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The Bacillus subtilis spollJ locus is defined by a Tn917 insertion which leads to an oligosporogenous
phenotype. Here we show that this mutation severely decreases transcription of spolIA, spollE, and spollG,
three operons involved in asymmetric septation, the earliest morphological event of sporulation. A 14.3-
kilobase region overlapping the site of the spollJ::Tn917 insertion was cloned and the exact location of the
spoll] gene was defined with various integrative plasmids carrying subfragments of that region. DNA
sequencing established that spollJ is a monocistronic locus encoding a 606-amino-acid polypeptide which
contains a canonical ‘“transmitter’> domain, indicating that spollJ is a new member of the ‘‘sensor’’ class of
signal-transducing systems in bacteria. Thus, spollJ, which is transcribed during vegetative growth,
presumably under the control of o™, encodes a protein that could interact with major regulators of early

sporulation stages, such as Spo0A and/or Spo(F.

Sporulation of Bacillus subtilis is induced by starvation for
either a carbon, a nitrogen, or a phosphorus source. The first
recognizable morphological step of this developmental pro-
cess is the synthesis of an asymmetric septum at one pole of
the cell (reviewed in reference 23). This abnormal septation,
which segregates the two chromosomes issued from the last
round of replication into two unequal compartments, takes
place about 60 to 90 min after the end of exponential growth
in liquid medium at 37°C. Mutations in the spollA and
spolIE operons lead to aberrant structures often character-
ized by multiple septa, excess membrane synthesis, and
deposition of cell wall inside the septa (23). These mutations
also block the processing of the inactive precursor of oF, a
sigma factor which plays a major role in transcription
specificity after the cell has divided into two compartments
(35, 37). It has been proposed that activation of the spolIGA
product, the presumptive processing enzyme (35), is trig-
gered by the sporulation septum itself, which in turn acti-
vates pro-c&, the spolIGB product (18, 35). Interestingly,
the three operons spollA, spollE, and spollG are turned on
simultaneously about 30 min after the onset of sporulation,
and their transcription depends on the products of the spo0
genes, suggesting that their expression could be coordinated
by a common regulatory mechanism (7, 12, 16, 35).

Since some spo0 genes are transcribed during exponential
growth (4, 40), it can be conjectured that their products
respond to the metabolic status of the cell and relay this
information by controlling expression of early spo genes,
such as some stage II genes. Sequencing of spo0A (9) and
spoOF (36) has revealed that their products belong to a family
of widespread procaryotic proteins, most of which activate
transcription of various regulons in response to specific
environmental signals. These proteins are part of a two-
component system, and their activity is modulated by a
second protein acting as a ‘‘sensor’’ and a ‘‘transmitter’’ of
some metabolic stimuli (27). It is thus expected that among
the early spo gene products there should be some protein(s)
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interacting with SpoOA and/or SpoOF in response to nutrient
deprivation. The sequence of the spollJ gene reported in this
article suggests that its product could play such a role.

(A preliminary account of these results [including the
similarity of SpollJ with the sensor class of the two-compo-
nent systems] was presented at the 10th International Spores
Conference, Woods Hole, Mass., 23 to 27 March 1988,
abstr. no. 26.)

MATERIALS AND METHODS

Bacterial strains and media. Most of the experiments were
carried out with B. subtilis JH642 trpC2 pheAl. Other strains
were 1S233 (JH642 spoOH AHindIII) (38), KS19 (spollJ::
Tn917QHU19) (28) (both provided by S. Cutting), and strain
MO434 (JH642 ptsl::cat), provided by G. Gonzy-Tréboul.
Transformation of B. subtilis was done as described before
(2). For all sporulation experiments, B. subtilis strains were
grown in DS medium (30). Chloramphenicol (5 pg/ml) and a
mixture of erythromycin (0.5 pg/ml) and lincomycin (12.5
wng/ml) were added when necessary.

Plasmid constructions were performed with the Esche-
richia coli strains DH5a and TG1. E. coli bacteria were
grown in LB medium (19) in the presence of the appropriate
antibiotics (ampicillin [50 wg/ml] or tetracycline [10 wg/mli]).

Shuttle vectors. Marker replacement experiments (5) with
chromosomally inserted transposon Tn9/7 were made by
using plasmids pTV21A2 (41) and pTVSS5 (42) linearized with
Xbal. Plasmids able to integrate by a single recombination
event into the B. subtilis chromosome were derivatives of
pJH101 (8) or pDG271, a plasmid constructed in our lab by
introducing the car marker from pC194 between the EcoRI
and HindIIl sites of the versatile cloning vector pJRD184
(13).

Construction of lacZ fusions. The spollA- and spollE-lacZ
fusions have already been described (35). The spollG-lacZ
fusion was constructed by subcloning a 518-base-pair (bp)
Hpall fragment containing the spolIG promoter in the Accl
site of pUC8 and then cloning the resulting HindIII-BamHI
fragment in pDG268 upstream of a promoterless lacZ gene
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FIG. 1. Effect of the spollJ::Tn917 mutation on spollA-, spollE-, and spollG-lacZ expression. The specific activity of p-galactosidase in
strain JH642 (spollJ*) (O) or in strain MO845 (spollJ::Tn917) (@) carrying the indicated lacZ fusion was monitored after cells were induced
to sporulate by exhaustion of DS medium. t, indicates hours after the onset of sporulation.

which uses the translational signals of the B. subtilis spoVG
gene. This plasmid was constructed in our lab by introducing
at the original cloning sites of pDH32 (32) an EcoRI-HindIII-
BamHI polylinker and by replacing the pBR322 backbone
with the equivalent region of pJRD184. The spollJ-lacZ
fusion was constructed by cloning a 660-bp Sacl-Nsil frag-
ment containing the spollJ promoter in pUC19 and then
recloning the resulting EcoRI-HindIII fragment in pDG268.
Both spolIG- and spollJ-lacZ fusions were introduced into
the chromosome after linearization of the pDG268 derivative
plasmids. B-Galactosidase specific activity was measured on
sonicated extracts as described previously (35) and ex-
pressed as nanomoles of 2-nitrophenyl-B-D-galactopy-
ranoside hydrolyzed per minute per milligram of protein.
Sequencing procedures. Most of the nucleotide sequence
was obtained by using the in vivo deletion procedure devised
by Ahmed (1) after cloning two overlapping fragments of the
spollJ locus in the pAAZ718 and pAAZ719 plasmids, pur-
chased from Gold Biotechnology Ltd. (22). The sequence
was completed by subcloning restriction fragments in the
Bluescript phagemid (33) or in the pTZ18R/18U and pTZ19R/
19U phagemids (Pharmacia). In all cases, single-stranded
DNA was prepared and subjected to the dideoxy sequencing
procedure (29) as subsequently modified (3). Sequencing
outside of the Clal-Sphl fragment shown in Fig. 3 was done
mostly on one strand only, and the data are not given here.

RESULTS

A mutation in spollJ blocks expression of other stage II
genes. Sandman et al. isolated a collection of random inser-
tions of the Tn917 transposon into the B. subtilis chromo-
some that led to an asporogenous phenotype (28). Some of
these insertions could not be correlated to known loci and
defined new spo genes, such as the HU19 insertion which
inactivated the spolll] gene. This gene was mapped by
transduction around 120° on the B. subtilis chromosome and
was found to be different from other spo markers located in
the same region. The Tn9/7QHU19 insertion mutant was
described to still produce about 30% of the wild-type level of
heat-resistant spores (28). We confirmed these results after
introduction of this mutation into another genetic back-
ground; transformation of strain JH642 with chromosomal
DNA from strain KS19 and selection for erythromycin
resistance created strain MO845, which sporulated with 10

to 30% efficiency. This oligosporogenous phenotype could
be corrected by transformation with chromosomal DNA
from a strain carrying a chloramphenicol resistance marker
inserted in the ptsI gene; 23% of the chloramphenicol-
resistant transformants simultaneously became erythromy-
cin sensitive and sporulation proficient. This genetic linkage
confirmed and defined more precisely the location of spollJ
at 120°, very near ptsl.

As a first approach to define the physiological role of the
spollJ product in the sporulation process, we studied the
expression of the spollA, spollE, and spolIG operons in a
spollJ background. For that purpose, transcriptional fusions
of the lacZ gene with the spollA, spollE, and spollG
promoters were introduced into strains JH642 and MO845. It
should be noted that the fusions with spollA and spollE
were made through a Campbell-like recombination event,
which disrupted these loci and led to a strong stage II
blockage. Nevertheless, these fusions could be used to
follow spollA and spollE expression until stage II, the
ensuing transcriptional shut-off being lost in these mutants
(35). Conversely, the spollG-lacZ fusion, which was inte-
grated at the amy locus, left an intact spolIG operon. In each
case the presence of the spollJ insertional mutation led to a
severe decrease in B-galactosidase synthesis, with only 18 to
25% activity remaining at t, (2 h after initiation of sporula-
tion) (Fig. 1). Thus, transcription of the spollA, spollE, and
spolIG operons in a spollJ mutant seems to reflect the
proportion of sporulating bacteria, suggesting that it is
abolished in cells in which the absence of the spollJ product
has blocked sporulation.

Cloning of the spollJ locus. In order to get some insight on
its function, we decided to clone and sequence the spollJ
locus. We took advantage of the transposon inserted in
spollJ and followed the strategy devised by Youngman and
co-workers to clone DNA fragments adjacent to Tn917
insertions (41). Transformation of strain MO845 with linear-
ized pTV21A2 and selection for chloramphenicol resistance
introduced an E. coli replicon into the B. subtilis chromo-
some at the spollJ locus. Submitting chromosomal DNA
from that strain to the action of various restriction enzymes
allowed us to recover, after ligation and transformation of E.
coli, several overlapping fragments located upstream of the
spollJ Tn917 insertion and one fragment located down-
stream of that insertion (Fig. 2).
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FIG. 2. Physical map of the spollJ locus. In the upper part are shown the various fragments that were cloned. Only the restriction sites
involved in these cloning steps are indicated. The thicker bar shows a BclI-EcoRV fragment that was used to clone over the site of the HU19
insertion (indicated by the double-headed vertical arrow). In the lower part are shown two regions that were characterized in detail (note the
different scales). The coding regions are indicated as stippled boxes. The asterisk points to a Sacl-Nsil fragment that was used for

construction of a spollJ-lacZ fusion.

These plasmids were then used to transform strain JH642
by selection for chloramphenicol resistance. Campbell-like
integration of the plasmid containing a 1.4-kilobase (kb)
fragment produced by digestion with Bcll led to a typical
SpollJ~ phenotype, while bacteria remained completely
Spo* after integration of the plasmid containing a 5.5-kb
fragment produced by digestion with BglII. These results
indicate that one end of the spollJ locus is located between
these Bcll and BglII sites (24). On the other side, integration
of the plasmid carrying a 1.8-kb fragment produced by
digestion with Pvull did not lead to an oligosporogenous
phenotype, indicating that the other end of the spollJ locus
is contained within that fragment.

In order to obtain a fragment overlapping the site of the
Tn917QHU19 insertion, we subcloned into an integrative
vector a 0.6-kb Bcll-EcoRV fragment internal to the spollJ
locus and located upstream of the transposon insertion (Fig.
2). After transformation of strain JH642 with this plasmid,
we used an approach similar to the one described above to
clone an intact 4.9-kb fragment extending to a BglII site
located 3.5 kb downstream of the site of the HU19 insertion.
This fragment was subsequently used for sequencing and
reconstructing in vitro a complete spollJ gene.

Due to the genetic linkage of spollJ with ptsl, we sus-
pected that part of the ptsl locus could be carried by the
larger cloned chromosomal fragment which extends to an
EcoRlI site located 10.8 kb upstream of the HU19 insertion.
To investigate this possibility, we subcloned the distal part
of this region as a 2.9-kb EcoRI-Dral fragment. Its physical
structure was characterized (Fig. 2) and found to fit perfectly
with the map of the downstream part of the ptsI locus (11; G.
Gonzy-Tréboul, personal communication). Since the pts/
gene is estimated to extend about 0.8 kb downstream of the
EcoRI site (11), a 0.55-kb EcoRI-Rsal fragment was cloned
into an integrative vector, and the resulting plasmid was
recombined into the chromosome of strain JH642. All the
chloramphenicol-resistant transformants were found to be
unable to grow on mannitol as the sole carbon source,
indicating that the ptsI gene had been disrupted in these
clones. Thus, the EcoRI fragment cloned from the
Tn917QHU19 insertion overlaps the region already cloned

by Gonzy-Tréboul et al. in their study of the pts locus (11)
and the spollJ transposon insertion appears to be located
about 10 kb downstream of ptsl.

Nucleotide sequence of the spollJ locus. To delineate the
borders of the spollJ locus on both sides of the HU19
insertion, various fragments were subcloned into integrative
vectors, introduced by transformation into strain JH642, and
checked for their effect on the Spo phenotype of the resulting
transformants. These experiments indicated that the spollJ
locus does not extend outside of a 3.5-kb Clal-HindIII
fragment (Fig. 2), which was then submitted to nucleotide
sequence analysis. The exact location of the HU19 insertion
was determined by sequencing both junctions of the Tn917
transposon with chromosomal DNA in fragments cloned
from the strain carrying the Tn9/7QHU19 mutation. The
transposon was found to have inserted into a 606-codon open
reading frame which defines the spollJ gene (Fig. 3). The
Bcll site, known from the experiments described in the
previous section to be located within the spollJ transcrip-
tional unit, appears immediately upstream of a strong puta-
tive ribosome-binding site preceding the open reading frame
disrupted by the transposon.

The spollJ gene is preceded at 163 bp by another open
reading frame which starts outside of the sequenced region
and extends for more than 268 codons. Disruption of this
gene with an internal restriction fragment which would
eliminate the last 42 amino acids of its product did not lead
to any recognizable phenotype. This open reading frame is
followed by an inverted repeat that could be a transcription
termination signal (Fig. 3). Since our sequencing data, to-
gether with the results obtained above with the integrative
plasmids, indicate that spollJ transcription starts in the
Clal-Bcll interval (Fig. 2), this upstream open reading frame
cannot be part of the spollJ operon.

Only 10 bp downstream of spollJ we found on the other
strand a third open reading frame extending for more than
246 codons. This reading frame partially overlaps an in-
verted repeat which could be used as a transcription termi-
nation signal for spollJ (Fig. 3). Attempts to disrupt this
gene with an integrative plasmid carrying an Sphl-Nsil
fragment that would have deleted the last 30 codons were
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FIG. 3. Nucleotide sequence of the spollJ gene. The sequence of the Sacl-Sphl fragment is shown with the predicted sequence of the
Spolll protein. Putative transcription termination signals are indicated by inverted arrows, the translation termination codon of the upstream
gene is boxed, and the ribosome-binding site of spollJ is underlined twice. The 5 bp duplicated by the Tn917QHU19 insertion are overlined.
Bold underlines point to the regions highly conserved in the transmitter domain of the sensor proteins (34). This sequence has been deposited

in the GenBank data library under accession number M29450.

unfruitful, suggesting that its product is essential for cell
viability. In similar experiments with a 1.3-kb Sphl-Pvull
fragment, small transformants were obtained which could
grow on DS agar plates as ‘‘patches’’ but not as isolated
colonies and which grew slowly in DS liquid medium. It
seems likely that an intact gene has been reconstituted after
integration of the plasmid in these transformants but is
poorly expressed due to the absence of the promoter on the

cloned DNA fragment. The predicted sequence of the prod-
uct of this open reading frame was compared with the
sequences of known proteins contained in the GenBank and
EMBL data bases. A strong similarity was found with
tyrosine aminotransferase from rat; some less extensive
similarities were also observed with the E. coli tyrB and hisC
products, with the B. subtilis hisH product, and with some
aspartate aminotransferases of mitochondrial and mamma-
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FIG. 4. Summary of similarities of the spollJ product with members of the sensor class of environmentally responsive genes. Hatched
boxes represent the transmitter domains aligned from their amino termini. Empty boxes indicate transmembrane domains (mostly putative).
Numbers above and under the sequences indicate amino acid residues. The ALIGN program (6) was used to calculate the relatedness of two
sequences by determining the number of standard deviations (SD value) separating the maximum alignment from the average of 20
randomized sequences. In these comparisons the mutation data matrix (6) was used and a penalty of 10 was assigned to introduced gaps.
Detailed alignments and references for most of the sensor sequences can be found in references 21, 26, and 34. Other sequences are found
in references 10, 20, and 31. Abbreviations: B.s., B. subtilis; A.t., Agrobacterium tumefaciens; R.l., Rhizobium leguminosarum; B.p., B.
parasponiae; R.m., Rhizobium meliloti; S.t., Salmonella typhimurium; E.c., E. coli.

lian origin (data not shown). Together, these sequence
similarities suggest that the product of this open reading
frame could be some essential unidentified aminotrans-
ferase, and we propose to name this gene uat. Since the
absolute requirement for this gene was observed in rich
media, uat cannot encode an enzyme involved in an usual
amino acid-biosynthetic pathway. We tried to identify its
end product by adding various compounds to the DS agar
plates (such as diaminopimelate or pyridoxine) in order to
correct the growth defect of the uat leaky mutants described
above. These attempts were unsuccessful.

A transmitter domain in the SpollJ protein. The open
reading frame interrupted by the HU19 insertion encodes a
69,127-molecular-weight polypeptide without any remark-
able feature in its composition. It contains 87 acidic residues
and 88 basic ones (including histidine). There are no large
hydrophobic clusters, and the hydropathy plot indicates that

the SpollJ protein is apparently not associated with the
membrane (not shown). However, comparison with the
protein sequences deposited in the data bases revealed the
presence in the carboxy-terminal part of SpollJ of several
motifs (underlined in Fig. 3) that are conserved in various
procaryotic proteins, such as NtrB from Klebsiella pneumo-
niae and Bradyrhizobium parasponiae and PhoM and CpxA
from E. coli. These proteins are members of the ‘‘sensor’’
class of the two-component regulatory systems, a family of
proteins which transduce environmental signals to a cognate
member of a second class of regulatory proteins, which in
turn induces an adaptative response, usually by activating
transcription of specific gene sets (27).

These sensor proteins share a conserved carboxy-terminal
domain of about 210 residues, the ‘‘transmitter module,”’
which is supposed to interact in pairwise fashion with a
conserved acidic pocket found in the amino-terminal part of
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FIG. 5. Time course of spollJ-lacZ induction. Shown is the
specific activity of B-galactosidase in strain JH642 (spo0H™*) (O) and
in strain IS233 (spoOH AHindIll) (@) carrying a spollJ-lacZ fusion
at the amy locus. The cells were grown in DS medium.

the effector proteins (17, 27). Most of these sensors are
membrane bound and receive information from the external
medium through a periplasmic domain. This is clearly not
the case for SpollJ, which appears from its sequence to be a
cytoplasmic protein. A thorough statistical comparison was
made between the postulated transmitter domain of SpollJ
and the corresponding region of other available sensorlike
sequences (Fig. 4). Among 15 sequences tested (we took into
account only one NtrB sequence), the closest relatedness
was found with the B. subtilis PhoR protein, and the signif-
icance of the similarity with SpollJ was extremely high for
nine others. In all cases the similarity did not extend outside
of the transmitter module.

Expression of the spollJ gene. Transcription of spollJ
could be predicted to start in the Sacl-Nsil fragment, which
overlaps the end of the upstream gene (including its putative
transcription termination signal), and the beginning of the
spollJ coding sequence (Fig. 2). This fragment was cloned
upstream of a promoterless lacZ gene, and the fusion was
introduced by a double recombination event into the chro-
mosome of strain JH642 at the amy locus. Expression of
spoll] was then followed by measuring B-galactosidase
synthesis during growth and sporulation in DS medium (Fig.
5). Expression of spollJ] was very weak compared with
expression in other fusions and its timing was quite different
from what has been observed with other stage II genes (cf.
Fig. 1); spollJ-driven B-galactosidase synthesis increased
continuously during vegetative growth and declined after the
onset of sporulation. As a preliminary study of its depen-
dence pattern, spollJ expression was studied in a spoOH
mutant and was found to be severely decreased, the residual
activity being barely higher than the background level mea-
sured in the absence of any fragment cloned upstream of
lacZ (Fig. 5). On the contrary, the spollJ transposon muta-
tion did not affect spollJ expression (data not shown). It was
then possible to introduce a lacZ fusion at the spollJ locus
(by recombining plasmid pTVSS into the resident Tn917
transposon of strain MO845) and to measure its expression.
No significant difference was found with the fusion at the
amy locus (data not shown), indicating that all the cis-acting
sequences required for spollJ transcription were carried by
the Sacl-Nsil fragment used in these experiments.
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DISCUSSION

The spollJ gene, previously defined by a single Tn917
insertion, has now been cloned and characterized. It consists
of a single cistron which is located 8.6 kb downstream of the
pstl gene and is transcribed in the same direction as the pts
operon. It is principally expressed during the exponential
phase of growth, and its product is required for efficient
transcription of the spollA, spollE, and spollG operons.
The phenotype of a spollJ mutation fits with this latter
result; although difficult to characterize due to its leakiness,
a spollJ mutation leads to some stage 0 blockage and to the
presence of aberrant stage II forms (A. Ryter, personal
communication), similar results being obtained with the
Tn917QHU19 insertion or with mutations induced by inte-
grative plasmids carrying various internal fragments of
spollJ (data not shown). The spollJ promoter has not been
precisely identified but could be recognized by o*, since
spollJ transcription depends on the presence of a wild-type
spoOH gene. A possible of-controlled promoter is found
starting at position 103 in Fig. 3, GAAGGA-(18 bp)-GAATC.
As a precedent, it has recently been shown that the P2
promoter of the citG gene is recognized by o™ during
vegetative growth (25). A similar dependency for spollJ
could partly explain the observed requirement for of! in
expression of the spollE and spolIG operons (12, 18) that
seem to be actually transcribed by o“-associated RNA
polymerase (T. Kenney, K. York, P. Youngman, and C.
Moran, Proc. Natl. Acad. Sci. USA, in press).

The nucleotide sequence of the spollJ gene has revealed
that its product contains a canonical transmitter domain.
Thus, spollJ belongs to a class of genes involved in sensing
environmental stimuli and relaying this information by acti-
vating a cognate protein. Since SpollJ does not contain any
membrane-associated domain, it is likely to be sensitive to
the cytoplasmic level of some metabolite, which itself varies
as the growth medium becomes exhausted. Expression of
spollJ during vegetative growth correlates well with a role of
its product in detecting starvation signals as soon as they
occur.

Usually the two protein partners involved in signal trans-
duction systems in bacteria are encoded by adjacent genes
(27). Our sequence data as well as the phenotypes of in
vitro-engineered mutations in the adjacent open reading
frames rule out this possibility for spollJ. The obvious
candidates are then the Spo0OA and/or the SpoOF proteins,
which contain a ‘‘receiver’”” module and are likely to be
activated by some transmitter-containing protein (9, 36).
Some unpublished data suggest that this could actually be
the case. The spo0A coi-1 mutation, which was selected by
its catabolite-resistant sporulation phenotype, suppresses
the Tn917QHU19 spolll mutation (G. Olmedo and P.
Youngman, personal communication). The sporulation-de-
fective phenotype observed in the presence of multiple
copies of the spoOF gene is corrected by overproducing the
SpollJ protein (I. Smith, personal communication). A defi-
nite proof of the interaction between the spollJ product and
Spo0A and/or SpoOF will be provided by the isolation of
allele-specific suppressor mutations in these genes or by
direct in vitro biochemical evidence.

All mutations that completely inactivate the spollJ gene
give an oligosporogenous phenotype with production of 10 to
30% of the wild-type level of heat-resistant spores (data not
shown). This strongly suggests the existence of other sensor
proteins which can somehow replace SpollJ: either another
protein is able to ‘‘crosstalk,’’ albeit inefficiently, with the
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SpollJ partner in a spollJ mutant, or multiple sensor pro-
teins (among them SpollJ) are transmitting information to
the same partner and switch its conformation to an active
form. In this latter model, sporulation would be triggered
once the concentration of active effector (SpoOA or SpoOF,
for instance) reached a critical threshold. The absence of one
sensor protein would then lead to only a modest deficiency in
sporulation. It has been shown in three different systems that
sensor proteins are Kinases which autophosphorylate and
can transfer their phosphate to their cognate effector (14, 15,
39). It seems likely that this is also the case for the spollJ
product, but that remains to be demonstrated.
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