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Even though there is a large body of information concerning the harmful effects of alcohol on different
organisms, the mechanism(s) that affects developmental programs, at a single-cell level, has not been clearly
identified. In this respect, the spore-forming bacterium Bacillus subtilis constitutes an excellent model to study
universal questions of cell fate, cell differentiation, and morphogenesis. Here, we demonstrate that treatment
with subinhibitory concentrations of alcohol that did not affect vegetative growth inhibited the initiation of
spore development through a selective blockage of key developmental genes under the control of the master
transcription factor Spo0OA~P. Isopropyl-f-p-thiogalactopyranoside-directed expression of a phosphorylation-
independent form of Spo0A (Sad67) and the use of an in vivo mini-Tn/0 insertional library permitted the
identification of the developmental SinR repressor and RapA phosphatase as the effectors that mediated the
inhibitory effect of alcohol on spore morphogenesis. A double rap4 sinR mutant strain was completely resistant
to the inhibitory effects of different-C-length alcohols on sporulation, indicating that the two cell fate deter-
minants were the main or unique regulators responsible for the spo0 phenotype of wild-type cells in the
presence of alcohol. Furthermore, treatment with alcohol produced a significant induction of rap4 and sinR,
while the stationary-phase induction of sinl, which codes for a SinR inhibitor, was completely turned off by
alcohol. As a result, a dramatic repression of spo04 and the genes under its control occurred soon after alcohol
addition, inhibiting the onset of sporulation and permitting the evaluation of alternative pathways required for

cellular survival.

Spore morphogenesis in the soil bacterium Bacillus subtilis
constitutes an excellent model to study the signals and the
triggered events that govern the metamorphosis of a growing
cell into a dormant cell (35, 41). Effectively, to survive under
extreme environmental conditions and to cope with indefinite
periods of starvation, B. subtilis possesses the ability to differ-
entiate into highly resistant spores (9, 34). At the onset of
sporulation, cells divide asymmetrically into a large compart-
ment (the mother cell) and a small compartment (the fore-
spore) which are joined at the division septum. The polar
division triggers cell-type-specific gene expression, first in the
forespore and then in the mother cell (1, 35, 41).

The temporal and spatial cell-type-specific gene expression
in the developing sporangium (mother cell plus forespore) is
achieved by regulation of a cascade of four RNA polymerase
sigma factors: o, oF, 0%, and o™. At each stage of sporulation,
the induction of a specific o factor depends on a signal trans-
duced through the double membrane of the prespore that
passes back and forth by a process of dubbed crisscross regu-
lation. Evidently, the decision to abandon vegetative growth to
form a dormant spore must be finely balanced. If cells fail to
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sporulate before conditions become too severe, they may per-
ish. On the other hand, if cells sporulate while adaptation and
resumption of growth are still possible, they lose the opportu-
nity to propagate and may be overrun by other organisms in
the environment.

Then, how is the onset of sporulation regulated? The cellu-
lar level of the phosphorylated Spo0OA transcription factor gen-
erated by the phosphorelay signal transduction system regu-
lates initiation of sporulation (6, 11). The phosphorelay is a
more sophisticated version of the classical two-component sig-
nal transduction system originally described for bacteria but
later also found in fungi and plants (7). Five histidine kinases,
KinA to KinE, in response to different stimuli, activate the
system through autophosphorylation and transference of the
phosphoryl group to the intermediate response regulator
SpoOF. By means of the SpoOB phosphotransferase, the phos-
phoryl group is then transferred from SpoOF~P to the Spo0A
response regulator. Regulation of the SpoOA phosphorylation
level occurs by a combination of the transcription control (me-
diated by the repressors AbrB, SinR, and Hpr) of key compo-
nents of the phosphorelay and the regulation of the flow of
phosphate through a regulatory cascade that involves the five
KinA to KinE kinases and their regulators and the Rap/SpoOE
families of developmental phosphatases (7, 8, 29, 30, 43).

This myriad of negative transcriptional and posttranslational
mechanisms that control the onset of sporulation indicates that
the phosphorelay also integrates inhibitory signals that ensure
that cells do not initiate sporulation unless it is likely that they
will be able to complete the process successfully (developmen-
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TABLE 1. B. subtilis strains used in this study

Strain Relevant genotype Source and/or reference
JH642 trpC2 pheAl Laboratory stock
JH12834 ArapA::Tn917 ery M. Perego
JH12981 amyE:rapA-lacZ kan M. Perego
JH16102 amyE::kinB-lacZ cat V. Dartois
JH16480 amyE::spollE-lacZ cat Laboratory stock (1)
JH16124 amyE::spollA-lacZ cat Laboratory stock (1)
JH16182 amyE::spollG-lacZ cat Laboratory stock (1)
JH16304 amyE::spollG-lacZ kan Laboratory stock (1)
JH19000 amyE::kinA-lacZ cat Laboratory stock (41)
JH19004 amyE::spoOF-lacZ cat Laboratory stock (41)
JH19003 amyE::spo0B-lacZ cat Laboratory stock (41)
JH19005 amyE::spo0A-lacZ cat Laboratory stock (41)
JH19087 AkinA::spc Laboratory stock (41)
JH19980 AkinB::tet Laboratory stock (41)
Sik83 amyE::P-spac-sad67 cat spollA-lacZOIIA ery Laboratory stock (A. Grossman)
RG2051 amyE::spollQ-lacZ cat MO2051 (P. Stragier) — JH642
RG1679 amyE::spollD-lacZ cat MO1679 (P. Stragier) — JH642
RG19990 AkinA::spe AkinB::tet JH19087 — JH19980
RG286 amyE::sigB-lacZ cat PB286 (C. Price) — JH642
RG198 amyE::ctc-lacZ cat PB198 (C. Price) — JH642
RG1114 spollEQIIE neo KI1114 (A. Grossman) — JH642
RG163 amyE::spollG-lacZ kan sigB::cat PB153 (C. Price) — JH16304
RG1261 amyE::spollQ-lacZ cat thr::P-spac-spollAC kan MO1261 (P. Stragier) — RG2051
RG19 sinR::mini-Tnl0 spc This study
RG23 rapA::mini-Tnl0 spc This study
RG432 AsinR::cat 1S432 (I. Smith) — JH642
RG433 AsinR::cat ArapA::Tn917 ery JH12834 — RG432
RG1400 amyE::spollG-lacZ kan ArapA::Tn917 ery JH12834 — JH16304
RG1401 amyE::spollG-lacZ kan AsinR::cat 1S432 (1. Smith) — JH16304
RG1402 amyE::spollG-lacZ kan AsinR::cat ArapA::Tn917 ery JH16304 — RG433
RG12982 amyE::rapA-lacZ kan Aspo0A::ery Sik31 (I. Smith) — JH12961
RG12983 amyE::rapA-lacZ kan AcomA::ery MB221 (A. Sonenshein) — JH12961
RG437 amyE:sinl-lacZ cat 1S437 (1. Smith) — JH642
RG438 amyE:sinR-lacZ cat 1S438 (I. Smith) — JH642
RG439 amyE:sinl-lacZ cat hprOpMTL20EC ery SS62 (T. Leighton) — RG437

tal checkpoints) (8, 13, 28). In this respect, the seminal work of
Bohin et al. showed long ago that addition of subinhibitory
concentrations of short-chain aliphatic alcohols ranging from
C, to C, (methanol, ethanol, propanol, or butanol) to expo-
nentially growing B. subtilis cells reduced the growth rate with-
out affecting the final yield (4). Intriguingly, a more dramatic
deleterious effect than the one observed on vegetative growth
was perceived when the differentiation of vegetative cells into
dormant spores was analyzed (4, 15). The efficiency of spore
formation in cultures grown in the presence of alcohol con-
centrations that did not affect vegetative growth was reduced
more than 100-fold. The period of sensitivity for the capacity to
make spores was found to begin at around 45 min and to end
90 min after the commencement of stationary phase (7).
However, the toxic effect of alcohol was detected by electron
microscopy only at 7, to 75, when septation fails to occur in the
majority of cells, while a remaining minority of cells showed
multiple and abnormal septation (4). Ng et al. and Bohin and
Lubochinsky showed that specific suppressors of Spo0 muta-
tions in either rpoD, encoding o (crsA47), or the spo0A gene
itself (ntA11 and ssa) also blocked the ethanol sensitivity of
sporulation (3, 27). However, a functional link between the
identified suppressors and the detrimental effect of alcohol on
sporulation was not found and the specific target of alcohol
that interrupted the development of the spore remained un-
known (3, 4, 15, 27).

In the present work we reexamined this old enigma of the
molecular basis of the detrimental effects of subinhibitory con-
centrations of ethanol (alcohol stress) on the development of
the morphogenetic program of B. subtilis differentiation. Our
findings indicate that the deleterious effects of alcohol on
sporulation are due to an alcohol-triggered pathway involving
the SinR and RapA developmental regulators, which directly
control (i) the activity of the phosphorelay and hence the
phosphorylation level of Spo0A (RapA effect) and (ii) the
transcription of early key components of the sporulation pro-
gram (SinR effect).

MATERIALS AND METHODS

Bacterial strains, media, and growth conditions. The B. subtilis strains used in
this study are derived from JH642 and are described in Table 1. For the de-
scribed experiments, B. subtilis was propagated in Luria-Bertani broth (LB me-
dium) or in Schaeffer’s sporulation medium (SSM) (1) as indicated. Antibiotics
were added to the media at the following concentrations for B. subtilis: 5 wg/ml,
chloramphenicol; 2 wg/ml, kanamycin; 50 pg/ml, spectinomycin; 20 wg/ml, tet-
racycline; 0.5 pg/ml, erythromycin; and 7 wg/ml, neomycin. For determination of
sporulation efficiency, ethanol-treated and nontreated cultures of B. subtilis were
grown in SSM for 20 h and then serial dilutions were plated on solid SSM or LB
before and after treatment with CHCl, (10% for 15 min) (1). B-Galactosidase
activity in B. subtilis strains harboring lacZ fusions were assayed as described
previously, and the specific activity is expressed in Miller units (1). The spore
counting and B-galactosidase experiments for which results are shown in the
figures were independently repeated five times, and a representative or average
set of results is showed in each case. For alcohol treatment, prewarmed ethanol
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was added at the time indicated for each experiment at a final concentration
ranging from 0.7 to 0.8 M, as indicated.

Immunoblot analysis. B. subtilis cultures were grown as indicated. Aliquots of
10 ml of each culture were collected by centrifugation and washed three times in
disruption buffer (TES [S0 mM], NaCl [50 mM], dithiothreitol [5 mM], 10%
glycerol, EDTA [1 mM] [pH 7.5], protease inhibitor cocktail [Complete buffer;
Boehringer]). Cells were finally resuspended in 0.5 ml of disruption buffer and
disrupted by sonication (3 times for 0.5 min) using a model 200 Sonifier (Bran-
son). Cell debris was removed by centrifugation (20 min, 13,000 rpm [Marathon
16 Km; Fisher Scientific] at 4°C). The protein concentration in crude extract was
determined by using the Bradford protein assay (Bio-Rad). The samples were
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis in a 12%
acrylamide gel, transferred to an Immobilon membrane (Millipore, Billerica,
Mass.), and revealed with anti-Spo0OA rabbit antibody and an alkaline phos-
phatase-conjugated anti-rabbit immunoglobulin G (Bio-Rad). For signal quan-
tification, films were scanned and analyzed densitometrically.

Generation of the mini-Tnl0 insertional library enriched in alcohol-resistant
transposants. The mini-Tn/0 delivery plasmid pIC333 (40) was generously ob-
tained from Tarek Msadek (Institut Pasteur, Paris, France). This delivery vector
(7 kb) has several features that make it the ideal tool to create an in vivo
insertional library in B. subtilis (40). Transformation of the reference strain
JH642 was done as previously described (1), selecting for Ery" (LB plates plus 0.5
pg of erythromycin/ml) at 28°C.

Fatty acid analysis. Measurements of fatty acid synthesis by B. subtilis cells
were performed as previously described (15, 37). Briefly, strain JH642 was grown
in liquid SSM until the late exponential phase (7, or T;). Aliquots of these cells
(1 ml each) were taken and treated with ethanol (0.7 M) or cerulenin (5 pg/ml)
or were nontreated. All the aliquots were immediately exposed to 10 pnCi of
[**CJacetate or 10pCi of [**Clisoleucine as precursors of de novo radioactive
membrane lipids. Incubation was continued until 2 or 3 h after entrance into
stationary phase. After this incubation period, lipids were extracted from whole
cells as previously described (15, 37). Diacylglycerol (DG) and phospholipid (PL)
fractions were separated by thin-layer chromatography on silica gel plates de-
veloped in petroleum ether-ether-acetic acid (70:30:2). In this system DGs mi-
grate with the solvent while PLs remain in the origin of the thin-layer plate (15).
The radioactive compounds were located by autoradiography and quantified by
scintillation counting.

RESULTS AND DISCUSSION

Ethanol inhibits the transcription of Spo0A~P-dependent
developmental genes. The precise developmental step inhib-
ited by alcohol treatment during the morphogenesis of the
spore was not previously identified (3, 27). To answer this
unsolved question, we analyzed the effect of ethanol on the
expression of temporally and spatially regulated developmen-
tal genes of isogenic B. subtilis strains containing sporulation-
reporter lacZ fusions. Levels of B-galactosidase activity were
measured from cultures grown in the absence or presence of
ethanol and used as indications of gene expression from the
reporter fusions to developmental promoters under the control
of Spo0A~P, oF, and oF (Fig. 1). In cultures treated with a
subinhibitory concentration of ethanol (0.7 M) (4, 15), the
expressions of the mother cell and forespore genes spollID (oF
dependent) and spollIQ (oF dependent) were completely inhib-
ited, confirming for the first time that cell-specific gene expres-
sion was blocked by ethanol treatment (Fig. 1A and B). Inter-
estingly, expression of the Spo0A~P-dependent spoll genes,
coding for oF (SpollAC), o (SpolIGB), and their regulatory
proteins (SpolIAA, SpolIAB, SpollE, and SpolIGA) was also
completely arrested under ethanol stress (Fig. 1C to E). How-
ever, expression of the phosphorelay genes that do not require
active Spo0A (SpoOA~P) for their induction (kinA, kinB, and
spo0OB) showed essentially the same levels of developmental
B-galactosidase activity in ethanol-treated or untreated cul-
tures (Fig. 1F to H). On the other hand, the induction of
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phosphorelay genes that required SpoOA~P (spoOF and
spo0A) was completely turned off in ethanol-treated cells (Fig.
11 to J). These results shed new light on the pioneering work of
Bohin et al. almost 30 years ago that showed for the first time
the detrimental effect of alcohol on sporulation (4). The new
results presented here clearly indicate and demonstrate for the
first time that treatment with subinhibitory levels of ethanol
blocked the activation and/or the activity of the key regulator
Spo0A~P (Spo0 phenotype, Fig. 1K).

Alcohol inhibition of spore development is not due to a
specific blockage of the activating pathways of the sensor
sporulation kinases. It was previously suggested that ethanol
might block sporulation in B. subtilis through a specific inhibi-
tion of the activation pathway of KinA (42). In order to test
this proposal, we analyzed the effect of ethanol treatment on
the proficiency of making mature spores of different B. subtilis
strains harboring mutations in the genes coding for KinA and
KinB, the main sensor sporulation kinases present in this bac-
terium (18). If ethanol inhibition of spore morphogenesis was
due to a specific inhibition of KinA (42), a kin4 mutant strain
should show the same sporulation phenotype in the absence or
presence of ethanol. Surprisingly, the effects of ethanol on
spore formation of the wild type and kinA and kinB mutant
strains were completely different from the ones that should be
expected for a specific inhibitor of the activating pathway of
KinA. Indeed, ethanol treatment produced a profound decline
in the efficiency of spore formation not only of the wild-type
strain (kindA™* kinB™), but also of the kinA kinB* and kinA™
kinB strains. In all cases, the three ethanol-treated strains
showed, on sporulation plates, the same Spo0 phenotype (data
not shown) and a dramatic reduction in the capacity to form
spores in liquid culture (Table 2). Furthermore, ethanol treat-
ment also reduced the number of produced spores of a kinA
kinB strain to levels of a spo0A mutant strain (less than 10
spores ml~*; strain RG 19990 [Table 2]). Since the low number
of spores formed by a kinA4 kinB strain (average, 1 X 10% to 1
X 10° spores ml~ ') derives from the activation of the minor
sensor sporulation kinases of the phosphorelay (KinC, KinD,
and KinE) (18), it can be concluded that ethanol treatment
inhibited spore formation even when KinA and KinB were
absent (Table 2, bottom row, kinA kinB strain). Moreover,
since it is accepted that the activating pathways of the three
membrane-bound (KinB, KinC and KinD) and the two soluble
(KinA and KinE) sensor sporulation kinases must respond to
different sorts of environmental and metabolic signals (18), we
considered it unlikely that ethanol could block simultaneously
the five independent sporulation-activating pathways. Thus,
apart from discarded KinA as the alcohol target (42), we con-
cluded that the not-yet-identified key sporulation event inhib-
ited by ethanol should take place during a time window down-
stream from that of the activation of the sensor-sporulation
kinases but before the induction of SpoOA~P-dependent
genes.

Alcohol stress blocks the phosphorelay signaling pathway
and interferes with the activation of Spo0A~P-dependent
genes. Since regulated proteolysis has been determined to be
an important regulatory mechanism during development (25),
we wondered whether alcohol affected the stability of Spo0A
itself. To this end, we used B. subtilis strain Sik31, which was
engineered to produce, under the control of the isopropyl-3-
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FIG. 1. Ethanol blocks expression of early Spo0A~P-dependent developmental genes. (A to J). Cells were grown in liquid SSM, and at the time
indicated by the arrow ethanol (0.7 M; 4%) was added to one-half of each culture. Samples of untreated (filled symbols) and ethanol-treated (open
symbols) cultures were collected at the indicated times and assayed for B-galactosidase activity, expressed in Miller units (M.U.) (1). Time zero
represents the transition from vegetative to stationary phase. The wild-type B. subtilis strains utilized for the experiments, RG1679 (A), RG2051
(B), JH16480 (C), JH16182 (D), JH16124 (E), JH19000 (F), JH16102 (G), JH19003 (H), JH19004 (I), and JH19005 (J), harbored transcriptional
B-galactosidase fusions to the sporulation promoters indicated in each panel. Each panel shows the data from a representative experiment done
in triplicate. (K) Cartoon interpreting the results shown in panels A to J, indicating that ethanol treatment blocks the onset of spore morphogenesis

(stage zero).

TABLE 2. Ethanol does not affect the activating pathways of the
sensor sporulation kinases”

Strain ;;lg\t/;;; F;tc}llg:gl C\Qi t/)rlrfl Spores/ml  Spores (%)?
JH642 kinA* kinB* No 41 x10% 29 x10% 70.70
Yes 33x10% 1.3x10*  0.004
JH19087  kinA kinB™ No 5.7 x10% 3.6 X 107 6.32
Yes 1.8x10% 1.0x10°  0.001
JH19980 kinA™ kinB No 3.7x10% 1.0 x 108 48.20
Yes 29x10% 8.6x10* 0.003
RG19990 kinA kinB No 5.0x10% 1.0 x 10° 0.0002
Yes 3.0 x 108 <10 <0.000003

¢ Effect of ethanol on spore formation in liquid culture of B. subtilis strains
harboring mutations in the coding genes for the main sporulation kinases. Cul-
tures were grown with or without ethanol (0.7 M) in liquid SSM at 37°C.

 Samples were tested for spore formation after 20 h of growth. Data are the
averages of five independent experiments.

p-thiogalactopyranoside (IPTG)-inducible P,,,. promoter, a
constitutive active form of Spo0A named Spo0A-Sad67 (1, 16).
Spo0A-Sad67 represents a shortened form of SpoOA resulting
from an internal deletion of the wild-type spo0A gene (16).
Even though Spo0A-Sad67 is not exactly the same as the native
form of SpoOA, it has been previously shown by different
groups that it fully mimics the behavior of active Spo0A
(Spo0A~P) under different conditions (1, 16). Thus, we con-
sidered the use of strain Sik31 a valuable tool to turn on and off
the expression of spo0A-sad67 (=IPTG, respectively) for the
study of the stability of Spo0A-Sad67 synthesized before the
addition of the alcohol. Hence, we produced (in the presence
of IPTG) active Spo0A-Sad67 to monitor its stability in the
absence (after IPTG removal) of de novo synthesis of Spo0OA-
Sad67. Under these experimental conditions, levels of Spo0OA-
Sad67 in protease-proficient wild-type cells were essentially the
same, as judged by Western analysis and densitometry, in the
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FIG. 2. Ethanol does not affect the stability of Spo0OA-Sad67. West-
ern blot experiment showing the in vivo stability of the SpoOA~P
equivalent form Spo0A-Sad67 in ethanol-treated and untreated cul-
tures. A 100-ml culture of B. subtilis strain Sik31 (Aspo0A::Erm" P,

sad67) was grown in SSM at 37°C until mid-exponential phase. At this
point IPTG (1 mM) was added, and growth was continued for another
2 h. After this induction period (production of Spo0A-Sad67), the
100-ml culture was washed three times and growth was resumed in
fresh prewarmed SSM without IPTG. Five minutes later, ethanol (0.7
M) was added to one-half of the washed culture, and both halves (with
and without ethanol) were further incubated at 37°C. At the indicated
times, samples were removed to prepare the cell extracts. Lanes 1 and
2, levels of Spo0A-Sad67 after the 2-h incubation period with IPTG
before and immediately after its removal (IPTG washing), respectively.
Lanes 3 to 10, levels of Spo0A-Sad67 at the indicated times after
resumption of growth in fresh IPTG-free SSM with or without ethanol
supplementation. Protein extracts, electrophoresis conditions, and re-
action with anti-Spo0A antibodies were as indicated in Materials and
Methods.

presence or absence of alcohol, which made it reasonable to
consider that ethanol did not affect the stability of active
Spo0A (Fig. 2).

Discarding the activating pathways of the sensor sporulation
kinases (Table 2) and regulated proteolysis of active Spo0OA
(Fig. 2) to explain the Spo0 phenotype of alcohol-treated cells,
we analyzed whether alcohol treatment inhibited the phos-
phorylation of Spo0OA by the phosphorelay signaling system
and/or the activity of SpoOA~P as a transcription regulator.
Thus, we monitored the effect of ethanol treatment on the
efficiency of spore formation in cultures of strain Sik31 induced
by IPTG before the addition of alcohol. In this way, we were
able to separate the activity of the Spo0A-Sad67 transcription
factor from the integrity of its activating pathway (the phos-
phorelay) since Spo0A-Sad67 does not require phosphoryla-
tion for its activity (16). Surprisingly, the addition of IPTG to
Sik31 cultures only partially suppressed the inability to pro-
duce spores in the presence of alcohol. In fact, the IPTG-
directed synthesis of this phosphorylation-independent form of
Spo0A restored the capacity of ethanol-treated cells to make
spores at intermediate levels (average of 5 X 10° spores/ml),
compared to nontreated and treated cultures of the wild-type
strain (averages of 1 X 10® and 5 X 10* spores/ml respectively).
These results opened the possibility of the existence of multi-
ple targets of alcohol in its effect on sporulation (see below).

A transposon-generated insertional library to isolate devel-
opmental suppressors of ethanol. The results presented above
permitted us to hypothesize that the inhibition of spore mor-
phogenesis by alcohol arose from the induction of more than
one negative regulator of sporulation acting at least at two
levels: decreasing the generation of SpoOA~P by the phos-
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phorelay signaling pathway (possibility 1 in Fig. 3A) and inter-
fering with the activity of SpoOA~P as a transcription factor
before asymmetric division (possibility 2 in Fig. 3A). Thus, we
formulated a hypothetical scenario where B. subtilis should be
able to sporulate in the presence of alcohol when carrying
mutations in the genes coding for the proposed ethanol-in-
duced negative regulators. In order to identify these presumed
existent regulatory genes, we generated, with the minitranspo-
son mini-Tn/0 (40), an in vivo spectinomycin resistant (Spc")
JH642-derived insertional library. This Spc' insertional library
was enriched in the presence of ethanol and screened on
sporulation plates to isolate Spc” transposants able to sporulate
in the presence of alcohol (data not shown). After the analysis
of almost 11,000 alcohol-enriched transposants, several puta-
tive alcohol-resistant clones were isolated. Transformation to
Spc’ of competent cells of the wild-type ethanol-sensitive pa-
rental strain JH642 with chromosomal DNA prepared from
each of the putative alcohol-resistant candidates showed that
only two of them transferred with 100% efficiency the nonse-
lected resistance of sporulation to the presence of alcohol. The
DNA sequence of the chromosome regions that flanked the
ends of the mini-Tn/0 transposon inserted in both alcohol-
resistant suppressors, after their rescue in E. coli, in compari-
son with the annotations for the genome sequence of B. subtilis
(21) revealed that both insertions were independent. In one
case, the mini-Tn/0 transposed on the promoter region of the
SpoOF~P phosphatase-coding gene rapA. In the second case,
the mini-Tn/0 transposed on the N-terminal coding region of
the developmental regulatory gene sinR (Fig. 3B).

rapA and sinR mutations fully suppress the inhibitory effect
of alcohol on spore morphogenesis. In order to determine the
significance of the two isolated alcohol-resistant suppressors,
we analyzed the expression of a Spo0A~P-dependent 3-galac-
tosidase fusion and the efficiency of spore formation in differ-
ent rapA and sinR genetic backgrounds. As shown in Fig. 4,
while single rapA and sinR mutant strains showed significant,
although partial, levels of Spo0A~P activity in the presence of
ethanol, only a double rapA sinR mutant strain had the full
activity of the transcription factor restored in alcohol-treated
cells. According to this result, both single mutant strains were
able to form a significant number of spores in the presence of
alcohol, while the double rapA sinR mutant strain was com-
pletely insensitive to ethanol inhibition of spore formation
(Table 3). In addition, the double rapA sinR mutant strain
retained the capacity to make spores at wild-type levels (com-
plete Spo™ phenotype) in the presence of subinhibitory con-
centrations of alcohol of different C lengths (methanol, 1-pro-
panol, and 2-propanol) that were previously reported (3, 4) to
severely block sporulation of wild-type cells (data not shown).
The overall results, the unaffected SpoOA~P activity and the
full capacity of the double rapA sinR mutant strain to make
spores in the presence of different alcohols, strongly indicated
that SinR and RapA were the main or unique regulators in-
volved in the inhibition of spore formation under alcohol
stress.

rapA expression is induced by ethanol treatment. The re-
sponse regulator SpoOF~P of the phosphorelay signal trans-
duction system is the specific target of RapA, which is the first
and best-characterized member of the Rap family of aspartyl
phosphate phosphatases (17, 22, 29). Expression of rapA is
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FIG. 3. Identification of cell fate determinants involved in alcohol-produced inhibition of cellular morphogenesis in B. subtilis. (A) Cartoon
summarizing a hypothetical scenario in which alcohol treatment triggers the expression of more than one negative regulator of spore development
that would interfere with the activation of Spo0A by the phosphorelay (possibility 1) and its activity as a transcription factor (possibility 2). These
induced antisporulation regulatory factors should be responsible for the inhibition of the activity of the phosphorelay signaling system (phos-
phorylation of Spo0A) and the inhibition of the activity of Spo0A~P itself. (B) Identification of alcohol-resistant transposants after the generation
of the insertional mini-Tn/0 library, enrichment, isolation, and DNA sequencing (40). The DNA sequence information permitted the determi-
nation of the precise location of the original transpositions of mini-Tn/0 in clones 1 and 2 of B. subtilis that generated the alcohol-resistant

phenotype observed on the sporulation plates.

known to be differentially activated by physiological processes
other than sporulation, as is the case for genetic competence,
which is under the control of the ComP-ComA two-component
signal transduction system (26). This regulatory circuit allows
the recognition of signals antithetical to sporulation and pro-
vides a means to impact on phosphorelay and the level of
generated SpoOA~P, which is, in addition, a repressor of rapA
transcription (26).

A further level of complexity is brought into the system by
the mechanism modulating RapA phosphatase activity (29, 31,
32). The rapA gene is transcriptionally coupled to a second
gene, phrA, which encodes an inactive 44-amino-acid phospha-
tase regulator protein, pro-PhrA (32). pro-PhrA is subject to a
series of proteolytic events throughout an export-import con-
trol circuit, which finally result in the appearance of an intra-
cellular active PhrA pentapeptide (29). This PhrA pentapep-
tide inhibits specifically the phosphatase activity of RapA on
SpoOF~P (17, 29). Thus, we analyzed the effect of ethanol on
rapA expression in order to obtain more insights on how cell
fate was affected by alcohol and to distinguish between a caus-
ative and a noncausative link between ethanol treatment and
rapA regulation. As is shown in Fig. 5A, ethanol treatment
stimulated significantly the expression of the reporter fusion to

the rapA promoter. This result reinforced the view of a func-
tional (causative) link between alcohol stress and rapA re-
sponse that contributes to the generation of the Spo0 pheno-
type observed in the presence of alcohol. Furthermore,
ethanol-enhanced rapA expression was independent of its spe-
cific repressor, Spo0A~P, but it still required the presence of
its positive regulator, the competence response regulator
ComA~P (Fig. 5B). The last result suggested that the RapA-
dependent branch of the alcohol inhibitory pathway of sporu-
lation depended on a functional competence pathway. Since
pro-PhrA is encoded by the same transcript as RapA (29, 32),
it could be reasonable to imagine that the expression of the
pro-inhibitor could also be induced by ethanol treatment. If
this was the case, the ethanol-induced pro-PhrA would inhibit
(after its processing and reinternalization) the activity of over-
expressed RapA. Hence, in opposition to the obtained exper-
imental results (Fig. 4 and 5 and Table 3), the developmental
RapA phosphatase would not have an important role in the
inhibition of spore formation under alcohol stress. However,
and in accordance with the present results, it was recently
reported that overproduction, from a multicopy plasmid, of the
PepF oligopeptidase inhibited sporulation initiation in B. sub-
tilis due to hydrolysis of the PhrA pentapeptide at some stage
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FIG. 4. The cell fate determinants SinR and RapA are responsible
for the inhibition of spore morphogenesis under alcohol stress. Levels
of Spo0OA~P-dependent p-galactosidase activity from different
JH16304-derived isogenic strains harboring rapA4 and/or sinR muta-
tions in the presence or absence of ethanol (black and white bars,
respectively). Cultures of JH16304 (wild type) and the isogenic deriv-
atives RG1400 (ArapA::ery), RG1401 (AsinR:cat), and RG1402
(ArapA::ery AsinR::cat) were grown in SSM until the late exponential
phase (T_,5), when ethanol (0.7 M) was added to one-half of each
culture. Growth of the eight cultures was continued for several hours,
and samples were collected and assayed for B-galactosidase activity.
The reported Miller units (M.U.) represent the sum of B-galactosidase
activities determined every 30 min from 7, to 7,5 for each culture.
Data are the averages from three independent experiments done in
triplicate. The activity of the SpoOA reporter lacZ fusion and the
efficiency of spore formation (+/— ethanol) were essentially the same
for strains RG19 (rapA::mini-Tnl0-Spc')/RG1401 (ArapA::Ery") and
RG23 (AsinR::mini-Tnl0-Spc")/RG1400 (AsinR::Cat"), respectively
(data not shown).

of its maturation/activation pathway (19). It was previously
shown (33) that the single PepF-coding gene (formally called
yibG) belongs to a class of stress genes strongly induced by
ethanol treatment in a o®-independent manner. Taking into
consideration these reports (19, 33) and the present results, we
propose that the induction of the rapA-phrA operon after eth-
anol addition (Fig. 5A and B) was accompanied by the over-
expression of the PepF-coding gene, yjbG (33). Both ethanol-
directed transcriptional inductions (rapA-phrA and pepF)
would produce a PepF-mediated proteolysis of pro-PhrA/PhrA
(19). Hence, the overproduction of free and active RapA phos-
phatase (19, 33) plus the two levels of rapA induction observed
after alcohol addition (Fig. SA and B) would constitute a
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functional link between the regulatory network of the phos-
phatase and the significant inhibition of sporulation after al-
cohol addition (Fig. 5C).

Ethanol activates sinR transcription and represses the sta-
tionary-phase induction of sirnl. One of the best-characterized
B. subtilis transition state regulators is the DNA-binding pro-
tein SinR and its posttranslational antagonizing regulator, Sinl
(2). SinR is a key developmental repressor of the early sporu-
lation genes spo0A, spollA, spollG, and spollE (23, 24). Hence,
SinR antagonizes and/or interferes with the inducing activity of
Spo0A~P on those sporulation genes (23, 24). SinR activity is
decreased as Sinl levels increase at the beginning of stationary
phase as a consequence of the formation of an inactive com-
plex between Sinl and SinR that inhibits its ability to bind to
DNA (2). Both developmental regulatory proteins are encoded
in the same sin operon in the order sinl-sinR and expressed
from three differentially regulated promoters (14). The pro-
moters P, (¢** dependent) and P, (¢" dependent) precede sinl
and produce RNAs that span the complete operon, while the
o*-dependent P, promoter precedes the sinR gene (14; Fig.
3B). Among these promoters, P; is the most important in
regulating sinIR expression at the onset of the sporulation and
in determining the ratio of Sinl and SinR proteins (2). In fact,
sinIR expression from P, is downregulated during the vegeta-
tive phase by the transcription factor Hpr and dramatically
induced by Spo0A~P at the onset of stationary phase (14, 38;
Fig. 3B). On the contrary, the P5-directed transcription of sinR
is almost constant and relatively low throughout growth and
remains largely unaffected in a spo0A mutant background (14,
38).

We then considered it of interest to determine whether the
analyzed sinR mutations (Fig. 4 and Table 3) compensated for
the deleterious effect of ethanol on spore morphogenesis due
to a specific effect of ethanol on the production of the Sin
proteins not previously observed. To do this, we analyzed the
expression of each component of the sin operon, using B.
subtilis strains carrying sinl-lacZ and sinR-lacZ fusions that
contained the P, and the P; promoters, respectively (14). As is
shown in Fig. 6A, ethanol treatment produced a significant
induction throughout of sinR expression from the o**-depen-
dent P; promoter. Due to the novelty of the positive effect of
alcohol on sinR expression from the P; promoter, we are con-
ducting experiments to uncover the nature of the alcohol-
targeted regulator that, positively or negatively, would control
sinR expression.

On the other hand, ethanol treatment completely blocked
the Spo0A~P-dependent P;-induction of sinl expression at the

TABLE 3. Efficiency of sporulation in ethanol-treated and untreated wild-type, sinR, and rapA strains”

SSM SSM + ethanol (0.7 M)
Strain . L .
C\;His t/)rlrfl Spores/ml S(PL;;‘)? C\éﬁds l/)rlgl Spores/ml S(Po/‘;r)?
JH642 (wild type) 4.0 x 108 3.6 X 108 90.00 3.0 X 107 1.7 X 10* 0.057
RG23 (rapA) 1.9 X 108 1.8 x 108 94.74 2.7 X 107 3.4 %X 10° 12.59
RG19 (sinR) 8.0 x 108 7.5 x 108 93.75 2.8 x 107 5.2 % 10° 18.57
RG433 (sinR rapA) 8.3 X 10% 8.1 x 108 97.59 1.3 x 107 1.2 X 107 92.31

¢ Cultures were grown in SSM at 37°C for 20 h. For the treated cultures the alcohol (0.7 M) was added 2 h before the onset of stationary phase. The results of a

representative experiment are shown.

® Note that the ethanol-treated culture of strain RG433 (sinR rapA mutant) reached the same sporulation efficiency as those of the untreated cultures (bold numbers).
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FIG. 5. Ethanol treatment enhances RapA production. (A) B-Galactosidase activity of strain JH12981 (rapA-lacZ) grown in SSM in the absence
or presence of ethanol (0.7 M). For the treated culture (open symbols) alcohol was added at early exponential phase (optical density at 525 nm
[ODs,s] of 0.25). Samples were removed at the indicated times and assayed for B-galactosidase activity. Data from a representative experiment
are shown. (B) Levels of rapA expression in wild-type (JH12981) and two isogenic spo0A and comA mutants strains. Cultures were grown in SSM
at 37°C until mid-early exponential phase (ODs,s, 0.35), at which time ethanol (0.7 M) was added to one-half of each culture. Growth was resumed,
and samples were taken every 30 min for measurement of B-galactosidase activity. The reported Miller units (M.U.) represent the sum of
B-galactosidase activities accumulated from the moment of ethanol addition until 1 h after the end of the exponential phase. Data are the averages
of three independent experiments done in triplicate. (C) Model for the RapA-dependent branch of inhibition of sporulation by alcohol treatment.
In untreated exponentially growing cells (minus ethanol in the cartoon), expression of the rapA-phrA operon is driven from the o**-containing form
of RNA polymerase under the temporal negative and positive control of Spo0A~P and ComA~P, respectively. Even though the presumed levels
of both regulatory cell fate determinants (RapA and pro-PhrA) should be similar, the RapA phosphatase is constitutively active. This is because
pro-PhrA is exported, in a SecA-dependent process, and accumulated in the extracellular medium as an inactive precursor. At the onset of
stationary phase, pro-phrA is processed to an active pentapeptide and imported to the cellular cytosol (through the Opp oligopeptide permease)
to inhibit RapA activity. As a result, more phosphate is transferred through the phosphorelay to SpoOA to reach the threshold of Spo0A~P needed
for the initiation of spore formation. In exponentially growing ethanol-treated cells (plus ethanol in the cartoon), the ComA-dependent enhanced
rapA-phrA expression would result in higher levels of both regulatory proteins. However, since ethanol also induces the expression of the stress
gene yjbG (coding for the pro-PhrA/PhrA oligopeptidase PepF), it is hypothesized that pro-PhrA/PhrA is proteolytically degraded under ethanol
treatment (19). Hence, both during exponential and stationary phases of ethanol-treated cultures, only free and active RapA phosphatase would
be present, producing a profound blockage of the ability of B. subtilis cells to initiate sporulation in the presence of alcohol.
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FIG. 6. Ethanol affects the SinR-Sinl-dependent regulatory circuit controlling spore development in B. subtilis. (A to C) B-Galactosidase
activities of the reporter fusions sinR-lacZ (RG438) (A) and sinl-lacZ (RG437) (B and C) in wild type (A and B) and Apr mutant (RG439)
(C) strains. Cells were grown in SSM at 37°C until mid-exponential phase, at which time ethanol (0.7 M) was added to one-half of each culture
(arrow). Growth was continued for several hours, and B-galactosidase activity was measured at the indicated times (closed symbols, without
ethanol; open symbols, with ethanol). The results of a representative experiment are shown. M.U., Miller units. (D) Model for the SinR-dependent
branch of inhibition of sporulation by alcohol treatment. In untreated ethanol cultures (minus ethanol in the cartoon), SinR synthesis blocks spo0A
and early spoll gene expression during exponential phase (23, 24). Hence, the start of sporulation is prevented during vegetative growth. At the
onset of stationary phase down-regulation of the Hpr repressor and the higher levels of SpoOA~P activate transcription of sin. The increased levels
of SinI overcome SinR levels, sequestering all the repressor protein in an inactive complex (Sinl::SinR); hence sporulation begins. With alcohol
treatment (plus ethanol in the figure), sinR expression is enhanced during both exponential and stationary phases. Simultaneously, down-regulation
of spo0A (due to enhanced production SinR and RapA, see above) up-regulates abrB and hpr expression (data not shown). The decreased
generation of Spo0A~P and the increased levels of Hpr, activator and repressor of sinl expression, respectively, result in the production of low
levels of Sinl that cannot overcome the ethanol-dependent SinR overproduction; hence the beginning of sporulation is constitutively blocked. Also

shown is the repressing effect of Hpr on opp, which contributes to the RapA-mediated inhibitory effect of alcohol on sporulation (see the text for
details).

onset of stationary phase (Fig. 6B). Furthermore, this inhibi-
tory effect on sinl stationary-phase expression was completely
released in the absence of its specific repressor, Hpr (hpr mu-
tant background, Fig. 6C). This last result suggested that the
negative effect of ethanol on sinl expression is indirect, prob-
ably due to the upregulation of abrB and hpr (38, 39). Effec-

tively, since SpoOA~P is a repressor of abrB, which in turn is
an activator of apr, our interpretation was that the low levels of
Spo0A~P formed after the addition of alcohol (primary effects
of RapA and SinR) should result in derepression of abrB and
hence upregulation of Apr. Overproduced Hpr will ultimately
impair sin/ (38) induction when the ethanol-treated culture
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reaches the stationary phase of growth. Taking into account
these results, we concluded that in the presence of subinhibi-
tory concentrations of ethanol the levels of the SinR develop-
mental regulatory protein would far exceed the levels of its
inhibitory partner, Sinl, contributing to the inhibition of spore
formation before asymmetric division (Fig. 6C). Moreover, the
upregulation of /ipr should also contribute to the RapA-medi-
ated inhibitory effect of alcohol on sporulation since Hpr is a
strong repressor of opp, whose product (the oligopermease
SpoOK) is essential for the internalization of Phr peptides (20).

An integrated portrait of the responsive network of B. sub-
tilis to alcohol stress. B. subtilis cells respond almost immedi-
ately to different growth-limiting stresses (including alcohol
treatment) by producing a large set of general stress proteins
that permit the adaptation of nongrowing and nonsporulating
cells for long-term survival (36). The genes encoding the ma-
jority of these general stress proteins belong to the o®-depen-
dent general stress regulon, which currently comprises more
than 100 genes (36). Even though, o® was induced and active
under our experimental conditions (data not shown) and
would be involved in the adaptation of B. subtilis cells to the
growth-limiting conditions imposed by ethanol treatment (36),
the transcription factor o®, and hence the genes under its
control, were not involved in the detrimental effect of alcohol
on sporulation (data not shown). In fact, the results of the
present work showed that alcohol treatment blocked spore
formation by two complementary and simultaneous mecha-
nisms that yield B. subtilis cells arrested at the onset of the
differentiating pathway (Spo0O phenotype, Fig. 1K).

The evidence presented here shows that ethanol treatment
produced inhibition of sporulation during a time window
downstream of that of the activating pathway of the sensor
sporulation kinases (Table 2) but before asymmetric division
(Fig. 1 and 2). The addition of alcohol before the commence-
ment of stationary phase interfered with the phosphorylation
of the master developmental protein Spo0OA (RapA effect) and
with the activity of SpoOA~P as a transcription factor (SinR
effect) (Fig. 3 and 4). The fact that a double sinR rapA mutant
strain was completely refractive to the inhibitory effects of
different alcohols (ranging from C, to C,) on sporulation (Ta-
ble 3 and data not shown) strongly suggested that SinR and
RapA were the main or unique cell fate determinants respon-
sible for the inhibitory effect of alcohol on sporulation. Fur-
thermore, the expression of both developmental genes sinR
and rapA was novel and was significantly stimulated by ethanol
treatment while sin/ was simultaneously repressed (Fig. SA and
B and Fig. 6A to C). These alcohol-directed effects on rapA,
sinR, and sinl expression strongly suggest (in connection with
the complete Spo™ phenotype of the rapA sinR mutant strain
in the presence of different alcohols) a genuine and physiolog-
ical connection between alcohol treatment, gene expression,
and the inhibition of spore formation mediated by RapA and
SinR (Fig. 5C and Fig. 6D). Moreover, it is worthy to mention
that the present results bring about a plausible explanation for
the mysterious alcohol-resistant phenotype of B. subtilis strains
carrying the crsA47 mutation (27). In fact, the crs447 mutation
is located within the gene for the o subunit of RNA polymer-
ase (sig4 or rpoD), and it was shown that the introduction of
the crsA47 mutation in wild-type strains of B. subtilis almost
abolished sinR expression in sporulation medium (12). Taking
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FIG. 7. The inhibitory effect of alcohol on sporulation constitutes a
developmental checkpoint assuring cellular survival in the absence of
lipid synthesis. (A) Autoradiographic pattern of lipids synthesized by
the reference strain JH642 in the presence of the specific inhibitor of
fatty acid synthesis cerulenin or ethanol in sporulation medium. A
culture of strain JH642 was grown until 7, in SSM at 37°C. At this time
several 1-ml samples were taken and treated with ethanol (0.7 M) or
cerulenin (5 pg ml~') and exposed to 10 wCi of [**Clisoleucine for 3 h
at 37°C. A duplicate 1-ml sample was incubated for the same period
with the radioactivity but without cerulenin or ethanol supplementa-
tion (positive control). After these incubation periods lipids were ex-
tracted and chromatographed as described in Material and Methods.
The radioactive compounds were located by autoradiography, eluted
from the silica gel, and then quantified by scintillation counting. The
sample in lane 1 (positive control) contained 10,000 and 13,000 cpm of
radioactivity in the phospholipid (PL) and diacylglycerol (DG) frac-
tions, respectively. Lanes 2 (cerulenin treated) and 3 (ethanol treated)
contained 390 and 430 cpm in the PL fractions, and 400 and 350 cpm
in DG fractions, respectively. Essentially, the same results were ob-
served in several independent experiments done with ['*Clacetate or
[*Clisoleucine as precursors of radioactive lipids. (B) Schematic car-
toon representing the effects of and the key regulators triggered by
alcohol treatment and their roles in spore formation and cellular sur-
vival.

into consideration this observation (12) and the present work
(Fig. 6A) it can be assumed that the observed and unexplained
sporulation resistance of crsA447 strains to alcohol is a conse-
quence of the absence of sinR induction in this genetic back-
ground. Other genes, Apr and pepF, would play in addition an
important indirect role that assures the overproduction under
ethanol stress of active SinR and RapA (Fig. 5C and Fig. 6D)

Finally, why should subinhibitory doses of alcohol block
sporulation at stage zero? Experiments recently done in our
laboratory indicate that subinhibitory doses of ethanol, added
before the onset of sporulation, produce a strong inhibitory
effect on de novo fatty acid synthesis (Fig. 7A and unpublished
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data). Since de novo fatty acid synthesis not only is essential for
cellular morphogenesis in other bacteria and mammals (5, 10)
but is also indispensable for spore formation in B. subtilis (37),
we propose that the regulatory network integrated by alcohol
and its primary effectors (o®, RapA, and SinR) constitutes a
novel developmental checkpoint (8, 13, 28) that impairs the
onset of sporulation in the absence of an active de novo fatty
acid synthesis that is required at later stages of development
beyond Spo0OA activation (Fig. 7B).
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