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ABSTRACT Expression of genes early during sporulation
in Bacillus subtilis requires the activity of the transcription
factor encoded by spo0 A. The active, phosphorylated form of
Spo0lA is produced through the action of a multicomponent
pathway, the phosphorelay. A mutant defective in the first
three enzymes of the Krebs citric acid cycle was unable to
express early sporulation genes, apparently because of a
failure to activate the phosphorelay. Cells that produce an
altered Spo0A protein that can be phosphorylated by an
alternative pathway were not dependent on Krebs cycle func-
tion for early sporulation gene expression. These findings
suggest that Krebs cycle enzymes transmit a signal to activate
the phosphorelay and that B. subtilis monitors its metabolic
potential before committing itself to spore formation.

Developmental processes are often coupled to the nutritional
state of the cell. For example, spore formation in the bacterium
Bacillus subtilis initiates when the environment becomes de-
pleted of rapidly metabolizable sources of carbon, nitrogen, or
phosphorus (1, 2). In addition, excess glucose inhibits sporu-
lation by overriding the effects of nitrogen or phosphorus
depletion (3).

The end product of sporulation is a metabolically dormant
spore that is unusually resistant to heat, strong chemicals,
desiccation, and radiation. Thus, spore formation can be viewed
as a protective response to unfavorable growth conditions.
However, to form the spore, the cell needs to expend energy
and synthesize specialized structures, and the ability to sporu-
late depends on both nutrient depletion and the availability of
sufficient metabolic reserves to complete the developmental
process.

Enzymes of the Krebs citric acid cycle are particularly
important in spore formation. Transcription of the genes for
these enzymes is repressed by excess glucose and induced as
cells exit the exponential growth phase (4). The activities of
these enzymes are required for sporulation (5-8), and it is
likely that at least one of their roles is to provide energy-
yielding compounds and metabolic intermediates essential for
sporulation.

One of the key regulatory proteins controlling the initiation
of sporulation is the transcription factor encoded by spo0A.
Spo0A represses synthesis of AbrB (9), itself a repressor of
several genes involved in sporulation (10-13), and activates
transcription of genes (e.g., spollA, spollE, and spollG) whose
products are required for sporulation and cell type-specific
gene expression (14-20). To be active as a transcription factor,
Spo0A must be phosphorylated, and a considerable amount of
evidence indicates that a small amount of SpoOA~P is needed
to repress transcription of abrB and a greater amount is needed
to activate transcription of spollA, spollE, and spollG (21-26).
Spo0A~P is produced by a pathway (the phosphorelay) that
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involves one or more histidine protein kinases (KinA, KinB,
KinC) (23-25, 27-29), an intermediate phosphoacceptor
(SpoOF), and a phosphotransferase (Spo0B) (30, 31). The
multiple steps of the phosphorelay provide an opportunity for
the cell to regulate SpoOA activity in response to multiple
signals that reflect the status of the cell with respect to culture
density (32), nutrition (32), DNA replication (33, 34), chro-
mosome partition (35), and DNA damage (34). Integration of
these signals determines whether the cell will initiate spore
formation (26, 32).

In this paper we show that the activity of the Krebs cycle also
regulates the phosphorelay. Mutant cells lacking the Krebs
cycle enzymes citrate synthase, aconitase, and isocitrate de-
hydrogenase are defective in the initiation of sporulation and
in expression of genes controlled by Spo0A~P. Mutations in
spo0A that bypass the need for the phosphorelay, allowing
Spo0A to be phosphorylated by an alternative pathway, reverse
the effect of the Krebs cycle defect on Spo0OA-controlled
genes. We also show that cells in which Krebs cycle genes have
been engineered to be expressed from a glucose-insensitive
promoter sporulate more efficiently in glucose-containing
medium than do wild-type cells. These results imply that the
inhibitory effect of glucose on spore formation is due, at least
in part, to its repressive effect on Krebs cycle genes. The Krebs
cycle appears to provide a signal for SpoOA phosphorylation,
acting either as a sensor of nutritional conditions or as a
metabolic checkpoint to assure that the cell does not initiate
sporulation unless the metabolic requirements to complete the
process have been met.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions. All B. subtilis
strains were derived from strain JH642 (36) and contain the
trpC2 and pheAl mutations.

The citA citZ citC mutant strains carry deletion—insertion
mutations, Acitd::neo AcitZ::spc, in both genes for citrate
synthase (8) and a 1-bp insertion mutation at nucleotide 14 of
the citC coding sequence (S.J. and A.L.S., unpublished data).
This frameshift mutation creates a chain-termination codon
that would cause translation to abort after synthesis of a
decapeptide. In addition to lacking citrate synthase and isoci-
trate dehydrogenase enzyme activities, the triple mutant is also
devoid of aconitase activity (data not shown), apparently
because the strain is unable to synthesize citrate, the inducer
of aconitase gene expression (37).

Strain SJB93 carries a version of the citZCH operon (8, 38)
in which the promoter upstream of citZ has been replaced by
a mutant version of the dpp promoter. This mutant promoter,
dppP129 (dcs-129) is active in medium containing excess
sources of carbon, nitrogen, and amino acids (39). A 267-bp
restriction fragment containing the dppP129 promoter was
cloned along with a 1082-bp HindIII fragment that contains
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the N-terminal coding sequence of citZ into the integrative
vector pJPM1 (21) to create pCS58. Strain STB93 was made by
integrating pCS58 into the chromosome of JH642, creating the
dppP129-citZCH fusion.

Otbher strains and genotypes are described in the text, tables,
and figures.

Unless stated otherwise, B. subtilis cultures were grown in
nutrient broth sporulation (DS) medium (1) supplemented
with appropriate antibiotics; samples removed at indicated
times were assayed for B-galactosidase activity as described
(38, 40). In some cases, DS medium was supplemented with 2%
(wt/vol) glucose. Cultures incubated for 12-16 hr after the end
of exponential growth were tested for spore formation by
assaying survival to incubation at 80°C for 10-20 min.

lacZ Fusions. Fusions of various B. subtilis promoters to the
lacZ reporter gene from Escherichia coli were used to measure
gene expression. Fusions were introduced in single copy into
the chromosome of B. subtilis strains by transformation or
specialized transduction. The fusions, their sites of integration
in the chromosome, and the antibiotic resistance(s) markers
linked to them were as follows: spoVG-lacZ, SP locus, MLS",
Cam’ (41); spollG-lacZ, SPB locus, MLS*, Cam’ (42); spollA-
lacZ, SPB, MLS", Neo* (43); cotA-lacZ, SPB, MLS', Tet (44);
gsid-lacZ, amyE locus, MLS' (21); dpp-lacZ, dpp locus, Cam®
(45), where Tet is tetracycline, Neo is neomycin, Cam is
chloramphenicol, and MLS is erythromycin and lincomycin.

RESULTS

Expression of Stationary-Phase Genes in a citd citZ citC
Mutant Strain. Strains with null mutations in citA4, citZ, and
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citC have no detectable activity of citrate synthase, aconitase,
or isocitrate dehydrogenase (8) (S.J. and A.L.S., unpublished
results) and sporulate poorly (8). To determine the stage at
which sporulation is blocked in the multiply mutant strain
SIB36 (citA::neo citZ::spc citC7), we measured expression of
several genes that are normally induced early during sporula-
tion. Expression of these genes is a reflection of the production
of Spo0A~P and a good indication of the ability of cells to
initiate sporulation. lacZ fusions to the regulatory regions of
interest were introduced into the multiple cit mutant, and
accumulation of B-galactosidase specific activity was used as
an indication of gene expression.

Transcription of spolIG is normally induced within 1 hr after
cells enter stationary phase. This induction requires the direct
binding of Spo0A~P to sequences in the spolIG promoter
region (14, 15, 42). In the citd citZ citC triple mutant,
expression of spollG-lacZ was delayed by several hours, and
accumulation of B-galactosidase activity was at a slower rate
than in wild-type cells (Fig. 14). A similar result was obtained
for expression of spollA (see Fig. 2), another gene that is
directly activated by SpoOA~P (18). These effects on expres-
sion of spollIG and spollA are similar to the effects caused by
other conditions or mutations that decrease activity of the
phosphorelay (23, 33, 35).

Transcription of gsi4 is normally induced at the onset of
stationary phase. After about 1 hr, expression is shut off by a
process that depends on Spo0A~P (46). In the cit4 citZ citC
triple mutant, transcription of gsi4 was not shut off (Fig. 1B),
and B-galactosidase specific activity accumulated to a high

1000 600 1000 1500
A B
500 L 1200
100 ; - 400
L 900
L300 1004
600
10 L 200
SR
L 100 r 300 E
I
2 14 n 10 4—4= . . 0 B
g 0 1 2 3 4 5 6 7 8 0 1 4 5 6 5
sz%moo - 6000 1000 300.5;
C D .§
L 5000 3
L 4000 - 200
100+ L3000 100+
- 2000 L 100
L 1000
10 OO — 0 10 v — 0
0 1 2 3 4 S5 6 17 0 1 4 5 6
Time, hr

FiG. 1. Expression of genes early in stationary phase in wild type and the cit4 citZ citC mutant. Wild type (squares and diamonds) and the cit4
citZ citC mutant (triangles) were grown in DS medium, and samples were taken at indicated times to monitor cell growth (Klett units, squares and
open triangles), and B-galactosidase specific activity (closed triangles and diamonds). (4) spolIG-lacZ. Strains: wild-type SIB83 (cit* spollG-lacZ);
mutant SIB845 (citd citZ citC spollG-lacZ). (B) gsiA-lacZ. Strains: wild-type SIB77 (cit* gsiA-lacZ); mutant STB75 (citA citZ citC gsiA-lacZ). (C)
spoVG-lacZ. Strains: wild-type SIB78 (cit* spoVG-lacZ); mutant SJB76 (citA citZ citC spoVG-lacZ). (D) dpp-lacZ. Strains: wild-type SIB79 (cit*

dpp-lacZ); mutant SJB74 (citA citZ citC dpp-lacZ).
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level, similar to the pattern seen in spo0A or kin4 mutants (46).
Based on these results, it appeared that there was a defect in
the production of high levels of Spo0A~P in the citA citZ citC
mutant.

Transcription of spoVG and dpp is normally induced within
the first few minutes after nutrient deprivation. Their induc-
tion is dependent on the ability of SpoOA~P to interfere with
repression by AbrB (9, 11, 12, 45). Expression of spoVG and
dpp was only slightly reduced in the citA citZ citC triple mutant
(Fig. 1 C and D). These results indicate that in the cif triple
mutant, enough SpoOA~P is produced to cause at least partial
repression of abrB, but not enough is produced to activate
expression of spoll genes.

Suppression of the cit Triple Mutant by the sof-1 Mutation
in spo0A. Certain mutations in spo0A (e.g. sof-1, rvtA11) allow
the gene product to be phosphorylated by a mechanism that is
independent of KinA, Spo0F, and Spo0B (27, 29, 47-51). If the
defect in early sporulation gene expression in the citA citZ citC
triple mutant strain were due to a failure to activate the
phosphorelay, this defect would be bypassed in a sof-1 mutant
strain. In fact, the citA citZ citC sof-1 strain produced 10-50
times more spores than did the otherwise isogenic citA citZ citC
(spo0A™) strain (Table 1). In addition, the sof-I mutation re-
stored expression of spollG-lacZ and spollA-lacZ in the cit4
citZ citC mutant to or near wild-type levels (Fig. 2). A similar

Table 1. The sof-1 mutation in spo0A partially suppresses the
sporulation defect of the citA citZ citC mutant

Strain Relevant genotype Spores per ml
JH642 cit* spo0A* 7.3 X 107
AG1470 citA citZ citC 1.9 X 10
KI1655 citA citZ citC spo0A* cat 2.3 %X 10°
KI11656 citA citZ citC sof-1 cat 3.2 X 106

Cultures were grown in DS medium at 37°C and assayed for spore
formation approximately 18 hr after the end of exponential growth.
Spores per ml were determined as the total number of colony-forming
units after heating samples to 80°C for 10 min. The results of a
representative experiment are shown. In multiple trials, strain AG1470
gave 5 X 10* to 3 X 10° spores per ml and an average sporulation
frequency of 0.1%; strain KI1656 gave 1 X 106 to 1 X 107 spores per
ml and an average sporulation frequency of 15%. All strains are
derived from JH642 (trp phe; also known as AG174) and contain the
trp and phe mutations. AG1470 (AcitA::neo AcitZ::spc citC7); KI1655
(AcitA::neo AcitZ::spc citC7 spo0A*cat); KI1656 (AcitA::neo
AcitZ ::spe citC7 sof-1 cat). The sof-1 mutation in spo0A was introduced
into AG1470 by cotransformation with the chloramphenicol acetyl-
transferase (car) marker that had been inserted downstream of spo0A4
(33, 52).
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FiG. 2. The sof-1 mutation in spo0A restores expression of early sporulation genes in the citA citZ citC mutant. Cells were grown in DS medium,
and samples were taken at the indicated times for determination of B-galactosidase specific activity. Zero time is defined as the time the culture
leaves exponential growth. (4) spollA-lacZ expression in strains SIK86 (cit* spo0A* spoll4-lacZ) (O), KI1671 (citA citZ citC spo0A* spollA-lacZ)
(b), and KI1672 (citA citZ citC sof-1 spollA-lacZ) (a). (B) spolIG-lacZ expression in strains AG1349 (cit* spo0A* spollG-lacZ) (O), KI1664 (citA
citZ citC spo0A™ spollG-lacZ) (»), and KI1670 (citA citZ citC sof-1 spollG-lacZ) (a).

suppressing effect was seen with the rve4 11 mutation (data not
shown). These results indicate that the cit4 citZ citC mutant is
unable to express the spoll4 and spollG operons because it
cannot activate Spo0A by the normal phosphorylation path-
way.

citA citZ citC sof-1 Strain Is Blocked at a Late Stage of
Sporulation. The cit4 citZ citC sof-1 strain sporulated more
efficiently than did the otherwise isogenic citA citZ citC strain
but still only formed about 5% as many spores as did the cit*
spo0A* wild-type strain (Table 1). To determine the stage at
which development is blocked in the majority nonsporulating
fraction of the population, we tested expression of a late gene.
Expression of cotA4 typically begins approximately 3—4 hr after
the initiation of sporulation and depends on stage III and most
stage I'V genes (44, 53). Accumulation of B-galactosidase specific
activity from a cotA-lacZ fusion, which was greatly reduced in
the citd citZ citC triple mutant, was restored to wild-type
levels, albeit with a delay in the time of induction, in the
otherwise isogenic citA citZ citC sof-1 mutant (Fig. 3). These
results indicate that the block in sporulation is at a late stage,
perhaps stage V or later, after expression of cotA.

Mechanism of Inhibition of Sporulation by Glucose. The
addition of high concentrations of glucose to nutrient broth
sporulation medium inhibits spore formation (3). The specific
mechanism by which glucose interferes with sporulation is
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FiG. 3. The sof-1 mutation in spo0A restores expression of cotA in
the citA citZ citC mutant. Cells were grown as described for Fig. 2. O,
KI2055 (cit* spo0A* cotA-lacZ); r, KI2053 (citA citZ citC spo0A™*
cotA-lacZ); a, K12054 (citA citZ citC sof-1 cotA-lacZ).
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unknown, but it involves the phosphorelay since sof-1, rvtA, coi,
and sad mutations in spo0A allow cells to sporulate relatively
efficiently in the presence of excess glucose (refs. 54 and 55;
K.I. and A.D.G., unpublished results). Since transcription
from the cit4A and citZ promoters is repressed in glucose-
containing media (38), it seemed possible that repression of
the citrate synthase operons might be the ultimate sporulation-
inhibiting activity of glucose. To test this notion, the citZ
operon was placed under the control of the glucose-insensitive
promoter dppP129 (see Materials and Methods). In nutrient
broth medium containing 2% glucose, sporulation of the strain
containing the dppP129-citZ fusion was about 100-fold more
efficient than in the otherwise isogenic strain without the
fusion (Table 2). These results suggest that the citZ promoter
is a major target of glucose repression and that an important
role of this operon in sporulation is to activate the pathway for
phosphorylation of Spo0A.

The citZ promoter does not appear to be the only target of
the glucose inhibition of sporulation. The sporulation fre-
quency of the strain with citZ expressed from the dppP129
promoter was consistently lower in the presence of glucose
(Table 2). One of the other targets of glucose might be the citC
promoter. citC has two modes of transcription; about half of
the citC transcripts originate at the citZ promoter and half at
a'second promoter located near the 3’ end of citZ (38), and
both promoters are repressed by rapidly metabolizable carbon
sources (38) (S.J., unpublished data). The dppP129-citZ fusion
used here probably only partly relieves the effect of glucose on
transcription of citC. In addition, there is probably a target of
glucose repression that is independent of the cit genes, since
addition of glucose to the cit4 citZ citC triple mutant caused
a further decrease in sporulation (K.I. and A.D.G., unpub-
lished results).

DISCUSSION

Our results suggest that components of the Krebs citric acid
cycle serve two functions during spore formation. One func-
tion is to provide energy, reducing power, and intermediates
for biosynthesis; the second is to regulate the initiation of
sporulation by influencing the production of Spo0A~P, the
key regulatory protein for sporulation gene expression. Since
the sof-1 and rvtAll alleles of spo0A allow Spo0A to be
phosphorylated in the absence of either the normal phos-
phorelay or the first three genes of the Krebs cycle, it seems
likely that Krebs cycle function determines in some way the
activity of the phosphorelay. This conclusion implies that
stationary-phase cells respond to a signal (accumulation of an
activating metabolite or removal of an inhibitory metabolite or
the presence of the enzymes themselves) generated by the
Krebs cycle. This signal might indicate nutritional depletion or
serve as a checkpoint for development, allowing activation of
the Spo0A phosphorelay and transcription of SpoOA-depen-
dent genes only when the cell has the metabolic potential to

Table 2. Constitutive expression of citZCH from dppP129 partially
relieves the glucose inhibition of sporulation

Relevant 2% Spores Relative spore
Strain genotype glucose per ml frequency
JH642  Parental - 3.3 x 108 1.0
+ 6.0 x 104 2x 1074
SIB93  dppP129-citZCH - 2.9 % 108 0.88
+ 6.2 X 10° 2x1072

Cell were grown in DS medium with (+) or without (—) the addition
of glucose to 2% (wt/vol) final concentration. Samples were tested for
spore formation approximately 16 hr after the end of exponential
growth. The results shown are from a single experiment for each strain.
In multiple trials, the presence of the dppP129-citZCH fusion increased
spore formation by 50- to 3000-fold.

Proc. Natl. Acad. Sci. USA 92 (1995)

complete the sporulation cycle. The signal could stimulate
autophosphorylation of histidine kinases or phosphotransfer
to SpoOF, Spo0B, and Spo0A or could inhibit dephosphory-
lation of a phosphorelay component.

It seems likely that increased transcription of genes for the
Krebs cycle enzymes early during sporulation plays an impor-
tant role in the activation of SpoOA. During rapid exponential
growth in a medium rich in carbon-energy sources and bio-
synthetic precursors, genes for Krebs cycle enzymes are re-
pressed, and by-products of glycolysis are excreted into the
medium rather than being fully metabolized. As rapidly me-
tabolizable nutrients become exhausted, the genes for the
Krebs cycle enzymes are induced and previously excreted
compounds are taken up and metabolized. Almost simulta-
neously, transcription of several sporulation genes is induced,
but mutations that inactivate the Krebs cycle enzymes block
induction of early sporulation genes.

Inhibition of transcription of some of the Krebs cycle genes
appears to play an important role in glucose repression of
sporulation. Glucose is a potent inhibitor of the initiation of
sporulation and seems to inhibit production or accumulation
of Spo0A~P (54, 55) (K.I. and A.D.G., unpublished results).
Our results indicate that at least part of the glucose inhibition
of sporulation is due to glucose repression of transcription of
Krebs cycle genes. Expression of citZ and citC from a glucose-
insensitive promoter allowed significant relief of glucose re-
pression of sporulation. However, the relief was not complete,
indicating that the Krebs cycle is probably not the only target
of glucose repression. Moreover, the sporulation defect of a
citA citZ citC mutant is more severe in the presence of glucose
(K.I. and A.D.G., unpublished results), again consistent with
the notion that there is at least one additional target of glucose
repression.

Many mutations have been isolated that cause a catabolite-
resistant sporulation (Crs) phenotype (3). Among these are
mutations in pai (56), hpr (57), and rpoD (58). While it is not
known how these mutations cause the Crs phenotype, we
suspect that it is by somehow increasing the amount of
Spo0A~P produced or perhaps by affecting expression of the
cit genes or affecting other regulators of the phosphorelay. It
has been suggested that the sporulation promoter upstream of
spo0A might be a target of catabolite repression (59, 60). It is
clear that the o-controlled promoter upstream of spo0A is
necessary for sporulation (22) and is repressed in the presence
of glucose (59, 60). However, since this promoter, P;, requires
Spo0A~P for expression (61), it seems most likely that P is not
a direct target of glucose repression. Rather, expression from
P is a reflection of the phosphorelay and the amount of
Spo0A~P.

The sof-1 mutation restored early sporulation gene expres-
sion to a citA citZ citC mutant, but the majority of the cells still
failed to form spores and were blocked late in development.
This late block probably reflects the metabolic role of the
Krebs cycle in sporulation and is similar to the effects of a
mutation in ald (spoVN), the gene for alanine dehydrogenase
(62). Alanine dehydrogenase also seems to play a role in
providing energy for late sporulation events, and ald mutants
are blocked at a late stage in sporulation (62).

Phosphorylation of Spo0A is coupled not only to Krebs cycle
function and availability of nutrients but also to DNA repli-
cation (33), the absence of DNA damage (34), high cell density
(32), and the presence of an intact chromosome partitioning
machinery (35). Integration of these multiple conditions or
signals through the phosphorelay may ensure that sporulation
initiates only when food sources are limited and the entire
process of spore formation can be completed successfully. It
would not be surprising if other developmental systems that
require energy production and that are subject to regulation by
nutrient availability also have regulatory mechanisms for
coupling differentiation to metabolic function. For instance,
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normal embryonic development of Caenorhabditis elegans
requires the presence of nutrients. Starvation and crowding
can cause arrest of normal development and activation of an
alternative regulatory pathway that leads to the development
of the less active, more resistant dauer larva. Addition of
nutrients to the dauer larvae allows resumption and comple-
tion of normal development (63). It is likely that many devel-
opmental events are controlled by switches and checkpoint
mechanisms that couple gene expression to metabolic suffi-
ciency.
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