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The soil bacterium Bacillus subtilis forms dormant, robust spores as a tactic to
ensure survival under conditions of starvation. However, the sporulating culture
includes sporulating and non-sporulating cells, because a portion of the cell
population initiates sporulation in wild-type strain. We anticipated that the
population effect must be considered carefully to analyse samples yielding popula-
tion heterogeneity. We first built a mathematical model and simulated for signal
transduction of the sporulation cue to see what mechanisms are responsible for
generating the heterogeneity. The simulated results were confirmed experimentally,
where heterogeneity is primarily modulated by negative feedback circuits, resulting
in generation of a bistable response within the sporulating culture. We also
confirmed that mutants relevant to negative feedback yield either sporulating or
non-sporulating subpopulations. To see the effect of molecular mechanism between
sporulating and non-sporulating cells in distinct manner, metabolome analysis was
conducted using the above mutants. The metabolic profiles exhibited distinct
characteristics with time regardless of whether sporulation was initiated or not.
In addition, several distinct characteristics of metabolites were observed between
strains, which was inconsistent with previously reported data. The results imply that
careful consideration must be made in the interpretation of data obtained from cells
yielding population heterogeneity.
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Abbreviations: ANOVA, analysis of variance; CE-TOFMS, capillary electrophoresis time-of-flight mass
spectrometry; PCA, principal component analysis.

Phenotypic heterogeneity in clonal populations has been
found in some species of bacteria under certain circum-
stances (1–3). The soil bacterium Bacillus subtilis can
form population heterogeneity during sporulation under
conditions of starvation (4–7). This is achieved by
functions of positive- and negative-feedback loops in
sporulation signal transduction. In cells receiving a
sporulation signal, the phosphorylation of kinases (such
as KinA) is stimulated and the phosphate group is
transferred to Spo0A via phosphorelay (8).
Phosphorylated Spo0A (Spo0A�P) is a master regulator
of sporulation, acting as a transcriptional factor for
sporulation-associated genes. This signal transduction
system is regulated by a complex mechanism involving
multiple positive/negative-feedback loops (9).

Recent theoretical and experimental studies suggest
that intrinsic characteristics of the biological system

generate population heterogeneity [see (10) for a review].
Voigt et al. (11) investigated the dynamics of sin operon
using a mathematical model, and showed that combining
genes from a regulatory protein and its antagonist within
the same operon could lead to diverse regulatory
functions such as bistability, oscillation and pulse
generation. In addition, Iber et al. (12, 13) used the
spoIIA operon as an example to show similar results
while de Jong et al. (9) performed a qualitative simula-
tion, reproducing qualitative characteristics consistent
with these experimental results. Involvement of each
genetic feedback loop is unquestionable, but how to
modulate the scale of subpopulations is still unclear.

It has been a long time since omic approaches were
introduced to investigate cellular dynamics. However,
influence of population heterogeneity on omic data
has never been discussed. We consider that lack of
understanding regarding population heterogeneity
mislead and complicate the interpretations of omic data.

Here we indicate that the population heterogeneity
cannot be ignored in sporulation of B. subtilis population.
At first, we employed a mathematical model to elucidate
the dynamics of Spo0A�P, including the involvement
of both positive and negative feedbacks. Although
experimental data cannot be obtained from quantitative

*To whom correspondence should be addressed. Tel: þ81-235-25-
1447, Fax: þ81-235-25-1450,
E-mail: ohashi@humanmetabolome.com/ohashi@sfc.keio.ac.jp
yPresent addresses: Kotaro Ishii, The University of Tokyo,
Kashiwa, Chiba 277-0000, Japan; Hideaki Nanamiya, Ehime
University, Matsuyama, Ehime 790-8577, Japan.

J. Biochem. 142, 183–191 (2007)
doi:10.1093/jb/mvm121

Vol. 142, No. 2, 2007 183 � 2007 The Japanese Biochemical Society.

 at U
niversity of Science and T

echnology of C
hina on Septem

ber 28, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


simulation, the model allows us to investigate the
essential functions of sporulation-relevant signal trans-
duction pathways. Given the variation in sporulation
signal intensity, Spo0A�P exhibited unstable dynamics
under specific conditions, corresponding to sporulation
and non-sporulating subpopulations, respectively. Next,
we confirmed that negative feedback primarily modu-
lates the system dynamics, and alteration of negative
feedback totally shifts the subpopulations to sporulate
either 0 or 100%. The results were verified experimen-
tally in B. subtilis by virtually activating/inhibiting
factors of negative feedback.

To investigate the molecular mechanisms during
sporulation, we anticipate that those controlled subpo-
pulations (either sporulating or non-sporulating) must be
examined, and not wild-type which contains both
sporulating and non-sporulating cells. To test the
hypothesis, we conducted metabolome analysis using
the mutants above. The results revealed that metabo-
lome profiles were distinct between strains, and even
clear trajectories at each sampling time were obtained
when principal component analysis (PCA) was con-
ducted. Comparing two mutants (either sporulating
or non-sporulating), we found several interesting char-
acteristics in sporulation subpopulations. In particular,
ATP and GTP exhibited a sharp increase during
sporulation, but not in non-sporulating cells, suggesting
accumulation of energy in the former. The result is
inconsistent with reported data, implying that the past
data may reflect mixture of sporulating and non-
sporulating cells, possibly averaging the data. Given
the results, we warn that careful experimental design
must be followed in order to avoid misleading data
interpretation against cells yielding population
heterogeneity.

MATERIALS AND METHODS

Plasmids and Bacterial Strains—The bacterial strains
used in this study are summarized in Table 1. The
PspoVG-GFPuv reporter gene (encoding green fluorescent
protein) was constructed as follows. A polymerase chain
reaction (PCR) product containing the GFPuv structural
gene was introduced into the EcoRV site of pHASH103
(14) using the TA-cloning method; this generated
pSHINE2192. Next, a PCR fragment containing the
promoter sequence of the spoVG gene was amplified
with the specific primer pair PspoVG-F (50-GCCCGAA
ATGAAAGCTTTATGA-30) and PspoVG-R (50-GCATTAG

TGTATCAATTCCACG-30). Genomic DNA of B. subtilis
168 (laboratory stock) was used as a template. The PCR
fragment was introduced into the SmaI site of
pSHINE2192 according to the TA-cloning method (14).
The generated pSHINE2172 was then introduced into
BEST2131 (leuB::pBRTc) (15), generating BEST12008.
BEST12007 and BEST12005 were constructed by trans-
forming UOT1317 (sof1 spo0F�) (16) and RIK3
(spo0H::pJ0H7d) (17, 18), respectively, using
pSHINE2172. BEST12013 was constructed as follows.
The cat gene of pHASH102 (14) was PCR-amplified using
the specific primer pair cat-F (50-CAGTAATATTGACTT
TTAAAAAAGGATTG-30) and cat-R (50-GAAACCATTATT
ATCATGACATTAACC-30) then introduced into the SmaI
site of pRIK0Ed (19). This yielded plasmid pRIK0Ed-cat,
which was introduced into the genomic DNA of 168,
yielding BEST12013. To obtain BEST12014, BEST12013
was transformed using BEST12008 genomic DNA.
BEST12025 was constructed as follows. The promoter
of the spo0E gene was PCR-amplified with the specific
primer pair Pspo0EF (50-CCTGGGTATTGTTCTTCTAAT
CCTATC-30) and Pspo0ER (50-GCTAAGAAATAGGAAAC
AAGTTTGATTGGG-30) then introduced into the SmaI
site of pHASH103 (14), generating pST0E1. Next, the
spo0E gene was amplified by PCR using the primer pair
spo0ErandomF (50-ATGNNNNNNNNNNNNGGCGGTTC
TTCTGAACAAGAAAGATTG-30) and spo0ER (50-GGCC
GCTATTTATTTGCATCATATGC-3’) to attach the poten-
tial downstream elements that enhance translation
efficiency (20). The fragment was introduced into the
EcoRV site of pST0E1 and then introduced directly into
the genomic DNA of BEST2131. Transformants with
various sporulation frequencies appeared on plates
containing chloramphenicol, erythromycin and tetracy-
cline. A sporulation-defective mutant (BEST12022)
was then isolated and the mutant spo0E gene was
designated spo0E102. To generate BEST12026,
BEST2136 (leuB::pBRTc proB::pBRBS metB::pBREm)
(15) was transformed using the genomic DNA of
BEST12008 and BEST12022. BEST12033 was generated
by transforming BEST2131 using the pRIK0Ed-
cat plasmid.
Sporulation Conditions—Bacillus subtilis cells were

grown at 378C in 2� SG medium containing 0.1% (w/v)
D-glucose (21). To synchronize the growth phase of the
cells, the culture was diluted 10-fold when the optical
density at 660 nm (OD660) reached 0.5. The end of the
logarithmic growth phase (T0) was defined as the
point at which the culture reached an OD660 of 1.5.

Table 1. Bacterial strains used in this study.

Strain Relevant genotype Reference and notes

BEST2131 spo0Aþ spo0Eþ spo0Fþ spo0Hþ leuB::pBRTc 22
BEST12008 spo0Aþ spo0Eþ spo0Fþ spo0Hþ leuB::pBR::erm-PspoVG-GFPuv This study
BEST12007 sof1 spo0Eþ spo0F� spo0Hþ leuB::pBR::erm-PspoVG-GFPuv This study
BEST12005 spo0Aþ spo0Eþ spo0Fþ spo0H::pJ0H7d leuB::pBR::erm-PspoVG-GFPuv This study
BEST12013 spo0Aþ spo0E::cat spo0Fþ spo0Hþ This study
BEST12014 spo0Aþ spo0E::cat spo0Fþ spo0Hþ leuB::pBR::erm-PspoVG-GFPuv This study
BEST12022 spo0Aþ spo0Eþ spo0Fþ spo0Hþ leuB::pBR::cat-Pspo0E-spo0E102 This study
BEST12026 spo0Aþ spo0Eþ spo0Fþ spo0HþmetB::pBR::cat-

Pspo0E-spo0E102 leuB::pBR::erm-PspoVG-GFPuv proB::pBRBS
This study

BEST12033 spo0Aþ spo0E::cat spo0Fþ spo0Hþ leuB::pBRTc This study
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The sporulation fraction was defined in terms of colony-
forming units (CFU) per millilitre.
Microscopy and Data Processing—An aliquot (�20 ml)

of culture medium at the sporulation phase was briefly
centrifuged and the supernatant removed. Cells were
washed once in MilliQ water then re-suspended in 2ml
of component A from the SlowFade-Antifade Kit
(Molecular Probes, Inc., OR, USA). A 1 ml aliquot of the
cell suspension was then inoculated onto an agarose
layer on a glass slide and covered with a coverslip.
Microscopic analyses were conducted using an
AxioskopMOT 2 microscope (Carl Zeiss, Göttingen,
Germany) and a CoolSNAP fx CCD camera (Roper
Scientific, Inc., AZ, USA). To detect the fluorescence
of GFPuv, Filter Set 17 (Carl Zeiss) was used. Images
were obtained 40 s after UV excitation. The fluorescence
intensity of individual cells was calculated using
MetaMorph Ver. 4.6 software (Universal Imaging,
Co., PA, USA).
Instrumentation—All capillary electrophoresis time-of-

flight mass spectrometry (CE-TOFMS) experiments
were performed using an Agilent CE Capillary Electro-
phoresis System G1600A (Agilent Technologies, CA,
USA), and an Agilent TOFMS System G1969A. For
system control and data acquisition we used G2201AA
Agilent ChemStation software for CE and Analyst QS for
Agilent TOFMS software.
CE-TOFMS Conditions for Cation Analysis—

Samples were prepared as described in (22).
Separations were carried out on a fused silica capillary
(50 mm i.d. �100 cm total length) using 1 M formic acid.
Samples were injected with a pressure injection
of 50 mbar for 3 s. The applied voltage was set at
þ30 kV and the sheath liquid was prepared as 50%
(v/v) MeOH/H2O. For TOFMS, ions were examined
successively to cover the whole range of m/z values
from 50 through 1,000. The fragmentor voltage was set
at 75 V and the skimmer and Oct RFV voltages at 50 V
and 125 V, respectively. The capillary voltage was set at
4,000 V (23).
CE-TOFMS Conditions for Anion/Nucleotide

Analysis—Samples were prepared as described in (22).
Separations were carried out on a fused silica capillary
(50 mm i.d. �100 cm total length) using 50 mM ammo-
nium acetate (pH8.5 for anion, and pH7.5 for nucleotide,
respectively). Samples were injected with a pressure
injection of 50 mbar for 30 s. The applied voltage was set
at þ30 kV and the sheath liquid was prepared as 5-mM
ammonium acetate 50% (v/v) MeOH/H2O. For TOFMS,
ions were examined successively to cover the whole range
of m/z values from 50 through 1,000. The fragmentor
voltage was set at 100 V and the skimmer and Oct RFV
voltages at 50 V and 200 V for anion, and 75 V and 200 V
for nucleotide, respectively. The capillary voltage was set
at 3,500 V (23).
Data Processing—Peak extraction was carried out

using our proprietary software (Sugimoto, unpublished
data) and peak pre-processing was performed according
to the P-BOSS method (24) using Excel 2003 (Microsoft,
WA, USA). Mathematical simulation was conducted
using XPP-AUTO (25). Statistical analyses were per-
formed via MATLAB (Mathworks, MA, USA).

RESULTS AND DISCUSSION

The Negative-feedback Loop Dominates the Threshold
of Sporulation Switch—In cells initiating sporulation,
expression of spo0H, which encodes sporulation-specific
�H, was induced by a reduction in the AbrB level (Fig. 1).
The RNA polymerase that contains �H stimulated the
expression of phosphorelay components, kinA, spo0F and
spo0A, which constitute multiple points of the positive-
feedback loop. Negative-feedback regulation was also
observed in B. subtilis phosphorelay. Expression of the
spo0E gene, which encodes Spo0A�P-specific phospha-
tase, is induced by a reduction in the AbrB level at the
sporulation onset (26). Accordingly, it has been suggested
that phosphorelay is negatively regulated by a solo
feedback system (27).

A mathematical model was created, and the dynamics
of the model were simulated (see Supplementary Data
for detail). The system was characterized by varying two
parameters, the sporulation signal (�) and concentration
of Spo0A�P, as illustrated in Fig. 2. The amount of
stimulus required for sporulation switch increased as the
ratio of negative and positive feedback loops, r¼ fN/fP,
increased (Fig. 2A). Comparing the system characteris-
tics by varying the feedback coefficients (fN and fP)
revealed that as the value of fN increased, the bistability
region shifted its operating region dramatically towards
a larger region against the sporulation signal (Fig. 2B),
while fP did not change its operating region sufficiently
(Fig. 2C). These findings indicate that negative feedback,
which is achieved by expression of the spo0E gene,
primarily modulates bistability behaviour.

The function of Spo0E in population heterogeneity
suggested in our mathematical model (Fig. 2A) was
further demonstrated using BEST12014 (spo0E::cat), in
which the negative-feedback loop created by spo0E is
destroyed (r¼ 0 in our model). In this strain, distribution
is excessively biased towards the sporulating subpopula-
tion at T3 (Fig. 3A and C), resulting in sporulation of
495% of the cells. This was consistent with the sporula-
tion frequency at T24. Next, we constructed a strain able

Phosphorelay

Fig. 1. Schematic representation of the phosphorelay
network required for initiation of sporulation in
B. subtilis. The diagram was illustrated using CellDesigner
3.5.1 (37) (http://celldesigner.org), and the notation follows that
proposed by Kitano et al. (38). The networks downstream of
AbrB are simply categorized into positive and negative feedback
loops, the regulation of which is represented by a bold arrow
from Spo0H, and a bold arrow from Spo0E, respectively.
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to produce a large amount of Spo0E protein (spo0Eþþ).
Strain BEST12026 harbours a spo0E102 mutation that
contains an ideal ribosome-binding site and a strong
downstream element (20). In BEST12026, the scale of
the sporulating subpopulation at T3 was 55% (Fig. 3B
and D). These results were predicted in our mathema-
tical model for phosphorelay (Fig. 2A) and indicate that
negative-feedback regulation by Spo0E is a gearbox for
modulating the sporulating subpopulation. We also
confirmed, mathematically and experimentally, that
heterogeneity during sporulation reflects a strategy for

survival in fluctuating environmental conditions, unpub-
lished data. To investigate molecular mechanisms upon
sporulation, we use the above mutants so that either
sporulating or non-sporulating populations could be
examined.
Distinct Metabolome Profiles among Sporulation

Stages—To investigate the effects of population hetero-
geneity on omics data, we demonstrated the variation of
metabolome data in wild-type (spo0Eþ), spo0E::cat
(spo0E�) and spo0E102 (spo0Eþþ) strains. The detailed
mechanisms and association between activities of the
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Fig. 2. Behaviour of the sporulation-decision system as
simulated using a mathematical model. (A) Bifurcation
diagram of the concentration of Spo0A�P against the sporulation
signal. The curve in the middle represents characteristics
under nominal parameter values, corresponding to the
wild-type. The left side curve represents that obtained when
negative feedback was completely removed; that is, r¼ 0.
The right side curve represents that when the negative-feedback
coefficient was doubled. The circle represents the threshold
point of signal intensity and the two shaded regions the
parameter space where cells underwent sporulation (upper
region) or non-sporulation (lower region), which is dependent

on the level of Spo0A�P. Given that the sporulation
signal intensity is represented by a dotted line in the centre,
the wild-type could yield either a low or high level of Spo0A�P,
presumably via stochastic fluctuation of the signal (39).
Removing negative feedback results in a consistently high
level of Spo0A�P, whereas doubling the feedback results
in a consistently lower level, yielding only sporulating/
non-sporulating subpopulations, respectively. (B and C)
A bifurcation diagram obtained by varying the sporulation
signal and either feedback signal. Dotted lines indicate the para-
meter space of nominal values: (B) negative and (C) positive
coefficient.

186 M. Morohashi et al.

J. Biochem.

 at U
niversity of Science and T

echnology of C
hina on Septem

ber 28, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


metabolic pathway and sporulation remain relatively
unknown (28), compared with genetic and protein level
analyses. All inactivating mutations in B. subtilis Krebs
cycle genes cause a defect, and terminate at certain
stages during sporulation [see (29) for a review].
Phosphorelay of Spo0A�P is thought to be controlled by
the Krebs cycle, but a detailed metabolomics approach
has yet to be performed. By comparing wild-type and
sdpC knockout strains, Gonzalez-Pastor et al. (30)
reported that ATP synthase is strongly expressed
during sporulation. This suggests a link between
energy metabolism and the sporulation signalling path-
way. We previously conducted metabolome analysis in
wild-type B. subtilis, confirming that most glycolysis
metabolites are markedly decreased in the early stage of
sporulation (22). However, we did not compare the
metabolic profiles of sporulation-deficient strains, thus
making it difficult to determine which pathways are
critical or which metabolites are strongly correlated to
sporulation activities. Recently, the relationships
between branched-chain amino acids and CodY were
revealed (31–33). CodY protein controls more than 100
genes that are induced when cells experience nutrient
deprivation. GTP and isoleucine independently and
additively increase the affinity of CodY towards its
target sites, resulting in activation of its repressor
function. To obtain more details on the metabolic
profiles during sporulation, i.e. to obtain a better under-
standing of the metabolic pathway as a whole, we
therefore conducted metabolome analysis based on
CE-TOFMS (22).

We employed three strains carrying various spo0E
alleles in their genomes: BEST2131 (wild-type),
BEST12022 (spo0E102) and BEST12033 (spo0E::cat).

The genetic background of these strains is trpC2 and
leuB::pBR, resulting in L-tryptophan and L-leucine
auxotrophy. The growth characteristics of the strains
were equivalent in 2x SG sporulation medium including
0.1% (w/v) of D-glucose (Fig. 4). Each strain was sampled
at four time points, T�0.5, T0, T1.5 and T3, relative to the
end of the logarithmic growth phase. These time points
approximately correspond to the middle-logarithmic
phase, transition phase, the time when the final
symmetric septation is completed and the time when
sporulation-specific asymmetric septation is completed in
wild-type cells, respectively. We prepared metabolome
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Fig. 3. Effects of phosphorelay-associated mutations on
the ratio of subpopulations generated at sporulation
onset. (A and B) Microscopic images of the population-distribu-
tion of phosphorelay-associated mutants. Wild-type and mutants
harbouring the PspoVG-GFPuv reporter gene were grown under
sporulation conditions and observed under a microscope at T3.
Green fluorescence and phase-contrast images were inverted

and overlaid. (C and D) Distribution of sporulating and
non-sporulating subpopulations. The fluorescence intensity of
single cells was measured under a fluorescence microscope.
Histograms show fluorescence data obtained from more than
300 cells. (A and C) spo0E::cat (BEST12014), (B and D) spo0E102
(BEST12022). NS and S indicate non-sporulating and sporulating
subpopulations, respectively.
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extracts and performed CE-TOFMS analysis (see
MATERIALS AND METHODS section). To demonstrate
whether each strain can be characterized independently
by its metabolic profile, we performed PCA using the
metabolome data, as is frequently conducted against
omic data (34). We first selected the signals that were
significantly different among the three strains by
employing one-way analysis of variance (ANOVA) under
a 5% significant level; it resulted in extracting
94 metabolites (Supplementary Table S2), which were
then used for PCA. Due to aberrant peak shape, in some
cases, our software cannot detect peaks, causing to have
missing values. In order to avoid contamination of the
missing peaks, the 94 peaks were extracted from the
peaks which are automatically detected over all experi-
ments, resulting in selection of peaks in a very strict
manner. Improvement of software and measurement
technology will have higher accuracy of peak extraction,
and will lead to characterize metabolic profiles in more
detail. As shown in Fig. 5A, the phase transitions could
be clearly traced within the 3D principal component
spaces. Intriguingly, we found that BEST12033 (spo0E�)
at T�0.5 was not explicitly discriminated from that at T0.
This result indicates that the metabolic state during the
logarithmic growth phase is similar to that at transition
phase in BEST12033 (spo0E�). This may be due to the
function of Spo0E phosphatase not only at sporulation
onset, but also in the logarithmic phase, i.e. Spo0A�P,
which is slightly generated during the vegetative phase,
is cancelled by the positively regulated spo0E product,
inhibiting the initiation of sporulation. However, at
present this hypothesis is no more than speculation.
Because the cumulative contribution up to the third

principal component was �70%; up to the third principal
component may not be still enough to capture the full
characteristics of the sample. However, all other samples
except BEST12033 (spo0E�) exhibited distinct results at
T�0.5. As depicted in Fig. 5B and C, the three samples
were clearly discriminated at T1.5 and T3, indicating that
their metabolic states are clearly different at the onset of
sporulation. We concluded that this was due to the
population heterogeneity of sporulating wild-type cells;
the metabolic profiles of wild-type cells may mislead
our interpretation. To investigate the sporulating/non-
sporulating subpopulations in a more distinct manner,
we compare extreme cases hereafter (i.e. BEST12022 and
BEST12033).
Energy Metabolism Exhibits Distinct Features Upon

Sporulation—Sporulation is initiated by deprivation of
nutrients such as carbon, nitrogen and phosphate
sources. Further, under our experimental conditions,
the glucose level in the medium was considered an
important factor controlling the initiation of sporulation,
since the addition of 40.5% (w/v) D-glucose efficiently
inhibited sporulation (data not shown). We, therefore,
expected glucose utilization pathways including glycoly-
sis, the Krebs cycle and the pentose phosphate path-
way to drastically fluctuate at sporulation onset.
The overall metabolome profiles are depicted in
Supplementary Fig. S3. Intracellular levels of metabolic
intermediates, especially fructose-1,6-bisphosphate
(F1,6P) and acetyl CoA, were reduced upon sporulation
onset (Supplementary Fig. S3). This suggests that the
glycolysis pathway is activated during growth phase
by the aggressive use of glucose. This is consistent
with the data obtained in our previous report (22).
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Fig. 5. The metabolic state of sporulating B. subtilis based
on PCA of the metabolome data. (A) A three-dimensional
principal component plot of the metabolome profiles of the
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profiles of the three examined strains is indicated by arrows.
(B and C) Two-dimensional principal component plots at T1.5 (B)
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BEST12033 (spo0E::cat); orange, BEST12022 (spo0E102).
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Significant differences were observed in lactic acid levels
between the two spo0E variants. In BEST12033
(spo0E�), the intracellular level was higher than that
in BEST12022 (spo0Eþþ) throughout cultivation, sug-
gesting that trace amounts of Spo0A�P accumulated in
vegetative BEST12033 (spo0E�) cells likely activate the
glycolysis pathway. In the Krebs cycle, on the other
hand, different profiles were obtained for intermediate
metabolites (Supplementary Fig. S3). In particular, the
metabolism pathway seemed significantly altered after
the initiation of sporulation. In both spo0E variants,
citrate levels were drastically increased after T0, but not
generated until T0. This observation suggests that the
Krebs pathway, which is dormant during the logarithmic
growth phase, is activated at stationary phase when
environmental glucose is spent. Behaviour of the down-
stream pathway of citrate was also different between the
two strains; 2-oxoglutararic acid was highly accumulated
in sporulating BEST12033 (spo0E�). This result suggests
that metabolism, at least that involving 2-oxoglutaric
acid in the Krebs cycle, is required for metabolic
differentiation towards sporulation. Inactivation of
citrate synthase and aconitase, which catalyse this
metabolism, results in a sporulation-deficient phenotype
at early stages of sporulation (29). Nitrogen metabolism
is also considered a key factor in sporulation, because the
pathway from 2-oxoglutaric acid to glutamine via
glutamic acid is the solo acceptor of ammonium ions.
Metabolite levels of glutamine, as well as that of purines,
were also shown to increase after T1.5. The downstream
metabolites of 2-oxoglutaric acid, succinic acid, fumaric
acid and malic acid, were highly accumulated in
stationary BEST12022 (spo0Eþþ). This observation sug-
gests that the latter pathway of the Krebs cycle is
blocked or rapidly circulated in sporulating BEST12033
(spo0E�).
Changes in the Energy Charge State During

Sporulation—In sporulating BEST12033 (spo0E�), we
could not decide whether or not the latter steps of the

Krebs cycle were activated. If activated, ATP should be
generated by an electron transfer system using
NAD(P)H. We, therefore, determined the levels of
phosphorylated adenosine (AXP) during sporulation
(Fig. 6 and Supplementary Fig. S3).Unexpectedly, spor-
ulating cells (BEST12033, spo0E�) exhibited a dramatic
increase in ATP levels, while non-sporulating cells
(BEST12022, spo0Eþþ) decreased its level after T1.5.
These results strongly support the data of Gonzalez-
Pastor et al. (30) who showed, from a metabolite
viewpoint, that ATP synthase is strongly expressed
upon sporulation. It was previously reported that ATP
remains approximately constant during the sporulation
process; however, this conclusion was based on the
outcomes of observations using a wild-type strain,
which generates heterologous culture of both sporulating
and non-sporulating cells. If these distinct features
discriminate between sporulating/non-sporulating cells,
our results suggest that this past study presented the
average results of both subpopulations, thus cancelling
out the sporulation/non-sporulation effect.

Levels of phosphorylated guanosines (GXP) were also
determined (Fig. 6 and Supplementary Fig. S3) since a
decrease in GTP is thought to trigger sporulation (35).
We observed a decrease in GTP at T0, as well as a
decrease in inosine-50-phosphate (IMP) at the same time.
The GTP level increased at T3 only in BEST12033
(spo0E�), supporting ATP production at the onset of
sporulation. This result indicates that sporulating cells
accumulate energy to prepare for the energy-consuming
process of spore formation. Intriguingly, several nucleo-
tides (AMP, ADP, GMP and GDP) increased transiently
at T0 in both strains. It would therefore be interest-
ing to examine whether their transient activities, in
addition to that of GTP, are linked to the initiation
of sporulation.
Most Amino Acids are Independent of the Sporulation

Process—All amino acids except for cysteine, which was
under the detection limit, were categorized according to
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Fig. 6. Metabolic profiles of nucleotides. White bars, BEST12033. Grey bars, BEST12022.

Effects of heterogeneity on metabolism in sporulation 189

Vol. 142, No. 2, 2007

 at U
niversity of Science and T

echnology of C
hina on Septem

ber 28, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


their transition characteristics. The results are summar-
ized in Table 2. Most amino acids exhibited similar
characteristics when comparing the two strains.
An association between branched-chain amino acids
(e.g. isoleucine, leucine and valine) and CodY, a GTP-
binding protein, has been shown (36). In BEST12033
(spo0E�), valine (but not isoleucine) exhibited distinct
characteristics compared with BEST12022 (spo0Eþþ).
That is, its level increased transiently at T0 then dropped
again, which is consistent with the finding that CodY
directly targets its biosynthesis (31–33). Asparagine and
glutamine are nitrogen-rich amino acids and central
components of nucleic acid production. It is suggested
that in combination with the nucleotide results, i.e. the
massive generation and thus accumulation, the increased
levels of these amino acids may be attributed to
sporulation preparation.

CONCLUSIONS

We investigated the mechanism of heterogeneity during
sporulation in wild-type B. subtilis. Using simulation
and modelling techniques, we found that negative feed-
back is a primary modulating factor in the bistability of
sporulation, which is directly affected by the spo0E gene.
We then confirmed these results experimentally by
deleting/over-expressing spo0E. The findings mathemati-
cally support the proposals suggested in previous reports
(7), and suggest that population heterogeneity should be
considered in omics studies including transcriptomics,
proteomics and metabolomics. In addition, we also
examined the sporulation stages by metabolome analysis.
To investigate the sporulating and non-sporulating

stages in a distinct manner, we used the mutants
mentioned above (i.e. BEST12033 and BEST12022) and
compared transition of metabolite levels. As a result,
we found that metabolism was significantly different
among each stage regardless of whether the population
was sporulating or non-sporulating. Although we need to
further investigate each metabolite in detail, this study
provides enormous information suggesting links between
metabolome activities and spore formation. The inclusion
of additional mutants (such as spo0A) will provide
further insight into the molecular mechanisms of
sporulation as well as cell differentiation.

Supplementary Data are available at JB online.
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