that is required for the proper assem-
bly of part of the coat. However, mutations in cge genes did not
affect the pattern of coat proteins that could be extracted from
purified spores, nor did they affect the appearance of the coat
as viewed by electron microscopy (46). It remains possible that
cge does encode one or more coat proteins but that these
proteins are not sufficiently abundant to allow detection, are
not resolved adequately under the conditions used, or are
components of the insoluble fraction (about 30%) of the spore
coat. Interestingly, a deletion of the gene for CotX (which is
found in the insoluble coat fraction) or a deletion that prevents
the production of both CotY and CotZ results in the produc-
tion of spores which readily clump upon purification (63), a
phenotype that is reminiscent of that observed for strains har-
boring a deletion of cgeAB.
Alternatively, cge-encoded proteins may be involved in mod-

ification of the spore surface without being structural compo-
nents or affecting coat protein assembly per se. Possible clues
are suggested by the similarity between the amino terminus of
the predicted CgeD protein and conserved regions of several
nucleotide sugar transferases that are involved in polysaccha-
ride biosynthesis, including glycosyl transferases from R. me-
liloti. This region of similarity to nucleotide sugar transferases
is also present in the proposed product of ipa-63d, which is
highly similar along its entire length to CgeD (Fig. 4). In
support of the view that this similarity to the transferase en-
zymes is indicative of the function of these two proteins, other
genes in the ipa-63d operon encode proteins that are homol-
ogous to proteins involved in lipopolysaccharide biosynthesis
in gram-negative bacteria (18, 24). This, together with the
observed effect of an insertion in cgeD on spore surface prop-
erties, led us to suspect that CgeD might be involved in glyco-
sylation of one or more structural components of the coat. In
keeping with this idea, purified coat fractions contain carbo-
hydrate material (21), and at least one extractable coat
polypeptide appears to be a glycoprotein (27, 42).
Another possibility is that cge-encoded proteins, and CgeD

in particular, are involved in biosynthesis of an outermost
spore layer referred to as the exosporium. The exosporium,
found in several Bacillus and Clostridium species, has been
characterized most extensively for Bacillus cereus (59), in which
it exists as a loose-fitting, membranous layer consisting of pro-
tein, lipid, and polysaccharide which can self-assemble to an
extent from solubilized components in vitro (4, 36, 41). The
existence of a corresponding outer layer in B. subtilis is uncer-
tain, however. Nevertheless, a tight-fitting exosporium-like en-
velope that is visible by electron microscopy after partial ex-
traction of coat proteins has been described (55). The effects of
cge mutations, then, may reflect a role in biosynthesis or mod-
ification of this exosporium layer, presumably affecting its po-
lysaccharide component.
With regard to either of these latter models, it is interesting

that disruption of the B. subtilis ipa-63d operon results in the
production of spores that are phenotypically similar to those
produced by DcgeAB mutants (24, 46). Thus, the products of
the cge and ipa-63d operons may constitute a new class of
sporulation proteins that are involved in glycosylation of the
spore surface.
In summary, we have described the cloning and sequence

analysis of two adjacent and divergently oriented GerE-con-
trolled operons, cgeAB and cgeCDE. Mutations in cge, as is the
case for mutations in other known gerE-controlled genes, did
not substantially affect lysozyme resistance or germination of
spores, properties that are strongly affected by mutations in
gerE. This indicates that not all the members of the GerE

regulon have as yet been identified. Nevertheless, cge muta-
tions do affect properties of the spore surface, and we have
postulated, on the basis of similarity between CgeD and nu-
cleotide sugar transferases, that cge may be involved in the
attachment of sugar residues to the spore surface.
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