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The Bacillus subtilis spollIG gene codes for a sigma factor termed o€ which directs transcription of genes
expressed only in the forespore compartment of the sporulating cell. Use of spollIG-lacZ transcriptional fusions
showed that spollIG is cotranscribed with the spolIG operon beginning at ¢, s, of sporulation. However, this
large mRNA produced little if any o©, and transferring the spolIIG gene without the spolIG promoter into the
amyE locus resulted in a Spo* phenotype. Significant translation of spolIIG began at ¢, 5 ; with use of an mRNA
whose 5’ end is just upstream of the spollIG coding sequence. Synthesis of this spolIIG-specific nRNA was not
abolished by a deletion in spollIG itself. Similar results were obtained when a spolIIG-lacZ translational fusion
lacking the spolIG promoter was integrated at the amyE locus. These data suggest that synthesis of o is
dependent neither on transcription from the spolIG promoter nor on o€ itself but can be due to another
transcription factor. This transcription factor may be o, the product of the spolIAC locus, since a spolIAC
mutation blocked spollIG expression, and sequences upstream of the 5’ end of the spolIIG-specific nRNA agree
well with the recognition sequence for o*. RNA polymerase containing ¢* (Ec¥) initiated transcription in vitro
on a spollIG template at the 5’ end found in vivo, as did Ec®. However, Ec* showed a >20-fold preference

for spollIG over a known oC-dependent gene compared with the activity of E¢€.

Between h 1 and 2 of sporulation (¢,_,) in Bacillus subtilis,
the sporulating cell undergoes an asymmetric division, with
the resultant larger cell termed the mother cell and the
smaller cell termed the forespore. As development proceeds,
the mother cell engulfs the forespore, and eventually the
mother cell lyses, releasing the free dormant spore. Work in
a number of laboratories has shown that many genes are
expressed in only one of the compartments of the sporulating
cell (10, 11, 23, 25). When regulation of expression of such
genes has been studied in detail, it has been found to be
exerted at the transcriptional level, through the aegis of
compartment-specific sigma factors for RN A polymerase (7,
9, 17).

The forespore-specific sigma factor is termed o and is the
product of the spolllG gene (7, 15, 26). This gene is located
just downstream of the spollG operon (Fig. 1a) and appears
to be transcribed from the spollIG promoter beginning at
about ¢, s_; of sporulation (15). However, detectable synthe-
sis of o© does not begin until #,_;, probably by translation of
an RNA synthesized at this time whose 5’ end is just prior to
the spollIG translational start site (7, 15, 26). Strikingly,
synthesis of o€ appears confined to the forespore (7). Since
RNA polymerase containing o€ (Ea©) directs expression of
most forespore-specific genes, understanding the mechanism
whereby o€ synthesis is restricted to the forespore could
explain the basis for compartment-specific gene expression.
Clearly, it would be of interest to learn how the expression of
spollIG is regulated, in particular the identity of the tran-
scription factor directing synthesis of the short spollIG-
specific mRNA which appears to direct most if not all ¢©
synthesis. It has been suggested, on the basis of analysis of
the expression of a spollIG transcriptional fusion as well as
other data (7, 25), that spolIIG expression is autoregulatory,
i.e., that Ec© transcribes spollIG-specific mRNA, with the

small amount of ¢© needed to begin this process coming
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from the mRNA initiated from the spolIG promoter. While
this regulatory scheme is possible, other mechanisms are
feasible. Consequently, we have examined the regulation of
spollIG in detalil, in particular to determine the necessity of
the spolIG promoter for o© synthesis and the identity of the
sigma factor directing synthesis of spollIG-specific mRNA.

MATERIALS AND METHODS

Bacteria, plasmids, and DNAs. The bacterial strains and
plasmids used are listed in Table 1. B. subtilis and Esche-
richia coli strains were routinely grown at 37°C in 2XYT
medium (16). Concentrations of antibiotics when used were
as follows: ampicillin, 50 pg/ml; chloramphenicol, 3 pg/ml;
kanamycin, 10 pg/ml; macrolides-lincosamides-streptro-
gramin S (MLS) erythromycin and lincomycin, 1 and 25
ng/ml, respectively. B. subtilis strains were sporulated at
37°C in 2% SG medium (6), and the beginning of sporulation
(t,) was defined as previously described (29). Plasmid and
chromosomal DNA was extracted from E. coli and B.
subtilis strains and purified if necessary as previously de-
scribed (2). E. coli strains were made competent and trans-
formed as described previously (2).

Analytical methods. B. subtilis RNA was extracted, puri-
fied, and analyzed by primer extension using DNA primers
which were isolated by agarose gel electrophoresis of appro-
priate restriction enzyme digests of plasmid DNA or DNA
fragments (12, 19). Specific primers used were the 38-bp
Tagql-Scal fragment and the 75-bp Scal-HindIII fragment
(Fig. 1a) (7, 15). The latter fragment was isolated initially as
the 460-bp HindIII fragment, end labelled, and then cut with
Scal, and the 75-bp fragment was reisolated and used as a
primer. Note that the Scal-HindIIl fragment will give no
priming with RNA from a gene with the spollIGAI mutation,
because the Scal-HindIII region has been deleted (7). DNA
sequence analysis using these primers was carried out by the
chain termination method.

Samples of sporulating cells were harvested, treated with
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FIG. 1. Chromosomal structure of the B. subtilis spollG-spollIG
or amyE locus with (b to i) or without (a) various plasmids
integrated. Plasmids used for integration are described in Materials
and Methods. The plasmids integrated at the spolIG-spolllIG locus
are pPS956 (b), pPS955 (c), pPS8% (d), and pPS1110 (f). The
plasmids integrated at the amyE locus are pPS939 (e), pPS996 (strain
PS1095) (g), pPS1093 (integrated into strain PS1095, giving strain
PS1096) (h), and pPS939 (integrated into strain PS1096, giving strain
PS1120) (i). The various coding regions are labeled only the first time
they are shown, but the same shading patterns are used throughout.
The unshaded box is the spollG-spollIG intergenic region. amyB
and amyF denote the back and front regions, respectively, of the
amyE gene (24). The thin line denotes plasmid DNA other than the
cat, ermC, or lacZ gene; the thick line denotes other B. subtilis
chromosomal DNA. The scale for spollG, spollIG, and the spolIG-
spollIG intergenic region is constant throughout the figure and is
that of the size marker shown. However, the sizes of the cat, ermC,
and lacZ genes and plasmid DNA shown vary and are not to scale.
The small amount of lacZ remaining in constructs g, h, and i is only
a few hundred nucleotides from the C-terminal coding region. The
arrows below coding regions denote the direction of transcription;
the solid triangle denotes a ribosome binding site preceding lacZ or
spolllIG. Restriction sites: B, BamHI; H, HindIll; P, Pstl; S, Scal;
T, Taql; V, Pvull. Not all Taql sites are shown.

lysozyme, and assayed for B-galactosidase and glucose
dehydrogenase as previously described (13). Determination
of heat-resistant spores was carried out as described by
Mason and Setlow (14).

RNA polymerase containing Ec* but not Eo© was isolated
at ~¢, from strain PS683, which carries a deletion in spolllG,
and purified through the heparin agarose chromatography
step (19, 26). RNA polymerase containing Ec® but not Ec*
was isolated from strain PS749, which carries spollIG under
spac promoter control and is thus inducible by isopropyl-p-
D-thiogalactopyranoside (IPTG). Ec® was purified from
vegetative cells of this strain, which were induced for 2 h
with IPTG as previously described (19, 26). In vitro tran-
scription reactions with these two forms of RNA polymerase
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TABLE 1. B. subtilis strains

Strain Genotype Source or reference
PS607 trpC2 spollIE36 1. Smith
MO0428(PS683)  trpC2 spollIGAl P. Stragier (7)
PS749 pheAl trpC2 spoAl2 sspA- 19
lacZ Cm"(pDG298 spac-
sigG Km")

PS768 trpC2 spollIGA1(pDG298 pDG298—PS683
spac-sigG Km")

168(PS832) trpC2 Laboratory stock

PS1096 trpC2 spolllGAl amyE:: This work
spolllG MLS"

PS1120 trpC2 spolllIGAl amyE:: This work
spolllIG Cm"’

PS1128 trpC2 spolllE36 spolllG:: pPS1110—>PS607
pl1110 MLS*

PS1175 trpC2 spollAC1 J. Errington

were carried out with template in excess and adding equal
amounts of enzyme [as measured by activity with poly(dA-
dT)] as described by Nicholson et al. (19). Reactions were
carried out without heparin and using [a->?P]JATP and were
initiated by addition of enzyme. Two templates were present
in the reactions: (i) plasmid pPS591 (1 ng), which carries
sspE (19) (when cut with EcoRI, this template gives a
194-nucleotide (nt) transcript with Ec® and Eo* [19]); and
(ii) plasmid pTK4 (1.6 pg), which carries part of spolIG and
spollIG (8) cut with BamHI. The transcripts were treated
and analyzed by acrylamide gel electrophoresis as described
previously (19, 26). The sizes of the transcripts were deter-
mined with reference to a series of RNA size markers (19)
and were cut out and counted in a scintillation counter to
quantitate transcription. Counts were corrected for back-
ground by counting a region of the gel from between the two
transcripts (29).

Construction of spollIG transcriptional fusions. To con-
struct transcriptional lacZ fusions to spolllIG, we first con-
structed a transcriptional fusion vector termed pJF751A.
This was accomplished by cleaving the translational lacZ
fusion vector pJF751 (4) with EcoRI and Clal and replacing
this 0.8-kb fragment with the analogous EcoRI-Clal frag-
ment from pDG268 (1). The resulting plasmid, pJF751A,
carries a promoterless lacZ gene with a good ribosome
binding site and can replicate in E. coli but not in B. subtilis.
Consequently, it will confer stable drug resistance in B.
subtilis only if it integrates into the chromosome. Plasmid
pTK4 (8), which carries a part of the spolIGB and spolllG
genes (Fig. 1a), was cut with HindIII and PstI, and the
0.43-kb fragment was isolated. Some of this fragment was
cloned into HindIII-PstI-cut pUC12, and the resulting
0.44-kb HindIII-BamHI fragment from one clone was in-
serted into HindIII-BamHI-cut pJF751A, generating pPS956
(Fig. 1b). This plasmid carries part of the spollIGB and
spolllIG coding sequences prior to lacZ. The remaining
0.44-kb HindIII-Ps:I fragment was cut with Tagl, and the
0.25-kb HindIII-Taql fragment was cloned into HindIII-
Accl-cut pUC12. The 0.26-kb HindIII-BamHI fragment from
one transformant was cloned into HindIII-BamHI-cut
pJF751A, giving pPS955 (Fig. 1c). This plasmid has only a
part of the spolIGB coding sequence and the spolIG-spollIG
intergenic region preceding the lacZ gene. When these
plasmids integrate into the B. subtilis chromosome (Fig. 1b
and c), a complete spollIG gene remains but is moved ~7.5
kb further downstream of the spolIG promoter.
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Construction of translational spollIG-lacZ fusions. The
0.43-kb HindIII-Pvull fragment from pTK4 was isolated,
and the ends were filled with E. coli DNA polymerase and
inserted into pJF751 cut with Smal. Plasmid with the correct
orientation was identified by digestion with Clal and Scal,
giving rise to pPS896, which has the spollIG gene in frame
with lacZ (Fig. 1d). Again, when this plasmid integrates into
the chromosome, an intact spollIG remains but is moved
downstream (Fig. 1d).

The 1.25-kb EcoRI-Clal fragment from pPS896 was iso-
lated and cloned in ptrpBGI (24) cut with EcoRI and Clal,
giving pPS939. This plasmid, like the pJF751 derivatives,
cannot replicate in B. subtilis, but it can integrate not only at
the locus of any B. subtilis DNA carried but also at the amyE
locus (Fig. 1e). Such integration renders the cell amylase
negative, a phenotype which is easily detected (24). Note
that the amyE promoter is in the orientation opposite that of
spollIG transcription (Fig. le) (24).

Construction of a spollIG integration inactivation vector.
Plasmid pTK4 was cut with Pvull and BamHI, and the
0.41-kb Pvull-BamHI fragment from pDG298 (29) was in-
serted, forming pPS1008. This introduces an additional 0.4
kb of spolllIG coding sequence into pTK4. Plasmid pPS1008
was cut with EcoRI and Clal, and a 1.2-kb EcoRI-Clal
fragment containing the ermC gene was inserted, giving
pPS1092. The ermC gene, which came from plasmid pE194,
was excised as a 1.4-kb Hpall fragment and cloned in the
Accl site of pUC12 with the direction of transcription of the
ermC gene from the EcoRI site toward the HindIII site in the
polylinker. Plasmid pPS1092 was cut with HindIII, the
0.5-kb HindIII fragment was removed, and the plasmid was
religated, giving pPS1109. The 0.48-kb EcoRI-Xbal fragment
from pTK4 carrying the spollIGB-spolllG intergenic region
was then isolated and inserted in pPS1109 cut with EcoRI
and Xbal, giving pPS1110 (Fig. 1f). This plasmid cannot
replicate autonomously in B. subtilis but can confer MLS
resistance if it integrates into the chromosome at spolllG. If
pPS1110 is first linearized with EcoRI, then MLS" transfor-
mants carry a disrupted spolllIG gene and are Spo~ (Fig. 1f).

Introduction of the complete spolIIG gene at amyE. Plasmid
ptrpBGI was cleaved with HindIII and EcoRI, and the
resulting small fragment was replaced with the EcoRI-
HindIII polylinker of pUC12, giving pPS995. This plasmid
was cleaved with Xbal (cleaving in the polylinker) and Mlul.
This removes essentially all of the lacZ coding region from
pPS995. The remainder of the plasmid was ligated with the
1.5-kb Xbal-Mlul fragment of pDG298, which contains all of
the spolllG coding sequence but lacks the spolllG-specific
promoter, giving pPS996 (Fig. 1g). This plasmid was linear-
ized with Nrul and used to transform B. subtilis PS683 to a
Cm" Amy~ phenotype by integration at the amyF locus (Fig.
1g) (strain PS1095). A second plasmid, pPS1093, was con-
structed by ligation of pPS1092 cut with Smal with the
1.9-kb Nael fragment from ptrpBGI carrying the amyB
region of the amyE locus. The orientation of the amyB
fragment in pPS1093 was established by digestion with Sall.
Plasmid pPS1093 was linearized with Nrul and used to
transform PS1095 to an MLS" CM® Amy~ phenotype. The
resultant strain, PS1096, carries the intact spollIG plus the
spolIlIG-specific promoter at the amyFE locus (Fig. 1h). This
complicated strategy was used because we were unable to
stably clone the intact spollIG gene with its own promoter in
E. coli. In strain PS1096, the direction of ermC transcription
is the same as that of spollIG. A construct similar to PS1096
was also made in which the ermC gene was replaced by a cat
gene (Fig. 1i). This was accomplished by transforming strain
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FIG. 2. Appearance of B-galactosidase during sporulation of
strains carrying various spollIG-lacZ fusions. Strain PS832 (wild
type) with plasmid pPS956 (@), pPS955 (O), or pPS896 (OJ) inte-
grated at the spolllG locus (Fig. 1b to d) was sporulated, and
B-galactosidase was assayed as described in Materials and Methods.

PS1096 with plasmid pPS939 cut with Nrul and Scal and
selecting for transformants which were Cm"® MLSS. In this
construct (strain PS1120) (Fig. 1i), the direction of cat
transcription is away from spollIG.

Integration of vectors into the B. subtilis chromosome.
Competent cells of various B. subtilis strains were prepared
and transformed with plasmids to chloramphenicol or MLS
resistance as described previously (14). Transformation with
pPS896, pPS955, and pPS956 used supercoiled plasmid, and
integration into the chromosome was by a Campbell-type
mechanism giving the chromosomal structure in the spollG-
spollIG region as shown in Fig. 1b to d. This chromosomal
structure was confirmed by appropriate restriction enzyme
digestion and Southern blot analysis of chromosomal DNA.
Note that in strains transformed with these three plasmids,
the intact spollIG gene is ~7.5 kb downstream of the spollG
operon.

Transformation of cells with pPS939, pPS1110, pPS996,
and pPS1093 used plasmid linearized as described above and
gave the chromosomal structure in either the amyE or
spolllG region shown in Fig. le to i. Again these chromo-

.somal arrangements were confirmed by Southern blot anal-

yses.

RESULTS

Expression of spollIG during sporulation. Work in other
laboratories has shown that transcription of the spollG
operon begins at ~t, s ; and that there is at most a weak
transcription terminator between spolIGB and spollIG (8,
15). Consequently, mRNA potentially capable of directing
o© synthesis should be present early in sporulation. Indeed,
a promoterless lacZ gene integrated within the spolllG
coding sequence (Fig. 1b) was expressed beginning at ¢, s_,,
with a second rise in expression beginning at ~¢; (Fig. 2). A
promoterless lacZ gene integrated in the intergenic region
between spolIGB and spollIG (Fig. 1c) was also expressed
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FIG. 3. Appearance of spollIG-specific mRNA during sporula-
tion. Strain PS832 (wild type) was sporulated, cells were harvested
at various times, and RNA was extracted and purified. Primer
extension analysis was carried out by using the Scal-HindIII primer
to detect RNA with a 5’ terminus just upstream of spollIG. The
times for harvest of cells for RNA isolation were as follows: lane 1,
to; lane 2, ¢, ;lane 3, ¢, s; lane 4, 1, 5; lane S, ¢, 5; and lane 6, 75 5. The
numbered arrows adjacent to lane 1 denote the migration position of
RNA size markers.

early in sporulation (Fig. 2). However, with this construct
the level of B-galactosidase fell after ¢, , (Fig. 2), presumably
due to decreased expression plus degradation. These data
suggest that the increased expression after #; of the promot-
erless lacZ gene integrated in the spollIG coding sequence
was due to a second promoter in the spollGB-spolllG
intergenic region (7, 15). The expression of a spollIG-lacZ
translational fusion beginning only at ¢, s_; (Fig. 2) is consis-
tent with this suggestion. Primer extension analysis of RNA
from sporulating cells demonstrated the appearance at ~¢, s
of an RNA species slightly smaller than 160 nt whose 5’
terminus was located between spolIGB and spollIG (Fig. 1a
and 3). Precise localization of the 5’ terminus of this spolIIG-
specific mRNA showed it to be at a G residue 29 nt before
the spollIG translation start site (Fig. 4), which would give a
158-nt extended fragment with the Scal-HindIlI primer. The
5’ end of the spollIG-specific RNA determined by primer
extension is almost identical to the 5’ end determined by
nuclease protection (15).

Expression of spollIG in asporogenous mutants. One inter-
pretation of the results given above is that spollIG is initially
transcribed from the spollG promoter but that the spollIG
portion of the resulting polycistronic mRNA is not translated
until ¢, ,, when a small amount of ¢ is made. This o€ then
directs transcription from a promoter just upstream of spol-
IIG, producing a readily translated spollIG-specific mRNA
(7, 25). However, it is possible that a transcription factor
other than o€ also becomes active at ¢, ; and also directs
spolllG-specific transcription; indeed, transcription from
the spollG promoter may not be essential for initiation of
spolllIG expression. In support of the latter suggestion, in
the transcriptional and translational spolllG-lacZ fusions
(Fig. 1b to d), the wild-type spolllIG gene is ~7.5 kb
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FIG. 4. Primer extension analysis of the 5’ end of spollIG-
specific mMRNA. RNA was isolated from sporulating cells of strain
PS832 (wild type) at ¢, and analyzed by primer extension as
described in Materials and Methods, using the Scal-HindIII primer.
The primer extension product (lane S) was run adjacent to the four
lanes (C, T, A, and G) of sequencing reactions on the spollIG gene
carried out by using the same primer. The arrow denotes the
transcription start site.

downstream from spollG, yet sporulation of these strains
was identical to that of the wild type (data not shown). In
addition, expression of the spollIG-lacZ translational fusion
was not altered in a strain with a spollIIG deletion mutation
as found previously (5), although expression was abolished
in spolIAC and spollIE mutants (Fig. 5). RNA polymerase
isolated from these latter two mutants at #, contained <10%
of the wild-type level of o€ (data not shown). Analysis of
RNA isolated at ¢, from strains carrying various asporoge-
nous mutations confirmed the results with the lacZ fusion, as
the spollIE strain had no spollIG-specific mRNA (Fig. 6,
lanes 1, 2, and 5), while the spolIIGAl strain had the same
amount as the wild type (Fig. 6, lanes 3 and 4). Note that
these latter experiments were carried out with strains lacking
lacZ fusions; the same results were obtained with the strains
carrying the translational spollIG-lacZ fusion (data not
shown). Similar results were also obtained when a synthetic
single-stranded oligonucleotide was used in primer extension
analyses; these latter reactions were clearly carried out in
primer excess (data not shown).

Expression of spollIG at the amyE locus. The presence of
spollIG-specific mRNA in a spollIG mutant suggested that
o itself is not required for spollIG expression. To examine
spollIG expression without the complication of transcription
from the spollIG promoter and possible processing of a large
transcript, a translational spollIG-lacZ fusion containing
only ~200 nt of spollIG upstream sequence was integrated
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FIG. S. Appearance of B-galactosidase during sporulation of
strains carrying a translational spollIIG-lacZ fusion integrated at the
spollIlIG locus. Strains PS832 (wild type) (O), PS607 (spollIE) (@),
PS683 (spolllG) (W), and PS1175 (spollIAC) (O) with plasmid
pPS896 integrated into the chromosome at the spolllG locus were
sporulated, and B-galactosidase was assayed.

into the amyE locus (Fig. 1e). This spollIG-lacZ fusion was
expressed at the same time and to the same level as was the
fusion at the spollIG locus, and expression was abolished by
a spollAC mutation and reduced only ~40% in a spolllG
background (Fig. 7). Surprisingly, essentially wild type
levels of expression were seen in both spollIE and spolllE
spollIG mutants (Fig. 7). Primer extension analysis of RNA
from strains with the spolllG-lacZ fusion at the amyE locus
showed that the 5’ end in the spolllIE background was the
same as that from the spollIG gene at the wild-type locus
with use of either double-stranded fragments (Fig. 6, lanes 3
and 6) or a single-stranded oligonucleotide (data not shown)
as a primer. Similar analyses showed that the 5’ end of
spollIG mRNA from the spollIG-lacZ fusion at the amyE
locus was also the same in spollIG and spollIE spolllG
mutant backgrounds (data not shown). The difference in the
effect of the spolllE mutation on expression of the spollIG-
lacZ fusion at the spolllG and amyE loci was surprising.
However, a number of other forespore-specific genes exhibit
this same anomaly (27; see Discussion). It was previously
reported that expression of a transcriptional spollIG-lacZ
fusion integrated at the amyE locus is also independent of
spollIE but is abolished by the spollIGAI mutation (7). We
have confirmed this result but have also found that there is
significant production of spollIG-specific mRNA from the
spollIG promoter of this transcriptional fusion at the amyE
locus (data not shown). At present we do not understand
why this mRNA is not translated in the spolIIGAIl mutant.

The results noted above indicated that significant spollIG
expression required neither o€ itself nor read-through of
transcription from spolIG. If this is correct, then introduc-
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FIG. 6. Primer extension analysis of spolllG-specific mRNA
from wild-type and mutant strains. RNA was isolated and purified
from sporulating cells at z,, and primer extension analysis was
carried out by using the Scal-HindIII (lanes 1 and 2) or Taql-Scal
(lanes 3 to 6) primer as described in Materials and Methods. RNA
was extracted from PS832 (wild type) (lanes 1 and 3), PS607
(spolllE) (lane 2 and 5), PS683 (spollIG) (lane 4), and PS607
(spollIE) carrying plasmid pPS939 integrated at the amyE locus
(lane 6). The numbered arrows adjacent to the primers and extended
transcripts in lanes 1 and 3 give the sizes in nucleotides determined
with reference to the DNA sequence (7, 15) or a DNA sequencing
ladder (Fig. 4 and data not shown).

tion of a wild-type spolllG gene at the amyE locus should
suppress the asporogenous phenotype due to the spollIGAl
mutation. This was the case, as both strains PS1096 and
PS1120 (Fig. 1h and i) sporulated to =70% of wild-type
levels, as measured by production of heat-resistant spores
(heat-resistant forms per milliliter at #,,: PS832, 7.1 x 108;
PS1096 and PS1120, 5 x 10%) and the o®-dependent gene
product, glucose dehydrogenase (data not shown). Analysis
by Southern blotting as well as use of chromosomal DNA to
transform Spo™ sirains demonstrated that both of these
strains retained the spolIIGAI mutation at the spolllIG locus
(data not shown).

Transcription of spollIG by Ec® and Eo®. The results
given above suggest that a factor other than ¢© can direct
transcription of spolllG-specific mRNA. However, se-
quences just upstream of spolllIG exhibit significant homol-
ogy with the consensus —10 and —35 sequences recognized
by Eo®, and Eo© can initiate transcription in vitro on a
spolllG-specific template (19). Furthermore, induction of
synthesis in a spollIGAl strain carrying a translational
spolllG-lacZ fusion at the amyE (data not shown) or spollIG
(Fig. 8) locus resulted in induction of B-galactosidase syn-
thesis roughly in parallel with that of glucose dehydroge-
nase, encoded by a known oC-dependent gene (26). Primer
extension analysis of RNA from these induced cells showed
that ~95% of the spollIG transcripts had initiated at the spac
promoter, while ~5% had the 5’ terminus found in spollIG-
specific mRNA from sporulating cells (data not shown).
Thus, Eo® can initiate transcription of spollIG-specific
mRNA in vivo. However, it has recently been shown that
RNA polymerase containing the product of the spollIAC
gene, of, can also initiate spollIG expression in vivo (21).
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FIG. 7. Synthesis of B-galactosidase from the spolllG-lacZ fu-
sion integrated at the amyE locus in various strains. Strains PS832
(wild type) (O), PS607 (spollIE) (@), PS683 (spollIG) (W), PS1128
(spolllE spollIG) (A), and PS1175 (spollIAC) (O), all carrying
plasmid pPS939 integrated into the chromosome at the amyE locus,
were sporulated, and B-galactosidase was assayed.

The level of spollIG expression reached upon induction of a
single copy of the spolIAC gene is similar to that achieved
upon induction of spollIG in multicopy (Fig. 8) (21).

The transcription of spollIG in vivo by both Ec* and Ec®
is possibly not surprising, since these two forms of RNA
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FIG. 8. Induction of spollIG-lacZ expression by Ed€. Strain
PS768 with plasmid pPS896 integrated into the chromosome at the
spollIG locus was grown in 2XYT medium; at an optical density
(OD) of 0.3 (¢,), one half of the culture was made 0.5 mM in IPTG to
induce o€ synthesis (induced) while the remaining half had no
additions (uninduced). At various times, samples were harvested
and analyzed for B-galactosidase and glucose dehydrogenase. Sym-
bols: @, B-galactosidase (induced); O, B-galactosidase (uninduced);
B, glucose dehydrogenase (induced); ], glucose dehydrogenase
(uninduced). The maximum B-galactosidase level reached was 285
Miller units; the maximum glucose dehydrogenase level was 130
nmol/min/OD, of culture. At 4 h, the induced culture reached an
ODgqo of 3.1 and the uninduced culture reached an ODg, of 6.5.
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FIG. 9. In vitro transcription of spollIG by Eof and Ec®. A
mixture of the BamHI-cut spollIG template (1.6 pg) and EcoRI-cut
sspE template (pPS591; 1 pg) was transcribed in vitro by Eof or
Eo©, using [*>P]ATP, and transcripts were analyzed by electropho-
resis on a 6% acrylamide gel. The sizes of the sspE and spolllG
transcripts were determined with reference to RNA size markers as
described in Materials and Methods. The size of the spolllG
transcript is identical to that predicted from the sequence of pTK4
(8) if transcription in vitro begins at the same nucleotide as in vivo.

polymerase recognize similar promoter sequences in vitro
(19). Indeed, both Ect and Eo© initiated transcription on a
spolllG template in vitro at identical start points, which
were also identical to the 5’ terminus of spolllG-specific
mRNA found in vivo (Fig. 9). However, quantitation of the
activity of these two forms of RNA polymerase on a spollIG
template relative to a known o©-dependent template (sspE),
by cutting out and counting the transcripts, showed that EoF
had a 23-fold-higher preference than Eo© for the spolllG
template relative to the sspE template (Fig. 9 and data not
shown).

DISCUSSION

Analysis of the expression of a promoterless lacZ gene
integrated in the spolllIG coding sequence indicates that
spolllIG is transcribed early in sporulation, undoubtedly
from the spollG promoter. This was suggested earlier on the
basis of nuclease protection analysis (15). However, the
spollIG portion of this mRNA is translated poorly if at all.
The delay in translation of spollIG mRNA is consistent with
previous work which indicates that o€ appears at ¢, 5_5, only
slightly before synthesis of o®-dependent gene products
such as glucose dehydrogenase and the products of ssp
genes (26). The reason for the lack of translation of the
polycistronic spollIG mRNA has not been established.
However, it was noted previously that this long mRNA
could form a stem-loop structure in the region just prior to
the spollIG translational start site which would sequester
the gene’s ribosome binding site (Fig. 10) (15). In contrast,
the 5’ end of spolllG-specific mRNA cannot form this
stem-loop structure (Fig. 10) and should be translated more
efficiently.
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-
spolllG: GCAGTGCATATTTTTCCCACCCAAGGAGATACTTAACGTTGTACAGCAGCTCCTGTMGAAAAAH_&

sigF/sigG: TGAATA -17/18nt- CATACTA
—— ——
ger: AGCATG -1l4nt- TGGCAACAATA
— ——

FIG. 10. Transcription start site of the spollIG gene. The spollIG sequence is taken from references 7 and 15. The spollIG-specific nRNA
start site is denoted by the +1 over the G residue and is taken from Fig. 4. The opposed arrows above the sequence denote the regions in
the polycistronic mRNA that can form the stem-loop which could block translation of this mnRNA. The ribosome binding and translation start
sites are singly and doubly underlined, respectively. The (oF/o) (sigF/sigG) consensus sequences in the —10 and —35 regions are taken from

reference 19. The gpr promoter sequence is taken from reference 29.

While the spollIG-specific mRNA formed at ¢,_; of sporu-
lation can be generated both in vitro and in vivo by Ea©, it
seems likely that under our sporulation conditions Ea© is at
most a minor contributor in generating this mRNA species.
This is shown most dramatically by the lack of effect of a
spollIG mutation on spolllG expression, as measured by
either a translational spollIG-lacZ fusion or the appearance
of spolllG-specific mRNA. It could be argued that the
appearance of spollIG-specific mRNA in a spollIG mutant
is due to temporally determined processing of the polycis-
tronic spollIG mRNA. However, if this is the case, then o€
is not required for this processing and thus not for generation
of spollIG-specific mRNA. Since the spollIG gene at the
amyE locus is expressed with the correct 5’ terminus in a
spollIG mutant, it seems more reasonable to propose that
synthesis of spollIG-specific mRNA is due to initiation of
transcription, presumably by EoF, at the 5’ end found in
vivo. a¥, the product of the spolIAC gene, is made at ~1, s
(30). The activity of Eo* has recently been shown to be
regulated in some fashion by the other two products of the
spolIA operon, spollAA and spolIAB (21); presumably this
regulation allows EoF action on the spollIG gene only in the
forespore and only at ¢, ;. This knowledge, plus the induc-
tion of spolllG-lacZ expression by of synthesis in vegeta-
tive B. subtilis (21), the agreement between spollIG’s —10
and —35 sequences with those recognized by Eof, and the
strong in vitro transcription of a spollIG template by EoF,
lends support to our assignment of EcF as the enzyme
transcribing spolllG-specific mnRNA. However, it is possible
that other factors facilitate or modulate spollIG-specific
transcription. Furthermore, while it appears clear that E¢F
can efficiently initiate transcription of spollIG-specific
mRNA in vivo, particularly in spolIIG mutants, we have not
yet proven that Ec¥ initiates the majority of spollIG-specific
transcription during sporulation of wild-type cells.

It is striking that spollIG is a better template for EoF in
vitro than it is for Ec© relative to the activities of these
holoenzymes on sspE. This suggests that the spollIG pro-
moter may exhibit specific features of a good oF-dependent
promoter. While the details of these features are not com-
pletely clear, a second largely oF-dependent gene termed gpr
has recently been identified (29). Comparison of the gpr
promoter sequence with that of spollIG reveals that both
have purine residues at —13 and G residues at positions —15
and —16 (Fig. 10). That these residues may play a role in ¢
recognition has been recently demonstrated by introducing
either a purine at —13 or two G residues at —15 and —16 in
the sspE gene (normally ¢© dependent [26]) and showing that

these changes allow this gene to be transcribed efficiently in
vitro and in vivo by Eat (3).

One rather anomalous result in this work was the different
effects of a spolllE mutation on spollIG expression when
the gene was at its own locus or at the amyE locus. We have
found that expression of a number of other forespore genes
(gerA, gpr, and sspE) becomes more or less independent of
spollIE function when the genes are inserted at the amyE
locus (28). While we have not yet proven that this spollIE-
independent gene expression is confined to the forespore, if
it is we have no explanation for this observation. However,
we note that a dramatic condensation of the forespore
chromosome takes place prior to 7; of sporulation (22).
Possibly this dramatic change in chromosome structure
results in different effects on expression of genes in different
regions of the chromosome.

Certainly one of the puzzling facets of spollIG regulation
is why this gene is cotranscribed with spollG early in
sporulation, yet the resulting polycistronic mRNA is not
needed for spollIG expression. One possibility is that this is
an anomaly of B. subtilis and that spollIG is separate from
spollG in other Bacillus species. However, we have found
that spollIG is adjacent to spollG in B. cereus, B. megate-
rium, and B. stearothermophilus (18). Clearly under our
sporulation conditions spollIG need not be adjacent to
spollG for efficient spollIG expression or sporulation, since
introduction of up to 7.5 kb of DNA between spollIG and
spollIG does not affect sporulation, as found both by us and
others (8). Similarly, a strain carrying a deletion in the
spollIG gene adjacent to spollG plus a wild-type spolllG
gene at amyE is Spo*. Why then is this genetic and tran-
scriptional organization of the spolIG operon and spolllG
maintained? Although we have no definitive answer to this
question, one reason may be that there are two independent
mechanisms for induction of synthesis of spollIG-specific
mRNA. One is transcription by Eof as we have found. The
second may be the developmentally programmed initiation
of translation of the polycistronic spollIG-spollIG mRNA
giving a small amount of ¢©, which then transcribes spollIG.
Under our sporulation conditions Ec appears to carry out
the majority of spollIG-specific transcription, but laboratory
sporulation conditions are far from the growth conditions
found in the environment in which these regulatory mecha-
nisms have been selected. Thus, it is possible that under
different sporulation conditions, the Eo* pathway is a minor
mechanism for spolllIG expression and the EcC pathway is
the major one. The regulation of the activity or specificity of
EoF by the spollAA and spolIAB gene products seems likely
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to be sensitive to the physiological environment within the
sporulating cell. It is easy to imagine that this environment
could vary significantly in different sporulation conditions,
thus allowing for different routes to o€ synthesis. Since
spolIAB may also modulate the activity or specificity of o
(20), this adds another possible mechanism for switching
between two pathways of spolllG expression.
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