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The initiation of sporulation in Bacilus subtilis depends on seven genes of the spoO class. One of these, spoOF,
codes for a protein of 14,000 daltons. We studied the regulation of spoOF by using spoOF-lacZ translational
fusions and also measured SpoOF protein levels by immunoassays. spoOF-lacZ and SpoOF levels increased as the
cells entered the stationary phase, and this effect was repressed by glucose and glutamine. Decoyinine, which
lowers GTP levels and allows sporulation in the presence of normally repressing levels of glucose, induced
spoOF-lacZ expression and raised SpoOF levels. The expression of spoOF-lacZ was dependent on spoOA, -OB,
-OE, -OF, and -OH genes, a spoOH deletion causing the strongest effect. In most respects, the spoOF gene was
regulated in a manner similar to that of spoVG. However, the presence of an abrB mutation did not relieve the
dependence of spoOF gene expression on spoOA, as it does with spoVG (P. Zuber and R. Losick, J. Bacteriol.
169:2223-2230, 1987).

Nutrient depletion in Bacillus subtilis leads to a process of
differentiation which results in spores. The initiation of this
temporally ordered developmental process is under the
control of at least seven genetic loci known as the spoO
genes, mutations which block the sporulation at the earliest
discernible stage, stage 0 (29). The products of spoOA, -OB,
-OE, -OF, -OH, and other genes play an important role in the
triggering of sporulation affecting the transcription of a wide
variety of genes. The spoOF gene has been cloned and
sequenced (35, 38) and codes for a protein with an approx-
imate Mr of 14,000 (24). The amino acid sequence of the
SpoOF protein shows extensive similarity with SpoOA and
several other regulatory proteins, which are part of highly
conserved two-component environmentally responsive sig-
naling systems found in procaryotes (35).

Several lacZ fusions have been constructed with B. sub-
tilis spore genes in order to study the interactions among
these genes and others turned on early in the sporulation
process. A spoVG-lacZ fusion has been used by Zuber and
Losick (41) to study the epistatic interaction between spoVG
and other sporulation genes. spoOB-lacZ fusions appear to
be expressed at a maximum during vegetative growth and at
reduced levels during sporulation (4, 9). Yamashita et al. (37)
have shown that the expression of spoOA-lacZ and spoOF-
lacZ was elevated at To (the beginning of the sporulation
process) and required functional spoOB, -OE, -OF, and -OH
genes. The sof-J mutation, a missense mutation in the spoOA
structural gene (12, 16), restored spoOA-lacZ and spoOF-lacZ
expression that was impaired by spoOB or -OF mutations. It
has also been shown that the glucose repression of spoOA-
lacZ fusion activity could be reversed by the addition of
decoyinine (36). spoOE is induced at the end of logarithmic
growth, and its expression is dependent on spoOA (26).
Studies on spoOH-lacZ in Bacillus licheniformis and B.
subtilis have shown ,-galactosidase activity to be at low
levels during vegetative growth and to increase 5- to 10-fold
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by To (7) (Weir et al., unpublished experiments). Expression
of the B. subtilis spoOH gene is dependent on functional
spoOA, -OB, -OE, -OF, and -OH genes (Weir et al., unpub-
lished results).

In an attempt to further understand the regulation of
spoOF gene expression, we made various translational
spoOF-lacZ fusions (19) and analyzed these fusions under
different growth conditions and in different genetic back-
grounds. We have also measured the levels of the spoOF
gene product, SpoOF, during growth.

MATERIALS AND METHODS
Bacterial strains and media. The bacterial strains and

plasmids used in this study are listed in Table 1. IS385,
containing a large deletion of the spoOF regulatory se-
quences and the NH2-terminal region of the structural gene,
was previously described (18). The spoOF-lacZ fusion
strains, consisting of translational fusions between spoOF
and lacZ, integrated into the chromosome at the spoOF gene
locus by Campbell-like insertion, have been previously
described (19). IS688 was constructed by isolating chromo-
somal DNA from IS414, which contains a spoVG-lacZ
plasmid, pZL207, integrated, via a homologous recombina-
tion event, in JH642. This latter strain has been previously
described (41). The DNA was used to transform IS75,
selecting for chloramphenicol resistance (Cm'). One of the
transformants was saved as IS688. Plasmid pIS134 was
constructed by cloning the EcoRI (filled in)-HindIII fragment
from pIS22 containing the intact spoOF gene (18) into MboI
(filled in)-HindIII-cut pIM13 (23). B. subtilis strains were
grown on solid media containing tryptose blood agar base
(Difco Laboratories). Strains were grown in Schaeffer liquid
nutrient sporulation medium (NSM) (32). In some experi-
ments, NSM was supplemented with 2% glucose and 0.2%
glutamine. For experiments in which sporulation was in-
duced by the addition of decoyinine, cells were grown in S6C
liquid medium (11), which contains 1% glucose. ,-Galactosi-
dase activity was assayed as described by Miller (22). The
specific activity was expressed in units per milligram of
protein or in Miller units (22) as indicated.

Preparation of antiserum, protein extracts, and Western

5432



TEMPORAL REGULATION OF spoOF 5433

TABLE 1. Bacterial plasmids and strains

Plasmid Relevant phenotype reference

pIS112 Cmr 19
pIS134 Cmr spoOF This work
pIS143 Cmr spoOF-lacZ This work and

reference 19
pZL207 Cmr spoVG-lacZ 41

IS75 metB5 hisAl leuA8
IS385 metB5 hisAl leuA8 spoOFASacI 18
IS414 trpC2 pheAl(spoVG::pZL207) 41
IS438 metB5 hisAl leuA8(spoOF::pIS143) This work
IS440 trpC2 pheA1(spoOF::pIS143) This work
IS465 trpC2 spoOBAPst(spoOF::pIS143) This work
IS513 trpC2 pheAl sigB::ermC(::pIS143) This work
IS528 trpC2 pheAl abrB703 spoOAA204 This work

(spoOF::pIS143)
IS529 trpC2 pheAl abrB703(spoOF::pIS143) This work
IS530 trpC2 pheAl spoOAA204(spoOF:: This work

pIS143)
IS553 trpC2 pheAl spoOHAHind(spoOF:: This work

pIS143)
IS557 trpC2 pheAl spoOF221(spoOF::pIS143) This work
IS688 metB5 hisAl 1euA8(spoVG::pZL207) This work
IS1324 trpC2 pheAl(pIS134) This work

immunoblot analysis. The peptide, NH2-Cys-Ile-Arg-Asp-
Ala-Val-Lys-Lys-Tyr-Leu-Pro-Leu-Lys-Ser-Asn-COOH, cor-
responding to the carboxyl terminus of SpoOF, was synthe-
sized by Biosearch and attached to keyhole limpet hemocy-
anin (as a carrier) via the coupling of cysteine's SH to the
carrier's amino groups. (The NH2 terminal cysteine residue
is not a normal constituent of this region of SpoOF.) The
coupled peptide was then injected into rabbits for raising the
antibody to SpoOF. French pressure cell extracts were
prepared from B. subtilis strains grown under different
conditions. Cells were collected and washed in harvest
buffer (50 mM Tris hydrochloride [pH 8.0], 10 mM EDTA,
10% [vol/vol] glycerol, 1.0 M KCI, 1.7 mM phenylmethyl-
sulfonylfluoride) and were suspended in buffer I (10 mM Tris
hydrochloride [pH 8.4], 1 mM EDTA, 1.7 mM phenylmeth-
ylsulfonylfluoride, 10 mM MgCl2, 0.3 mM dithiothreitol).
The lysate, prepared by passage through a French pressure
cell twice at 1,250 lb/in2, was centrifuged at 12,000 x g for 40
min, and the supernatant was electrophoresed on a 15%
sodium dodecyl sulfate-polyacrylamide gel. The proteins
were then transferred to nitrocellulose paper. Blotting and
immunotechniques were performed as described by Blake et
al. (3) with the SpoOF antibody and alkaline phosphatase-
conjugated goat anti-rabbit immunoglobulin G antibodies
(Calbiochem-Behring). The SpoOF signal was measured by
scanning the nitrocellulose paper on a Bio-Rad 2D model 620
video densitometer. Standard curves relating SpoOF concen-
tration to densitometer signals were prepared by separating
different amounts of pure SpoOF protein by gel electropho-
resis and immunoblotting-alkaline phosphatase assay, as
described above. These data indicated that the amounts of
SpoOF visualized in the in vivo growth experiments were in
the linear range of the analyses.

RESULTS
Regulation of spoOF expression. An obvious strategy to

determine the role of the spoOF gene in sporulation is to first
study the regulation of its expression and to measure the

levels of its gene product during growth and differentiation.
The effects of growth conditions on these levels and the
epistatic interaction with other early sporulation genes can
also be analyzed. For these studies we constructed transla-
tional fusions between the spoOF gene and the eighth codon
of lacZ, so that P-galactosidase activity could be used as a
reporter for spoOF expression. These constructs were inte-
grated into the B. subtilis chromosome, by Campbell inte-
gration, at the spoOF locus (19). We also made antibodies
against SpoOF by using as antigen a synthetic oligopeptide
corresponding to the C-terminal end of the spoOF open
reading frame. These antibodies enabled us to directly
measure in vivo SpoOF levels.

IS440, a B. subtilis strain containing a spoOF-lacZ trans-
lational fusion, together with a wild-type copy of spoOF, was
grown in NSM. At intervals, samples were removed for
determination of P-galactosidase activity and for immunode-
tection of SpoOF. As shown in Fig. 1A, induction of reporter
gene activity occurred at the end of exponential growth, To.
(To is defined experimentally as the point at which the optical
density of a culture stops increasing. T_1 and T1 refer to 1 h
before To and 1 h after, respectively.) Enzyme activity
increased at T1 and decreased thereafter. Levels of SpoOF
also increased but reached a peak somewhat earlier than the
reporter gene activity (at To) and then decreased (Fig. 1A
and B). This difference in times of peak activity may reflect
differential stability of the intact SpoOF protein and the
spoOF-lacZ fusion protein.
The time course of spoOF-lacZ expression and levels of

SpoOF indicated that these levels increased greatly at To,
when the sporulation process was initiated (Fig. 1). We next
studied the levels of SpoOF in comparison with expression of
the spoVG gene. Increased expression of spoVG is one of
the earliest indicators of the initiation of sporulation (41).
For these studies we used IS414, a B. subtilis strain

containing an integrated spoVG-lacZ translational fusion. As
Fig. 2A illustrates, the specific activity of spoVG-directed
P-galactosidase in NSM remained at a relatively low level
during vegetative growth and was induced approximately
15-fold at T1, after which it began to level off. SpoOF
measured at the same time points (Fig. 2A and B) shows a
similar pattern of increase.

Effects of different environmental conditions on spoOF
expression. Since glucose and easily utilizable nitrogen
sources inhibit sporulation and expression of early sporula-
tion genes like spoVG (14, 40), we tested the effects of these
metabolites on spoOF expression. Two isogenic strains,
IS438, containing an integrated spoOF-lacZ fusion, and
IS688, with a similar spoVG construct, were grown in NSM
with or without glucose and glutamine (Fig. 3). spoVG
expression was severely repressed by glucose, and a com-
bination of glucose and glutamine completely inhibited gene
expression (Fig. 3B), confirming earlier observations (14,
40). Identical results were observed with spoOF expression
(Fig. 3A). Glutamine alone had little or no effect on gene
expression. Immunoassays for SpoOF showed that the pres-
ence of glucose severely decreased the levels of this protein
(data not shown).

Effect of decoyinine on spoOF expression. Decoyinine in-
duces sporulation in a glucose-rich medium by inhibiting
guanine nucleotide biosynthesis (11). spoVG expression is
also induced by decoyinine (42). To determine the effect of
decoyinine on spoOF-lacZ expression, ,-galactosidase activ-
ity of IS440, containing a spoOF-lacZ fusion, was measured
in S6C, a glucose-rich minimal medium, in the presence or
absence of decoyinine (Fig. 4). Expression of spoOF-lacZ
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FIG. 1. spoOF-lacZ expression and SpoOF levels during growth. (A) ,B-Galactosidase activity of IS440 (containing an integrated spoOF-lacZ
gene fusion) was assayed during growth in NSM. El, 1-Galactosidase activity; *, SpoOF protein levels derived from densitometer tracings
of the immunoblots illustrated in panel B. (B) Total cellular proteins were isolated from aliquots of IS440 grown in NSM, as in panel A.
Samples (50 ,ug of protein) from different time points were electrophoresed on a sodium dodecyl sulfate-15% polyacrylamide gel. The proteins
from the gel were transferred to nitrocellulose and probed with anti-SpoOF antibodies, as described in Materials and Methods. Lane 1, IS1324
(multicopy spoOF plasmid); lane 2, IS385; lanes 3 through 8, IS440 at T1.75, T07, T-025, T09 T+1, and T+2, respectively. In these
experiments, IS385 containing a large deletion in the spoOF gene was a negative control, while IS1324, which carries a multicopy plasmid,
pIS134, with the intact spoOF gene, was a positive control (compare lanes 1 and 2). The numbers on the right-hand ordinate indicate the
molecular mass (in kilodaltons) of protein standards electrophoresed on an adjacent lane.

remained low unless decoyinine was added, and in this case,
the expression of spoOF was induced sixfold (Fig. 3A)
compared with the levels of spoOF-lacZ activity in the
control culture. An increase was noted at the earliest time
point, 15 min after addition of the drug. SpoOF levels also
increased after the addition of decoyinine (Fig. 4B and C).

Effects of sigB and sigH mutations. P1, the major tempo-
rally regulated promoter of spoOF, resembles the consensus
sequences recognized by EcrH (33). However, there is some
similarity to EaB promoters. To resolve this point, spoOF
expression was measured in strains, grown in NSM, which
were missing these a factors.
The sigH deletion, spoOHAHind (in IS553), abolished the

stationary-phase induction of spoOF-lacZ, while the sigB
gene disruption, sigB:: ermC, in IS513 had no effect (Fig. 5).
In contrast to spoOF-lacZ expression, the sigB:: ermC dis-
ruption abolished 0-galactosidase activity of the ctc-lacZ
gene (data not shown), confirming results of the Losick
laboratory which showed that ctc is transcribed by caB
containing RNA polymerase (13). These data along with the
sequence of the spoOF P1 promoter (18, 33) suggest that
RNA polymerase containing (rH transcribes this promoter in
vivo.

Effects of spoO mutations. Maximal induction of spoOF-
lacZ expression occurred before or at the very beginning of
sporulation. Thus, other spoO genes, which affect the cell at
this stage, may have an effect on spoOF-lacZ regulation.
Cultures of spoO mutant strains containing the spoOF-lacZ
fusion along with isogenic spoO+ strains were sampled for
0-galactosidase specific activity throughout growth in NSM

and in S6C medium, with or without decoyinine. Figure 6
illustrates that intact spoOA, -OB, -OH, and -OF genes are
required for the full induction by decoyinine of spoOF-lacZ
in S6C medium, with the spoOH mutant having the strongest
effect. Identical results were obtained in the NSM experi-
ments, but in these experiments it was shown that spoOE
mutations also caused an inhibition of spoOF-lacZ expres-
sion (data not shown). These latter results confirm earlier
studies (37). Thus, decoyinine induction of sporulation re-
sults in the elevated expression of spoOF, as also occurs in
NSM medium. However, addition of the drug cannot bypass
the requirement for other spoO genes.

Effect of abrB. abrB mutations, which suppress some of
the pleiotropic phenotypes of spoOA lesions, also suppress
the spoOA dependence of the expression of spoOH, spoVG,
and spoOE genes (7, 27, 42). To test whether the abrB
mutation has a similar effect on the spoOA dependence of
spoOF, whose major promoter resembles the spoVG P1
promoter, the spoOF-lacZ activity was measured in three
isogenic strains: one with both the spoOAA204 and abrB703
mutations (IS528), one with the abrB703 mutation (IS529),
and the other with the spoOAA204 mutation (IS530). It was
observed that the spoOA strain (IS530) and the spoOA and
abrB703 strain (IS528) had the same low levels of spoOF-
lacZ expression (Fig. 7). This indicates that abrB703 could
not bypass the spoOA requirement for spoOF expression. The
abrB703 mutation alone did not have a dramatic effect on
spoOF-lacZ expression when compared with a wild-type
strain (compare IS440 in Fig. 1 with IS528 in Fig. 7).
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FIG. 2. spoVG-lacZ expression and SpoOF levels during growth. (A) (3-Galactosidase activity of IS414 (containing an integrated spoVG-lacZ
fusion) was assayed during growth in NSM, as in Fig. 1A. Quantitative analysis of SpoOF was done with 50 ,ug of crude extract proteins by using
the data obtained from the Western immunoassays, as described in Fig. 1B. (-Galactosidase activity; +, SpoOF. (B) Immunoblotting analysis
of SpoOF was carried out as described previously for Fig. 1. Lane 1, IS385; lanes 2 through 7, IS414 at -2.0, -1.0, -0.5, 0.0, 1.0, and 2.0 h,
relative to To; lane 8, IS1324. The numbers to the right represent molecular mass, in kilodaltons, of standard proteins, run in an adjacent lane.
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FIG. 4. Effect of decoyinine on spoOF-lacZ regulation and on SpoOF levels. P-Galactosidase activity of IS440 was assayed during growth
in 56C. When the turbidity of the culture reached 50 Klett units, decoyinine was added to a final concentration of 0.5 mg/ml. Sa,mples were
removed at different time intervals for'-galactosidase assays and for determination ofSpoOF content, by Western immunoassay, as described
in Fig. 1. (A) El, 0-Galactosidase activity of IS440 in the presence of decoyinine; *, 3-galactosidase activity in the absence of decoyinine.
(B) Western blotting' of SpoOF. Lane 1, IS1324; lane 2, IS440 at 50 Klett units, prior to the addition of decoyinine; lanes 3 through 5, IS440
at 1.5, 3.0, and 5.0 h after adding decoyinine; lane 6, IS440, at 5 h, in the absence of decoyinine; lane 7, IS385. (C) SpoOF was quantitated
from the Western immunoblot in panel B, as described before, and the values were plotted along with ,-galactosidase activity determinations.
*, SpoOF with decoyinine; El, 3-galactosidase activity with decoyinine.
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aH. (A) spoOF-driven -galactosidase activity of various strains
containing an integrated spoOF-lacZ plasmid,' pIS143, in the wild-
type locus was assayed during gro'wth in NSM. The results of
,B-galactosidase assays are plotted against time. In this experiment
the specific activity of ,3-galactosidase was calculated by using the
optical density at 660 nm of'the cells, giving Miller units, rather than
activity per milligram of protein as'in all other assays. The former
method gives normalized specific activity values approximately 1/10
of those for which the latter calculation was used. 9, IS440 (wild
type); *, IS513 (sigB); U, IS553 (sigH).

A spoOF-lacZ translational fusion integrated into the wild-
type spoOF locus was used to study spoOF regulation in a
variety of environmental and genetic contexts. In all cases,
the induction of spoOF-driven j-galactosidase and the eleva-
tion of SpoOF levels from a basal vegetative level correlated
with sporulation. Thus, p-galactosidase and SpoOF were
induced in the sporulation medium NSM but were repressed
in S6C or in NSM supplemented with glucose and glutamine
(Fig. 1 and 3). The addition of decoyinine to S6C medium,
which induces sporulation (20), induced spoOF-lacZ expres-
sion and raised SpoOF levels (Fig. 4). Yamashita et al.
obtained similar results with spoOA-lacZ fusions (36). Induc-
tion of spoOF-lacZ activity was dependent on spoO genes in
NSM and in S6C medium plus decoyinine (i.e., spoOA, -OB,
-OE, -OF, and -OH), with the greatest loss of induction caused
by a spoOH deletion (Fig. 5). Our results on spoO dependence
are in agreement with those of Yamashita et al. (37). The
correlations of enhanced spoOF-lacZ expression and higher
levels of SpoOF with the onset of sporulation suggest that an
increase in this protein is necessary for the initiation of
sporulation. This conclusion was also suggested by results of
experiments with deletions in the upstream regulatory region
of spoOF (19).
Lewandoski et al. (18) found that two spoOF mRNA

species, RNA I and RNA II, were present during exponen-
tial growth. At the end of the exponential phase, the level of
RNA I increased 3- to 5-fold, whereas RNA II was no longer
detectable. This pattern continued for at least 3 h into the
stationary phase. In NSM medium, the pattern of spoOF-
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FIG. 6. spoOF-lacZ regulation in spoO strains. P-Galactosidase

activity of various strains was assayed during growth in S6C
medium with or without decoyinine. The strains all contained the
spoOF-lacZ plasmid, pIS143, integrated into the wild-type locus and
are isogenic except for the following mutations: IS438 (wild type)
with decoyinine (*) and without decoyinine (El); IS465 (spoOBlAPst)
with decoyinine (=) and without decoyinine (U ); IS530
(spoOAA204) with decoyinine (O) and without decoyinine (U); IS553
(spoOHAHind) with decoyinine (*) and without decoyinine (U );
and IS557 (spoOF221) with decoyinine ( A ) and without decoyinine
(A).

driven lacZ expression and the level of SpoOF roughly
correlates with that of the steady-state levels of spoOF RNA
I transcripts (18). This stationary-phase induction is shared
by all mRNAs initiated from cu promoters during growth of
cells in NSM medium (2, 5, 30, 34). That SpoOF also follows
the same pattern of increase during sporulation as RNA I
suggests that this RNA, which is transcribed from a EoH-like
promoter, codes for SpoOF (33). This view is further
strengthened by the findings that (i) spoOF expression is
dependent on a functional spoOH gene (37) (Fig. 5 and 6) and
(ii) mutational alteration of the RNA I promoter (from G to
A in the -11 region of the promoter) results in a drastic
reduction of spoOF-lacZ activity (M. Predich and I. Smith,
unpublished results). The equivalent nucleotide residue is
essential for EcJH transcription of spoVG (39).
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FIG. 7. Effect of abrB703 on SpoOF expression. spoOF-lacZ
P-galactosidase activity of various strains was assayed during
growth in NSM. All strains contained a spoOF-lacZ fusion integrated
into the wild-type locus and are isogenic except for the following
mutations: spoOAA204, abrB703, or both abrB703 and spoOAA204.
IS528 (spoOA, abrB) (*); IS529 (abrB) (E1); IS530 (spoOA) (O ).

It is of interest to compare the regulation of the early
sporulation genes, spoOF, spoVG and spoOA. All are induced
at the end of exponential growth, in rich media, and all are
repressed by glucose. Decoyinine can bypass the repressive
effects of glucose in minimal media (36, 40) (Fig. 4). In
addition, both spoOF and spoVG are regulated by dual
promoters (15, 18), and there is indirect evidence that spoOA
is also controlled by two promoters (36).
The temporal regulation of the above genes in rich media,

the glucose and glutamine repressibility of their expression,
and the effect of decoyinine in reversing the glucose effect
are similar to the regulation of citB (10, 31). It is possible that
the product of the citB group, aconitase, is necessary for the
regulation of spoOF, spoVG, and spoOA. However, citB
mutations have no effect on the expression of spoVG (10) or
spoOF (E. Dubnau and I. Smith, unpublished data). In
addition, citB expression does not require intact spoOH and
spoOA genes (6), which are essential for the expression of the
early sporulation genes (6). This indicates that while citB and
the early sporulation genes respond similarly to certain
nutrients, they are regulated by different pathways.
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lacZ fusion data demonstrate that the spoOA, -OB, -OE, and
-OF genes are expressed during vegetative growth, and with
the onset of sporulation, expression of spoOA and spoOE,
like that of spoOF, sharply increases, while that of spoOB
gradually decreases (4, 9, 26, 37). Yamashita et al. (37) have
found that spoOF-lacZ induction was unaffected by spoOB
and -OF mutations, if the strain also carried the sof-J
mutation. Hoch et al. (12) have suggested that either the
SpoOA protein, modified by the sof-J mutation, carries out
functions accomplished by products of these three spoO
genes or the three SpoO proteins somehow modify an inac-
tive form of SpoOA to an active form. Several genes, spoOH
(7), spoVG (42), aprE (8), tycA (21), and spoOE (26), which
require spoOA, are actually repressed by AbrB, and the
spoOA product is required to reverse this repression (27).
Thus, a spoOA-abrB double mutation can relieve the spoOA
dependence of these genes. However, this is not the case
with spoOF (Fig. 7). Possibly the activated SpoOA protein is
acting as a positive regulator for spoOF, either indirectly or
directly by binding to the spoOF promoter.
The SpoOF protein shares amino acid sequence homology

with other signal transduction receivers (33, 35). When
overproduced, SpoOF inhibits sporulation (17, 18, 28). This
might prevent modification of SpoOA, which is apparently
needed for sporulation. It has recently been shown that
SpoOF is phosphorylated in vitro (25). We have also shown
that a high-copy plasmid containing the spoIIJ gene, when
introduced into a strain unable to sporulate due to overpro-
duction of SpoOF, restored sporulation to normal levels (I.
Smith and P. Stragier, unpublished observation). spoIIJ has
a derived amino acid sequence resembling that of bacterial
transmitters (autokinases) of the two-component systems
(1), and it has been demonstrated that purified SpoIIJ can
phosphorylate SpoOF in vitro (25). These data also suggest
that unphosphorylated SpoOF can inhibit sporulation and
that phosphorylation of this protein can eliminate this effect.

ACKNOWLEDGMENTS

We thank members of the Smith laboratory, Nand Gaur, Inez
Mandic-Mulec, Gopal Nair, and Mima Predich, as well as David
Dubnau, Alexander J. Ninfa, Rifka Rudner, and Patrick Stragier for
helpful discussions. Joel Oppenheim introduced us to the production
of SpoOF antibodies, and Annabel Howard gave valuable secretarial
assistance. We are grateful for their help.

This work was supported by Public Health Service grants
GM32651 and GM19693 from the National Institutes of Health
(awarded to I.S.). M.L. was supported by National Institutes of
Health Training Grant 5T32 A107180, awarded to the New York
University School of Medicine, Department of Microbiology.

LITERATURE CITED
1. Antoniewski, C., B. Savelli, and P. Stragier. 1990. The spoIIJ

gene, which regulates early developmental steps in Bacillus
subtilis, belongs to a class of environmentally responsive genes.
J. Bacteriol. 172:86-93.

2. Banner, C. D. B., C. P. Moran, Jr., and R. Losick. 1983.
Deletion analysis of a complex promoter for a developmentally
regulated gene from Bacillus subtilis. J. Mol. Biol. 168:351-365.

3. Blake, M., K. Johnston, G. Russell-Jones, and E. Gotschlich.
1984. A rapid, sensitive method for detection of alkaline phos-
phatase-conjugated anti-antibody on Western blots. Anal. Bio-
chem. 136:175-179.

4. Bouvier, J., P. Stragier, C. Bonamy, and J. Szulmajster. 1984.
Nucleotide sequence of the spoOB gene of Bacillus subtilis and
regulation of its expression. Proc. Natl. Acad. Sci. USA 81:
7012-7016.

5. Carter, H. L., III, L. Wang, R. H. Doi, and C. P. Moran, Jr.
1988. rpoD operon promoter used by or-RNA polymerase in

Bacillus subtilis. J. Bacteriol. 170:1617-1621.
6. Dingman, D. W., M. S. Rosenkrantz, and A. L. Sonenshein.

1987. Relationship between aconitase gene expression and
sporulation in Bacillus subtilis. J. Bacteriol. 169:3068-3075.

7. Dubnau, E., K. Cabane, and I. Smith. 1987. Regulation of
spoOH, an early sporulation gene in bacilli. J. Bacteriol. 169:
1182-1191.

8. Ferrari, E., D. J. Henner, M. Perego, and J. A. Hoch. 1988.
Transcription of Bacillus subtilis subtilisin and expression of
subtilisin in sporulation mutants. J. Bacteriol. 170:289-295.

9. Ferrari, F. A., K. Trach, and J. A. Hoch. 1985. Sequence
analysis of the spoOB locus reveals a polycistronic transcription
unit. J. Bacteriol. 161:556-562.

10. Fouet, A., and A. L. Sonenshein. 1990. A target for carbon
source-dependent negative regulation of the citB promoter of
Bacillus subtilis. J. Bacteriol. 172:835-844.

11. Freese, E. B., N. Vasantha, and E. Freese. 1979. Induction of
sporulation in developmental mutants of Bacillus subtilis. Mol.
Gen. Genet. 170:67-74.

12. Hoch, J. A., K. Trach, F. Kawamura, and H. Saito. 1985.
Identification of the transcriptional suppressor sof-l as an
alteration in the spoOA protein. J. Bacteriol. 161:552-555.

13. Igo, M., M. Lampe, C. Ray, W. Schaffer, C. P. Moran, Jr., and
R. Losick. 1987. Genetic studies of a secondary RNA polymer-
ase sigma factor in Bacillus subtilis. J. Bacteriol. 169:3463-3469.

14. Igo, M. M., and R. Losick. 1986. Regulation of a promoter that
is utilized by minor forms of RNA polymerase holoenzyme in
Bacillus subtilis. J. Mol. Biol. 191:615-624.

15. Johnson, W. C., C. P. Moran, Jr., and R. Losick. 1983. Two
RNA polymerase sigma factors from Bacillus subtilis discrimi-
nate between overlapping promoters for a developmentally
regulated gene. Nature (London) 302:800-804.

16. Kawamura, F., and H. Saito. 1983. Isolation and mapping of a
new suppressor mutation of an early sporulation gene spoOF
mutation in Bacillus subtilis. Mol. Gen. Genet. 192:330-334.

17. Kawamura, F., H. Shimotsu, H. Saito, H. Hirochika, and Y.
Kobayashi. 1981. Cloning of spoO genes with bacteriophage and
plasmid vectors in Bacillus subtilis, p. 109-113. In H. S.
Levinson, A. L. Sonenshein, and D. J. Tipper (ed.), Sporulation
and germination. American Society for Microbiology, Washing-
ton, D.C.

18. Lewandoski, M., E. Dubnau, and I. Smith. 1986. Transcriptional
regulation of the spoOF gene of Bacillus subtilis. J. Bacteriol.
168:870-877.

19. Lewandoski, M., and I. Smith. 1988. Use of a versatile lacZ
vector to analyze the upstream region of the Bacillus subtilis
spoOF gene. Plasmid 20:148-154.

20. Lopez, J. M., A. Dromerick, and E. Freese. 1981. Response of
guanosine 5'-triphosphate concentration to nutritional changes
and its significance for Bacillus subtilis sporulation. J. Bacteriol.
146:605-613.

21. Marahiel, M. A., P. Zuber, G. Czekay, and R. Losick. 1987.
Identification of the promoter for a peptide antibiotic biosynthe-
sis gene from Bacillus brevis and its regulation in Bacillus
subtilis. J. Bacteriol. 169:2215-2222.

22. Miller, J. H. 1972. Experiments in molecular genetics, p. 352-
355. Cold Spring Harbor Laboratory, Cold Spring Harbor, N.Y.

23. Monod, M., C. Denoya, and D. Dubnau. 1986. Sequence and
properties of pIM13, a macrolide-lincosamide-streptogramin B
resistance plasmid from Bacillus subtilis. J. Bacteriol. 167:
138-147.

24. Oda, M., M. Isaka, Y. Murooka, R. Nomi, H. Yoshikawa, F.
Kawamura, H. Saito, and Y. Kobayashi. 1986. Purification of the
early sporulation gene spoOF product of Bacillus subtilis. Agric.
Biol. Chem. 50:2845-2852.

25. Perego, M., S, P. Cole, D. Burbulys, K. Trach, and J. A. Hoch.
1989. Characterization of the gene for a protein kinase which
phosphorylates the sporulation-regulatory proteins SpoOA and
SpoOF of Bacillus subtilis. J. Bacteriol. 171:6187-6196.

26. Perego, M., and J. A. Hoch. 1987. Isolation and sequence of the
spoOE gene: its role in initiation of sporulation in Bacillus
subtilis. Mol. Microbiol. 1:125-132.

27. Perego, M., G. B. Spiegelman, and J. A. Hoch. 1988. Structure

J. BACTERIOL.



TEMPORAL REGULATION OF spoOF 5439

of the gene for the transition state regulator, abrB: regulator
synthesis is controlled by the spoOA sporulation gene in Bacillus
subtilis. Mol. Microbiol. 2:689-699.

28. Piggot, P. J., J. W. Chapman, and C. A. M. Curtis. 1985.
Analysis of the control of spo gene expression in Bacillus
subtilis, p. 15-21. In J. A. Hoch and P. Setlow (ed.). Molecular
biology of microbial differentiation. American Society for Mi-
crobiology, Washington, D.C.

29. Piggot, P. J., and J. G. Coote. 1976. Genetic aspects of bacterial
endospore formation. Bacteriol. Rev. 40:908-962.

30. Price, V. A., I. M. Feavers, and A. Moir. 1989. Role of sigma H
in expression of the fumarase gene (citG) in vegetative cells of
Bacillus subtilis 168. J. Bacteriol. 171:5933-5939.

31. Rosenkrantz, M. S., D. W. Dingman, and A. L. Sonenshein.
1985. Bacillus subtilis citB gene is regulated synergistically by
glucose and glutamine. J. Bacteriol. 164:155-164.

32. Schaeffer, P., J. Millet, and J. Aubert. 1965. Catabolic repres-
sion of bacterial sporulation. Proc. Natl. Acad. Sci. USA
54:704-711.

33. Smith, I. 1989. Initiation of sporulation, p. 185-210. In I. Smith,
R. Slepecky, and P. Setlow (ed.), Regulation of procaryotic
development. American Society for Microbiology, Washington,
D.C.

34. Tatti, K. M., H. L. Carter III, A. Moir, and C. P. Moran, Jr.
1989. Sigma H-directed transcription of citG in Bacillus subtilis.
J. Bacteriol. 171:5928-5932.

35. Trach, K. A., J. W. Chapman, P. J. Piggot, and J. R. Hoch.
1985. Deduced product of the state 0 sporulation gene spoOF

shares homology with the spoOA, ompR, and sfrA proteins.
Proc. Natl. Acad. Sci. USA 82:7260-7264.

36. Yamashita, S., F. Kawamura, H. Yoshikawa, H. Takahashi, Y.
Kobayashi, and H. Saito. 1989. Dissection of the expression
signals of the spoOA gene of Bacillus subtilis: glucose represses
sporulation-specific expression. J. Gen. Microbiol. 135:
1335-1345.

37. Yamashita, S., H. Yoshikawa, F. Kawamura, H. Takahashi, T.
Yamamoto, Y. Kobayashi, and H. Saito. 1986. The effect of spoO
mutations on the expression of spoOA- and spoOF-lacZ fusion.
Mol. Gen. Genet. 205:28-33.

38. Yoshikawa, H., J. Kazami, S. Yamashita, T. Chibazakura, H.
Sone, F. Kawamura, M. Oda, M. Isaka, Y. Kobayashi, and H.
Saito. 1986. Revised assignment for the Bacillus subtilis spoOF
gene and its homology with spoOA and with two Escherichia coli
genes. Nucleic Acids Res. 14:1063-1072.

39. Zuber, P., J. Healy, H. L. Carter III, S. Cutting, C. P. Moran,
Jr., and R. Losick. 1989. Mutation changing the specificity of an
RNA polymerase sigma factor. J. Mol. Biol. 206:605-614.

40. Zuber, P., J. M. Healy, and R. Losick. 1987. Effects of plasmid
propagation of a sporulation promoter on utilization and sporu-
lation in B. subtilis. J. Bacteriol. 169:461-469.

41. Zuber, P., and R. Losick. 1983. Use of a lacZ fusion to study the
role of the spoO genes of Bacillus subtilis in developmental
regulation. Cell 35:275-283.

42. Zuber, P., and R. Losick. 1987. Role of abrB in spoOA- and
spoOB-dependent utilization of a sporulation promoter in Bacil-
lus subtilis. J. Bacteriol. 169:2223-2230.

VOL. 172, 1990


