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Activity of the Osmotically Regulated yqiHIK Promoter from Bacillus
subtilis Is Controlled at a Distance

Kathleen E. Fischer and Erhard Bremer

Philipps University Marburg, Department of Biology, Laboratory for Microbiology, Marburg, Germany

The yqiHIK gene cluster from Bacillus subtilis is predicted to encode an extracellular lipoprotein (YqiH), a secreted N-acetylmu-
ramoyl-L-alanine amidase (YqiI), and a cytoplasmic glycerophosphodiester phosphodiesterase (YqiK). Reverse transcriptase
PCR (RT-PCR) analysis showed that the yqiHIK genes are transcribed as an operon. Consistent with the in silico prediction, we
found that the purified YqiI protein exhibited hydrolytic activity toward peptidoglycan sacculi. Transcription studies with yqiH-
treA reporter fusion strains revealed that the expression of yqiHIK is subjected to finely tuned osmotic control, but enhanced
expression occurs only in severely osmotically stressed cells. Primer extension analysis pinpointed the osmotically responsive
yqiHIK promoter, and site-directed mutagenesis was employed to assess functionally important sequences required for pro-
moter activity and osmotic control. Promoter variants with constitutive activity were isolated. A deletion analysis of the yqiHIK
regulatory region showed that a 53-bp AT-rich DNA segment positioned 180 bp upstream of the �35 sequence is critical for the
activity and osmotic regulation of the yqiHIK promoter. Hence, the expression of yqiHIK is subjected to genetic control at a dis-
tance. Upon the onset of growth of cells of the B. subtilis wild-type strain in high-salinity medium (1.2 M NaCl), we observed
gross morphological deformations of cells that were then reversed to a rod-shaped morphology again when the cells had ad-
justed to the high-salinity environment. The products of the yqiHIK gene cluster were not critical for reestablishing rod-shaped
morphology, but the deletion of this operon yielded a B. subtilis mutant impaired in growth in a defined minimal medium and at
high salinity.

Most microorganisms possess turgor, an intracellular hydro-
static pressure generated by the inflow of water into the cell

that is triggered by the considerable osmotic potential of the cyto-
plasm (7, 68). Turgor is notoriously difficult to measure, but val-
ues between 2 and 6 atm for the Gram-negative bacterium Esche-
richia coli and between 20 and 30 atm for the Gram-positive
bacteria Bacillus subtilis and Staphylococcus aureus, respectively,
have been reported (5, 67). Turgor is resisted by the peptidoglycan
sacculus, a microbial exoskeleton that provides mechanical stabil-
ity and shape to the cell (26, 61, 63). Although the peptidoglycan
sacculus is a firm supermacromolecular structure, it is also highly
dynamic, since the cell has to continuously weave new building
blocks into the existing mesh of the peptidoglycan as it elongates
and finally divides (22, 63, 66). To allow the extension and remod-
eling of the existing peptidoglycan sacculus, autolysins cleave
bonds both in the sugar backbone and in the interconnecting pep-
tide bridges (55, 62, 63).

The tension (30) that is applied onto the peptidoglycan saccu-
lus is influenced by fluctuations in the external osmolarity (7, 68).
Turgor increases due to water influx when the cell is exposed to
hypoosmotic environments, and it decreases when the cell is con-
fronted by hyperosmotic circumstances in response to water ef-
flux (7, 32, 69). Microorganisms actively adjust their turgor to the
prevailing external osmolarity by dynamically modulating the os-
motic potential of their cytoplasm through the accumulation (at
high osmolarity) and expulsion (at low osmolarity) of water-at-
tracting ions and organic solutes (5, 32, 69). Although active water
management is certainly the cornerstone of the microbial stress
response to osmotic changes, the overall cellular process of accli-
matization to fluctuations in environmental osmolarity is quite
complex. This has been exemplified through detailed studies with
the soil bacterium Bacillus subtilis (20, 27, 28, 58), whose primary
habitat, the upper layers of the soil, is frequently subjected to both

decreases and increases in osmolarity caused by flooding and des-
iccation (6).

Genome-wide transcriptional profiling studies of B. subtilis
cells cultivated under sustained high-salinity conditions (58) re-
vealed upregulation in the transcription not only of genes in-
volved in the uptake and production of osmoprotectants (6, 7) but
also of a number of genes involved in peptidoglycan synthesis and
the remodeling of the peptidoglycan sacculus. Among the approx-
imately 100 osmotically upregulated genes identified previously
by Steil et al. (58) is gpsB (ypsB), a gene encoding a key player in the
elongation-division cycle of the B. subtilis cell that recruits peni-
cillin-binding protein 1 (PBP1) to the cell division site (10). The
osmotic induction of the structural gene (pbpE) for the pepti-
doglycan endopeptidase PBP4* has also been observed (47), and
the individual disruption of the gpsB and pbpE genes causes os-
motic sensitivity (10, 47). Among the osmotically regulated genes
of B. subtilis (58) are also yocH, which encodes a cell wall-associ-
ated muralytic enzyme that cleaves the sugar backbone of murein
(53); the structural gene for the YocH-related YabE protein,
whose peptidoglycan hydrolytic activity might allow a renewed
cell wall growth of dormant B. subtilis cells (14); and yqiI, which is
predicted to encode a secreted N-acetylmuramoyl-L-alanine ami-
dase (55). Finally, the expression of the gene encoding the muro-
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peptidase LytF, a major autolysin of B. subtilis (42), is strongly
repressed under high-salinity growth conditions (58).

Taken together, these data leave the impression that changes in
the murein sacculus take place when the B. subtilis cell is contin-
uously confronted with hyperosmotic growth conditions. This
notion is reinforced by data reported previously by Lopez et al.
(39, 40), who observed variations in the envelope composition of
osmotically stressed B. subtilis cells, leading to altered susceptibil-
ities to antibiotics targeting the cell wall and to several bacterio-
phages. Although the cell wall of B. subtilis apparently increases in
thickness under high-salinity growth conditions (47), the under-
lying architectural changes are far from clear.

To begin a more detailed analysis of this process and to foster
an understanding of the regulation of those osmotically regulated
genes encoding peptidoglycan-hydrolyzing and -modifying en-
zymes, we focus here on the predicted N-acetylmuramoyl-L-ala-
nine amidase YqiI. We found that the yqiI gene is embedded in the
yqiHIK operon and discovered that an enhanced expression of the
yqiHIK promoter is triggered only under growth conditions that
constitute a considerable degree of osmotic stress for the B. subtilis
cell. Mapping and mutational analysis of the yqiHIK promoter
and its flanking regions uncovered key determinants for its os-
motic control and revealed an AT-rich DNA segment located 180
bp upstream of the �35 region upon which the osmotic induction
and activity of the yqiHIK promoter were strictly dependent.

MATERIALS AND METHODS
Chemicals. The chromogenic substrate for the TreA enzyme, para-nitro-
phenyl-�-D-glucopyranoside (�-PNPG); anhydrotetracycline (AHT); as
well as the antibiotics ampicillin, chloramphenicol, erythromycin, kana-
mycin, and spectinomycin were purchased from Sigma-Aldrich (Stein-
heim, Germany). The antibiotic zeocin was purchased from Invitrogen
(Carlsbad, CA).

Bacterial strains. E. coli strain DH5� (Invitrogen, Carlsbad, CA) was
used for all routine cloning experiments. For the overproduction of the
recombinant YqiI–Strep-tag-II protein, we employed E. coli B strain
BL21(arctic express[DE 3]RIL) (Stratagene, La Jolla, CA). All B. subtilis
strains used in this study were derived from strain 168 (3), a domesticated
line of B. subtilis laboratory strains; these strains are listed in Table 1.

Media and growth conditions. E. coli and B. subtilis were propagated
and maintained on Luria-Bertani (LB) agar plates. The various B. subtilis

strains were cultivated in Spizizen’s minimal medium (SMM). This chem-
ically defined medium contained 0.5% (wt/vol) glucose as the carbon
source, a solution of trace elements (21), and L-tryptophan (20 mg liter�1)
to satisfy the auxotrophic needs of B. subtilis strain 168 and its derivatives
(Table 1). The growth of bacterial cultures was monitored spectrophoto-
metrically at a wavelength of 578 nm (optical density at 578 nm [OD578]).
B. subtilis cultures were routinely grown aerobically at 37°C in 100-ml
Erlenmeyer flasks with a culture volume of 20 ml in a shaking water bath
set at 220 rpm. All cultures were inoculated from exponentially growing
precultures (grown in SMM) to an OD578 of 0.1. For osmotic stress ex-
periments, the salinity of the medium was increased by the addition of
NaCl from a concentrated stock solution (5 M) prepared in distilled wa-
ter. The production of the extracellular �-amylase AmyE by B. subtilis
strains was analyzed by the starch iodine test (11). The antibiotics chlor-
amphenicol (5 �g ml�1), erythromycin (1 �g ml�1), kanamycin (10 �g
ml�1), zeocin (35 �g ml�1), tetracycline (15 �g ml�1), and spectinomy-
cin (100 �g ml�1) were used for the selection of B. subtilis strains carrying
an antibiotic resistance cassette integrated into the genome. For E. coli
cultures carrying a plasmid, ampicillin was used at a final concentration of
100 �g ml�1.

Genetic construction of B. subtilis mutant strains. To construct a
deletion of the yqiHIK gene cluster, the flanking 5= and 3= regions were
amplified by PCR from chromosomal DNA of B. subtilis wild-type strain
168 and connected by long-flanking-region PCR (35) with the gene for a
kanamycin resistance cassette derived from plasmid pDG783 (19). B. sub-
tilis strain 168 was then transformed with the resulting PCR product,
which yielded strain KFB8 [�(yqiHIK::neo)1] (Table 1). In a similar way,
gene disruption mutations in the lytC, yrvJ, cwlC, and cwlD amidase genes
were constructed (Table 1), and chromosomal DNA isolated form each of
these mutant strains was used to obtain yqiHIK lytC yrvJ cwlC cwlD quin-
tuple mutant strain KFB37 (Table 1). The �rok::neo mutant allele (1)
(Table 1) was moved into other B. subtilis genetic backgrounds by trans-
forming the recipient strain with chromosomal DNA of the donor strain
and subsequent selection for kanamycin-resistant transformants. The
yqiH-treA operon fusion located on plasmid pKF13 is linked to a chlor-
amphenicol resistance gene (cat), and the entire construct is flanked by the
5= and 3= segments of the amyE gene. To integrate the reporter gene fusion
as a single copy into the B. subtilis genome at the amyE site via a double-
recombination event, DNA of plasmid pKF13 was cut with XhoI, and B.
subtilis strains TSTB3 (�treA::neo) and JGB34 (�treA::ery) (Table 1) were
then transformed with the linearized DNA, thereby yielding strains
KFB15 and KFB41, respectively (Table 1). The resulting strains exhibited
the expected AmyE� phenotype, as judged by the starch iodine test (11).
Derivatives of plasmid pKF13 (yqiH-treA) carrying either point mutations
in the yqiH promoter or deletions covering regions located upstream of
this promoter were integrated into the B. subtilis genome at the amyE site
in a similar manner.

Recombinant DNA techniques and construction of plasmids. Rou-
tine manipulations of plasmid DNA, PCR, the construction of recombi-
nant DNA plasmids, the isolation of chromosomal DNA from B. subtilis,
and the transformation of bacterial cells with plasmid or chromosomal
DNA were carried out by using standard procedures (11, 51). To con-
struct an overexpression system for the B. subtilis yqiI gene, a 555-bp DNA
fragment covering the yqiI coding region (except for its signal sequence)
was prepared by PCR using primers carrying BsaI restriction sites at their
ends; the PCR product was cleaved with BsaI and inserted into plasmid
pASK-IBA3 Plus (IBA, Göttingen, Germany), which had been cut with the
same restriction enzyme. This generated a hybrid gene where the yqiI
coding region was fused at its 3= end with a short DNA sequence encoding
a Strep-tag-II affinity peptide. The expression of this gene on the resulting
plasmid, pKF11, was mediated by the TetR-responsive tet promoter car-
ried by the vector pASK-IBA3 Plus. To facilitate the mapping of the
yqiHIK promoter, we prepared by PCR a 546-bp DNA fragment covering
the regulatory region and part of the yqiH coding region, cleaved it with
EcoRI, and inserted this DNA fragment into the E. coli–B. subtilis shuttle

TABLE 1 B. subtilis strains used in this study

Straina Relevant genotype Source or reference

168 trpC2 Laboratory collection
JGB34 �(treA::ery)2 J. Gade
TSTB3 �(treA::neo)1 57
rok �(rok::neo) 1
KFB8 �(yqiHIK::neo)1 This study
KFB9 �(lytC::spc)1 This study
KFB10 �(yrvJ::ery)1 This study
KFB16 �(cwlC::tet)1 This study
KFB17 �(cwlD::ble)1 This study
KFB37 �(yqiHIK::neo)1 �(lytC::spc)1 �(yrvJ::ery)1

�(cwlC::tet)1 �(cwlD::ble)1
This study

KFB15 amyE::[�(yqiH300 bp=-treA) cat] �(treA::neo)1 This study
KFB41 amyE::[�(yqiH300 bp=-treA) cat] �(treA::ery)2 This study
KFB47 amyE::[�(yqiH300 bp=-treA) cat] �(treA::ery)2

�(rok::neo)
This study

a All strains are derivatives of B. subtilis wild-type strain 168 (3) and therefore also carry
the trpC2 mutation. The genetic designation amyE::[�(yqiH=-treA) cat] indicates that
the reporter fusion is integrated as a single copy into the genome at the amyE locus via a
double-recombination event; the amyE gene is consequently disrupted, and all fusions
strains therefore possess an AmyE� phenotype.
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vector pRB373 at its unique EcoRI site (9). The resulting plasmid, pKF16,
was used to transform B. subtilis wild-type strain 168 by selecting for
kanamycin-resistant colonies. To construct reporter gene fusions to the
yqiHIK promoter/regulatory region, we used plasmid pJMB1 (M. Jebbar
and E. Bremer, unpublished data), which carries a promoterless treA gene
encoding a highly salt-tolerant phospho-�-(1,1)-glucosidase (TreA) (17).
A 300-bp DNA fragment of the yqiHIK promoter region (see Fig. 6A) was
amplified by PCR from chromosomal DNA of wild-type strain 168,
cleaved with the restriction enzymes BamHI and SmaI, and inserted into
the vector pJMB1, which had been linearized with the same restriction
enzymes. A deletion analysis of the yqiHIK regulatory region was carried
out by systematically shortening the 5= region while maintaining the junc-
tion of the treA and yqiH genes present in the parent yqiH-treA operon
fusion (see Fig. 6A). The resulting PCR fragments, with sizes of 279 bp,
270 bp, and 250 bp, were inserted into treA reporter plasmid pJMB1 as
described above. Mutant derivatives of the yqiHIK �35 and �10 pro-
moter regions were generated with the QuikChange II XL site-directed
mutagenesis kit (Stratagene, La Jolla, CA), using DNA of yqiH-treA fusion
plasmid pKF13 as the template and custom-synthesized DNA primers.
The introduction of the desired mutations into the yqiHIK promoter was
verified by DNA sequencing (Eurofins MWG Operon, Ebersberg, Ger-
many). The mutant yqiH-treA operon fusion constructs were integrated
into the chromosome of B. subtilis 168 as a single copy at the amyE locus,
as described above. To generate a plasmid expressing the yqiI gene for
complementation studies, we amplified the yqiI coding region and its
ribosome-binding site by PCR and inserted this DNA fragment into plas-
mid pGP382, where it is expressed from the constitutive degQ36 promoter
(25); this construct was named pKF51.

Isolation of RNA, mapping of the transcriptional organization of
yqiHIK, and primer extension analysis of the yqiHIK operon. Total
RNA was isolated from exponentially growing cultures (OD578 of 0.8 to
1.0) of B. subtilis strain 168 carrying plasmid pKF16 (encoding the yqiHIK
regulatory region). This strain was cultured either in SMM or in SMM
with 1.2 M NaCl. We used the High Pure RNA isolation kit from Roche
(Mannheim, Germany) and followed the manufacturer’s protocol to ob-
tain total RNA from 10 ml of culture aliquots. The concentration of the
isolated RNA was quantified spectrophotometrically (A260); an A260 of 1
corresponds to approximately 40 �g RNA ml�1 (51). To map the 5= end of
the yqiHIK transcript, a primer extension analysis was carried out. Ten
micrograms of total B. subtilis RNA and 10 pmol of a yqiH-specific oligo-
nucleotide (5=-ACGTTTATCCTTCGGAACTTG-3=) labeled at its 5= end
with the fluorescence dye DY-781 (Biomers, Ulm, Germany) were hybrid-
ized to each other and used for a reverse transcriptase (RT) reaction. This
reaction was performed with the Primer-Extension-System-AMV reverse
transcriptase kit purchased from Promega (Madison, WI). To size the 5=
end of the produced yqiH cDNA, a DNA sequencing reaction was per-
formed with plasmid pKF16 as the DNA template and the DY-781 fluo-
rescence 5=-end-labeled DNA primer described above. The primer exten-
sion products were run on a denaturing 5% polyacrylamide DNA
sequencing gel alongside the DNA sequencing reaction products and were
analyzed with a Li-Cor DNA sequencer (model 4000; Eurofins MWG,
Ebersberg, Germany).

TreA enzyme assays. The expressions of the various yqiH-treA fusions
were monitored by measuring the activity of the TreA [phospho-�-(1,1)-
glucosidase] reporter enzyme using the chromogenic substrate �-PNPG
(17). Aliquots (1.8 ml) from exponential-phase cultures (OD578 of about
1 to 1.5) of the B. subtilis fusion strains were harvested by centrifugation
for 5 min in an Eppendorf microcentrifuge. The cells were resuspended in
0.5 ml Z buffer (43) adjusted to pH 7, which contained 1 mg ml�1 ly-
sozyme to disrupt the B. subtilis cell wall. After incubation of the samples
for 10 min at 37°C, cellular debris were removed by centrifugation, and 0.4
ml of the supernatant was then used for TreA activity assays (23). TreA-
specific enzyme activity is expressed in units mg�1 of protein according to
the definition used for the quantification of �-galactosidase enzyme ac-
tivity (43).

Overproduction and purification of the B. subtilis YqiI protein. For
the overproduction of the YqiI–Strep-tag-II protein, cells (1 liter) of E. coli
B strain BL21(arctic express[DE 3]RIL) (Gmr) harboring plasmid pKF11
were grown in minimal medium A (MMA) (43) supplemented with 1 mg
liter�1 thiamine, 1 mM MgSO4, 0.2% (wt/vol) Casamino Acids, 0.5%
glucose (wt/vol) as the carbon source, and 100 �g ml�1 ampicillin to
select for the presence of plasmid pKF11. The precise cultivation proce-
dure for the production of the recombinant YqiI–Strep-tag-II protein
followed that described previously by Pittelkow et al. (48) for the produc-
tion of the B. subtilis choline ligand-binding protein OpuBC. The recom-
binant YqiI–Strep-tag-II protein was purified from cleared lysates of the
producer cells by affinity chromatography on a Strep-Tactin Superflow
column (IBA, Göttingen, Germany). The elution buffer was adjusted to
pH 7.5. The purity of the obtained YqiI–Strep-tag-II recombinant protein
was assessed by SDS-PAGE, and the protein was stored at 4°C for further
use in zymography.

Preparation of B. subtilis cell wall material and zymograms. Cell
wall sacculi of B. subtilis 168 were prepared as reported previously by
Kawai et al. (31), with minor modifications. Cells (1 liter) of an exponen-
tially growing culture (OD578 of 0.5 to 1.0) (in SMM at 37°C) of B. subtilis
strain 168 were cooled in a water bath to about 4°C. The cells were then
harvested by centrifugation (for 15 min at 4°C at 2,400 � g), and the cells
were disrupted with a Bead-Beater (Braun Biotech International) (for 2
min, set at 2,000 rpm). The resulting cell powder was resuspended in 40 ml
of ice-cold 50 mM Tris-HCl (pH 7.5) buffer and added dropwise to 120 ml
of a boiling SDS (5%) solution that was well stirred. The suspension of the
cell wall material was boiled for 15 min with stirring and subsequently
chilled to room temperature. The sedimentation of the cell wall pepti-
doglycan was achieved by centrifugation at 21,000 � g for 20 min at room
temperature. To remove the SDS from the cell wall sacculus preparation,
the collected material was carefully washed three times with distilled wa-
ter. The final pellet was dissolved in 100 �l distilled water and frozen at
�20°C until further use.

The peptidoglycan hydrolase activity of the YqiI–Strep-tag-II recom-
binant protein was analyzed by zymography (16). An SDS-polyacryl-
amide gel (15% [wt/vol]) containing 0.2% (wt/vol) purified cell wall pep-
tidoglycan was loaded with 8 �g of the purified YqiI–Strep-tag-II protein.
Following electrophoresis of the protein at 20 mA at a constant current at
room temperature through the gel matrix, the SDS-polyacrylamide gel
was incubated overnight in a renaturation buffer (1% Triton X-100, 20
mM MgCl2, 25 mM Tris-HCl [pH 7.5]) at 37°C with gentle shaking (16).
The cell wall hydrolytic activity of YqiI–Strep-tag-II was detected after
staining of the polyacrylamide gel with 0.1% methylene blue (dissolved in
0.01% KOH) for 3 h and subsequent destaining in distilled water.

Light microscopy. The morphologies of wild-type B. subtilis strain
168 and isogenic derivatives lacking various amidases (Table 1) were vi-
sualized with an Eclipse 50i (Nikon) microscope equipped with a Nikon
DS-5Mc camera. Prior to microscopy, the cells were immobilized on a 1%
(wt/vol) agarose pad prepared on a microscope slide. Images of the B.
subtilis cells were recorded with the DS-5Mc camera and prepared for
presentation with NIS Elements F 2.30 (Nikon) and Adobe Photoshop
Elements (version 10).

Fluorescence microscopy. We assed the viability of B. subtilis cells by
a two-color fluorescence assay, using the Live/Dead bacterial viability kit
(Molecular Probes-Invitrogen, Carlsbad, CA) according to the instruc-
tions of the manufacturer. The mixture of the Syto 9 and propidium
iodine stains detects bacteria with intact cytoplasmic membranes as fluo-
rescent green cells, whereas bacteria with damaged membranes stain fluo-
rescent red. The cells were observed with an Eclipse 50i (Nikon) micro-
scope fitted with an appropriate filter set that allowed the detection of the
red and green fluorescent stains. The excitation/emission maxima for
these dyes are about 480/500 nm, respectively, for the Syto 9 stain and
490/635 nm, respectively, for propidium iodine. Pictures of the fluores-
cent cells were taken with a Nikon DS-5Mc camera.

Osmotic Control of yqiHIK Gene Expression
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Scanning electron microscopy. B. subtilis cells were cultured in SMM
or in SMM containing 1.2 M NaCl until they reached the early exponential
phase (OD578 of 0.7 to 0.9). The cells were then immobilized on a nylon
membrane (Pall BioSupport, East Hills, NY) and subsequently fixed with
1% (vol/vol) glutaraldehyde. Cells attached to the nylon membrane were
washed with Sörensen buffer (100 ml KH2PO4 of a 0.1 M stock solution,
900 ml NaHPO4 of a 0.1 M stock solution [pH 7.8]) and postfixed (for 2 h)
with 1% (vol/vol) osmium tetraoxide. After the fixed cells were washed
three times with Sörensen buffer and distilled water, the cells were dehy-
drated overnight in ethylene glycol ethyl ether and then stored in 100%
(vol/vol) acetone. The dehydrated samples were then dried by a critical-
point drier under a CO2 atmosphere and were subsequently coated with
gold. The cells were visualized with the aid of a Hitachi S-530 scanning
electron microscope.

Database searches, amino acid sequence alignments, and modeling
of the YqiI structure. Proteins homologous to the YqiI protein from B.
subtilis were identified via the GenoList Web server (http://genodb
.pasteur.fr/cgi-bin/WebObjects/GenoList). The domain structures of
these proteins were analyzed by using the SMART (Simple Modular Ar-
chitecture Research Tool) Web tool (http://smart.embl-heidelberg.de/)
(38). The identified protein domains are named according to the Pfam
nomenclature scheme (49). The alignment of the amino acid sequences of
proteins related to YqiI was performed with ClustalW (59). An in silico
model of the B. subtilis YqiI protein was obtained with the aid of the
SWISS Model server (http://swissmodel.expasy.org/) (2), using the crys-
tallographic data set deposited under PDB accession number 1JWQ for
the CwlV protein from Paenibacillus polymyxa var. colistinus as the mod-
eling template. The figure of the YqiI in silico model was prepared with
PyMOL (http://www.pymol.org/).

RESULTS
The yqiHIK gene cluster is transcribed as an operon. The yqiI
gene is flanked by the yqiH and yqiK genes (Fig. 1A), and they are
predicted to encode an extracellular lipoprotein (YqiH), a secreted
amidase (YqiI), and a cytoplasmic glycerophosphodiester phos-
phodiesterase (YqiK). In the genome-wide transcriptional profil-
ing analysis of salt-stressed B. subtilis cells reported previously by
Steil et al. (58), the expressions of both the yqiH and yqiI genes
were strongly upregulated in response to osmotic stress (15-fold
and 7-fold, respectively); however, the degree of osmotic induc-
tion of the yqiK gene did not pass the imposed threshold level
(3-fold), but an osmotic induction of yqiK expression was re-
corded. This data set therefore suggests that the B. subtilis yqiHIK
genes might be transcribed as an osmotically inducible operon.

To test the possible cotranscription of the yqiHIK genes, we
isolated total RNA from cells of B. subtilis wild-type strain 168
and performed one-step reverse transcriptase PCR with prim-
ers that covered the intergenic regions of the yqiHIK gene clus-
ter. The data documented in Fig. 1B demonstrate that the
yqiHIK genes are indeed cotranscribed. In all likelihood,
the yqiHIK transcript ends at an intrinsic terminator sequence
found in the 137-bp intragenic region between the yqiK gene
and the downstream mmgA gene (transcribed in the same di-
rection as yqiHIK), which encodes a degradative acetoacetyl
coenzyme A (CoA) thiolase (50). Indeed, this conclusion is
fully consistent with data from a recently reported comprehen-
sive tiling-array study by Nicolas et al. (46). Those authors also
presented evidence for the presence of an internal promoter
positioned in front of yqiK. A gene neighborhood analysis
(http://img.jgi.doe.gov/) revealed the existence of yqiHIK gene
clusters only in three close relatives of B. subtilis: Bacillus amy-
loliquefaciens, Bacillus atropheus, and Bacillus licheniformis.

The YqiI protein possesses cell wall hydrolytic activity. To
study the functional role of the yqiHIK gene cluster further, we
focused our analysis on the biochemical properties of the YqiI
protein, which is predicted to serve as an N-acetylmuramoyl-L-
alanine amidase (55). It therefore should possess cell wall hydro-
lytic activity. To test this prediction, we produced a recombinant
YqiI–Strep-tag-II protein in E. coli, purified it by affinity chroma-
tography (Fig. 2, left), and used zymography (16, 29) to assess its
cell wall hydrolytic activity toward peptidoglycan isolated from B.
subtilis strain 168. Figure 2, right, shows that the YqiI–Strep-tag-II
protein can indeed hydrolyze peptidoglycan, and this observed
enzymatic activity is therefore consistent with the predicted in
silico function (55) of YqiI as an N-acetylmuramoyl-L-alanine
amidase.

In silico assessment of the amidase_3 domain of YqiI and
four of its homologues in B. subtilis. The analysis of the sequence
of the 206 amino acids comprising the YqiI protein via the
SMART Web tool (38) revealed the presence of a signal sequence
(amino acids 1 to 23) for the Sec-mediated export of YqiI across
the cytoplasmic membrane and an amidase_3 domain (from
amino acids 67 to 178 of the mature protein), a domain which is
found in many N-acetylmuramoyl-L-alanine amidases (15, 55,
62). This domain is present in the crystal structure of the catalyt-
ically active domain (CwlV1) of the cell wall hydrolase CwlV from
Paenibacillus polymyxa var. colistinus (PDB accession number
1JWQ). We used the crystallographic data set reported for the
CwlV protein and the Web-based SWISS Model server (2) to de-
rive an in silico model of the B. subtilis YqiI amidase (Fig. 3C). The

FIG 1 Structure and genetic organization of the yqiHIK gene cluster. (A)
Genetic map of the yqiHIK genes in the genome of B. subtilis. The length
and the position of the different PCR-amplified fragments are indicated. A
bent arrow indicates the promoter region and the direction of yqiHIK
transcription; the position of a putative factor-independent transcriptional
terminator sequence is marked by a lollipop. (B) RT-PCR-based analysis of
the putative yqiHIK operon. The amplification reactions using the indi-
cated DNA primers (P1 to P4) were conducted on different templates:
cDNA, genomic DNA as a positive control, and RNA as a negative control.
Total RNA was isolated from cells of B. subtilis strain 168 grown in SMM.
M, molecular marker.
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predicted YqiI structure consists of a mixed �-sheet and five �-he-
lices. This in silico model allowed the visualization of the positions
of those residues (H-15, E-29, and H-82) that are known to be
involved in coordinating the catalytically important zinc ion in
N-acetylmuramoyl-L-alanine amidases (15), including that pres-
ent in the CwlV enzyme (54), upon which the crystal structure of
our YqiI in silico model is based. Our YqiI in silico model also
highlights the position of residue E-148 (Fig. 3C), a residue that is
critical for the biochemical functioning of N-acetylmuramoyl-L-
alanine amidases (15, 54). We note that apparently no cell wall-
binding domain is present in the YqiI protein (Fig. 3B), as sug-
gested by an analysis of the YqiI amino acid sequence with the
SMART Web tool (38).

Four additional proteins (LytC, CwlC, CwlD, and YrvJ) that
exhibit a modest level of amino acid sequence identity to YqiI,
ranging between 12 and 32%, are present in B. subtilis. Like YqiI,
each of these proteins possesses an amidase_3 domain in which
the above-discussed residues for the biochemical functioning of
amidases are strictly conserved (Fig. 3A). The amino acid se-
quence identities of the catalytic domains found in the YqiI, LytC,
CwlC, CwlD, and YrvJ proteins range between 33 and 55% (Fig.
3A). Three of the four proteins related to YqiI have already been
functionally studied. LytC is the major autolysin of vegetative B.
subtilis cells (34, 37, 70), whereas CwlC and CwlD play important
roles during spore formation and germination (44, 52). No func-
tional data are yet available for the YrvJ protein. LytC, CwlC, and
YrvJ possess potential cell wall-retaining domains that belong to
different subgroups (49): PF04122 for LytC, PF05036 for CwlC,
and SM00287 for YrvJ (Fig. 3B). CwlD lacks such readily recog-
nizable cell wall-retaining domains (Fig. 3B), but charged amino
acids at the N terminus followed by a hydrophobic region have
been implicated in the binding of CwlD to the spore membrane
(52). Such a motif is not present in YqiI.

Deletion of the yqiHIK operon impairs growth of B. subtilis
at high salinity. In view of the fact that the transcription of the
yqiHIK gene cluster is induced under hyperosmotic conditions
(58), we assessed the growth properties of �(yqiHIK::neo)1 mu-
tant strain KFB8 both in SMM and in SMM containing 1.2 M
NaCl. Its growth in SMM was impaired in comparison to that of

its parent strain, 168 (25), and this was also observed when this
strain was cultured in high-osmolarity minimal medium. How-
ever, the culture of strain KFB8 [�(yqiHIK::neo)1] eventually
reached the same optical density as that of the culture of the wild-
type strain (Fig. 4B). The osmotic sensitivity of the yqiHIK::neo
deletion strain could be rescued by expressing the yqiI gene on a
pGP382-derived (25) plasmid (pKF51) under the control of the
constitutive degQ36 promoter (see Fig. S1 in the supplemental
material).

We constructed a set of strains carrying gene disruption muta-
tions for the YqiI-related LytC, CwlC, CwlD, and YrvJ proteins
(Table 1) and tested their growth properties in high-salinity min-
imal medium. Each of these strains grew similarly to �(yqiHIK::
neo)1 mutant strain KFB8 in both SMM and SMM with 1.2 M
NaCl (data not shown). We then combined the individual muta-
tions in these genes with that in yqiI; the growth properties of
quintuple mutant strain KFB37 (lytC cwlC cwlD yrvJ yqiI) revealed
no significant differences from the growth properties of strain
KFB8 either in SMM or in SMM with 1.2 M NaCl (Fig. 4A and B).
Consequently, a B. subtilis mutant strain lacking all N-acetylmu-
ramoyl-L-alanine amidases and possessing an amidase_3 domain
(Fig. 3B) is viable under both growth conditions. It is known that
mutations in certain amidases of B. subtilis impair cell motility
(LytC) or the germination of spores (CwlD) (37, 52). We therefore
tested whether the loss of the yqiHIK operon would also cause
such phenotypes, but we detected no effects on cell motility and
the formation of vegetative cells from heat-resistant endospores
(see Fig. S2 and S3 in the supplemental material).

Morphological deformations and their reversal to a rod-
shaped morphology during acclimatization of B. subtilis to
high-salinity surroundings. While studying the growth proper-
ties of the yqiHIK mutant and its parent strain, 168, at high salinity
(Fig. 4B), we monitored cell morphology by phase-contrast mi-
croscopy. We observed remarkable changes in cell morphology as
the cells adjusted their growth to the high-salinity medium. In
these experiments, the B. subtilis cells were precultured (to an
OD578 of about 1 to 1.5) in SMM and were then used to freshly
inoculate (to an OD578 of about 0.1) high-salinity medium (SMM
with 1.2 M NaCl). This shift from a moderate-osmolarity (340
mosmol kg of water�1) to a high-osmolarity (2700 mosmol kg of
water�1) environment constitutes a harsh osmotic upshock (4), to
which the B. subtilis cells react with a considerable lengthening of
the lag phase (Fig. 4B) in comparison to that observed for cells
inoculated into SMM (Fig. 4A). The cells of wild-type strain 168
initially exhibited the rod-shaped morphology typical of B. subtilis
cells (Fig. 4C). As the cells began to adjust to the new high-salinity
conditions and slowly started to grow, they underwent gross mor-
phological changes that were manifested as a curving of the cells
and bulging at their ends (Fig. 4C). Such morphological deforma-
tions were no longer detectable when the cells had completely
adjusted to the high-salinity environment and had entered the
exponential growth phase (Fig. 4C). The scanning electron micro-
graphs of wild-type strain 168 cells shown in Fig. 5B and C high-
light these morphological aberrations. They point to a consider-
able degree of heterogeneity in cell morphology during the period
of acclimatization of B. subtilis cells to a high-salinity environ-
ment.

yqiI mutant strain KFB8 and the strain carrying the simultane-
ous disruption of the lytC, cwlC, cwlD, yrvJ, and yqiI genes
(KFB37) also exhibited such morphological changes (Fig. 4C).

FIG 2 Cell wall hydrolase activity of the purified YqiI–Strep-tag-II protein.
(Left) Coomassie blue-stained SDS-PAGE gel of the affinity purified YqiI–
Strep-tag-II protein. (Right) Zymogram analysis (16) using purified B. subtilis
168 sacculi. Staining of the polyacrylamide gel with methylene blue and
destaining with distilled water detected areas of peptidoglycan lysis. Eight mi-
crograms of the purified YqiI–Strep-tag-II protein was applied for both SDS-
PAGE and the zymogram.
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Both the wild type and the yqiI and lytC cwlC cwlD yrvJ yqiI quin-
tuple mutant strains regained the typical rod-shaped morphology
of B. subtilis cells when the cells had fully acclimatized to the high-
salinity growth conditions and grew exponentially (Fig. 4B and C).
These microscopic observations therefore suggest that the LytC,
CwlC, CwlD, YrvJ, and YqiI amidases are not critically involved in
the reshaping of the rod-shaped morphology of B. subtilis cells as
they transit from low-osmolarity to high-osmolarity surround-
ings. We assessed the viability of the morphologically distorted
cells of both wild-type strain 168 and its mutant derivatives KFB8
and KFB37 with the “live-dead” staining procedure and found
that a large fraction of the deformed cells were alive (Fig. 5A).

Osmotic regulation of the yqiHIK gene cluster. To provide a
quantitative analysis of the osmotically induced regulation of the
yqiHIK gene cluster (58), we constructed a yqiH-treA reporter
gene fusion. For this purpose, a 300-bp DNA fragment carrying
the beginning of the yqiH coding region and 257 bp of upstream
sequences (Fig. 6A) was fused to the promoterless treA reporter
gene (17). This transcriptional fusion construct was stably inte-
grated as a single copy into the B. subtilis chromosome through a
double-homologous-recombination event, thereby yielding
strain KFB15. We grew strain KFB15 in SMM containing various
concentrations of NaCl and then determined the TreA activity of
cells grown to the early (OD578 of about 1 to 1.5) exponential

FIG 3 In silico analysis of the YqiI protein. (A) Alignment of the amino acid (AA) sequences (catalytic domain only) of the YqiI, LytC, CwlC, CwlD, and
YrvJ proteins from B. subtilis and the CwlV1 protein from P. polymyxa var. colistinus. Black boxes highlight amino acids that are involved in the
coordination of a zinc ion in the active site of amidases (15, 54). (B) Domain organization of B. subtilis proteins homologous to YqiI. The lengths of
the proteins are indicated. Boxes with hatch marks represent Sec-type signal sequences; they are present in all amidases shown except for CwlC. The
amidase_3 (Ami_3) domain (PF015020) is marked. Black boxes and gray triangles represent different types of cell wall-binding domains: cell wall-binding
domain 2 (CWB_2) (PF04122) of LytC, the spore domain (SPOR) of CwlC (PF05036), the SH3b domain of YrvJ (SM00287), and the amine domain
(AMIN) (PF11741) of CwlV. (C) In silico model of YqiI based on the crystal structure of the catalytic domain of the CwlV1 protein (PDB accession number
1JWQ) from P. polymyxa var. colistinus. The amino acids H-15, E-29, H-82, and E-148 are predicted to coordinate a zinc ion in the active center of the
protein and contribute to enzyme activity.
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phase. Strikingly, the expression of the yqiH-treA reporter fusion
remained at a low basal level until the salinity of the growth me-
dium exceeded 0.7 M NaCl. Subsequent increases in the NaCl
content of the growth medium then led to a finely tuned increase
in the expression level of the yqiH-treA reporter fusion (Fig. 7A).
Hence, the yqiHIK gene cluster is expressed at a significant level
only in B. subtilis strains that experience a considerable level of
osmotic stress (at least 1,670 mosmol kg of water�1) (Fig. 7A).

We mapped the promoter that drives yqiHIK gene expression
under hyperosmotic conditions by primer extension analysis (Fig.
7B). The observed 5= end of the osmotically induced transcript is
positioned 25 nucleotides in front of the GTG start codon of the
yqiH reading frame (Fig. 7B and C). An inspection of the DNA
sequence upstream of the mRNA start site revealed regions that
correspond to �10 and �35 sequences of SigA-type promoters of
B. subtilis (24) and that these conserved regions are separated by
17 bp (Fig. 7C), the most preferred spacing of SigA-responsive
promoters (24).

Site-directed mutagenesis of the osmoregulated yqiHIK pro-
moter. To further study the characteristics of the osmotically con-
trolled yqiHIK promoter, we carried out a site-directed mutagen-
esis experiment on key elements of this promoter. DNA sequence
inspection suggested that the yqiHIK promoter is a SigA-type pro-
moter, a type of B. subtilis promoter that is strongly dependent on
a highly conserved T/A base pair in the �10 region, the so-called
invariant T, for its functioning (24). Indeed, when we changed this
T/A base pair to a G/C base pair in the yqiHIK promoter, promoter
activity was lost (Table 2).

Several deviations from the canonical �10 and �35 regions of
SigA-type promoters (24) are present in the yqiHIK promoter
(Table 2). We changed the actual yqiHIK �35 and �10 regions
stepwise to that of the DNA sequence of a consensus SigA-type
promoter. The �35 region of the yqiHIK promoter deviates from
the consensus sequence at just one position. The creation of a
perfect �35 region (strain KFB24) had no significant influence on
osmotic induction but slightly improved the activity of this pro-
moter variant under hyperosmotic conditions (Table 2). The �10
region of the yqiHIK promoter is A/T rich but differs at three
positions from that of the consensus sequence (Table 2). An im-
provement of the �10 region by a point mutation (strain KFB26)
retained the osmotic induction of the promoter activity but al-
lowed a somewhat higher level of expression under osmotic stress
conditions (Table 2). However, the creation of a perfect fit to the
consensus �10 sequence (strain KFB32) yielded a very different
pattern of promoter activity, since the expression of the yqiH-treA
reporter fusion became constitutive and exhibited a high level of
activity. Similarly, a yqiHIK promoter variant (strain KFB34) with
a combined perfect fit to SigA-type �10 and �35 sequences also
resulted in a constitutive promoter (Table 2). This synthetically
generated SigA-type promoter was 60-fold more active under
low-osmolarity growth conditions and about 8.7-fold more active
under high-osmolarity conditions than the natural yqiHIK pro-
moter (Table 2).

Many B. subtilis SigA-type promoters carry a conserved TG
motif in the �16 region, and this TG motif often contributes
significantly to promoter strength and functioning (24, 65). In-

FIG 4 Growth properties of yqiHIK deletion mutant strain KFB8 and strain KFB37 (lytC cwlC cwlD yrvJ yqiI). (A and B) Cultures of B. subtilis wild-type strain
168 (black circles), its �(yqiHIK::neo) derivative strain KFB8 (white circles), and the lytC cwlC cwlD yrvJ yqiI quintuple mutant strain KFB37 (gray circles) were
grown in SMM alone (A) or in SMM containing 1.2 M NaCl (B). (C) The morphologies of B. subtilis strains 168, KFB8, and KFB37 were analyzed by
phase-contrast microscopy at different time points (indicated by arrows) during the growth of the cultures. Scale bar, 5 �m.
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stead of a TG motif, the yqiHIK promoter possesses a GT sequence
in its �16 region (Fig. 7C). We changed the GT sequence to the
TG motif and observed that the osmotic control of the yqiHIK
promoter (strain KFB25) was fully preserved, with an induction
factor similar to that exhibited by the wild-type promoter (Table
2). However, in this promoter variant, the basal level of transcrip-
tional activity at low salinity increased modestly (4-fold), while the
level of transcriptional activity under osmotic stress conditions
rose 6-fold (Table 2). As expected, the combination of the TG
promoter variant with perfect �10 and �35 sequences resulted in
a complete loss of osmotic induction, but we observed that it did
not improve the promoter activity of the promoter with SigA-type
consensus �10 and �35 regions (Table 2).

Impact of an AT-rich region located upstream of the yqiHIK
promoter on transcription. During the visual inspection of the
yqiHIK promoter region, we noticed a 53-bp highly AT-rich re-

gion (Fig. 6A). Since such stretches of DNA could be potential
targets for regulatory proteins (41, 56) or alter the DNA structure
with distant effects of promoter activity through local changes in
DNA topology (12, 13), we wondered whether the 53-bp highly
AT-rich region would impinge on the activity or osmotic control
of the yqiHIK promoter. To assess a possible function of the AT-
rich region, we constructed a set of deletions with endpoints lo-
cated either at the borderline of the AT-rich region (�1) or at two
positions within the AT-rich region (�2 and �3) (Fig. 6A). The �1
fusion construct still allowed the osmotic induction of the re-
porter gene fusion, but the level of promoter activity fell under
both high- and low-osmolarity assay conditions about 3.5-fold
(Fig. 6B). In contrast, the deletion constructs with endpoints
within the AT-rich region, �2 and �3, lost osmotic control alto-
gether and exhibited only a basal level of promoter activity (Fig.
6B). Hence, the activity of the yqiHIK promoter under high-os-

FIG 5 Fluorescence and scanning electron microscopy of salt-stressed B. subtilis cells. (A) Cells of wild-type strain 168 and its mutant derivatives KFB8 (yqiHIK)
and KFB37 (lytC cwlC cwlD yrvJ yqiI) were grown in SMM with 1.2 M NaCl for 12 h (time point 4) (Fig. 4B) and observed by both phase-contrast and fluorescence
(after staining with the Live/Dead BacLight bacterial viability kit) microscopy. Scale bar, 5 �m. (B and C) Cultures of strain 168 were grown to the early
exponential phase (OD578 of 0.7 to 0.9) in SMM alone (B) or in SMM containing 1.2 M NaCl (C) and were observed by scanning electron microscopy. The
magnification was set at �8,000, and the scale bar represents 4 �m.
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molarity conditions is critically dependent on an AT-rich DNA
segment located a considerable distance upstream of the �35 se-
quence (Fig. 6A).

A recent study by Smits and Grossman (56) suggested that the
Rok regulatory protein binds to many AT-rich regions in the B.
subtilis genome. It might thus perform a function similar to that of
the nucleoid-associated DNA-binding protein H-NS from E. coli
(12), which participates in the control of osmotically regulated
genes (e.g., the proU operon) (41, 45). We therefore wondered
whether Rok might influence yqiHIK transcription through inter-
actions with the AT-rich region located upstream of the �35 re-
gion (Fig. 6A). However, this was not the case (see Table S1 in the
supplemental material).

DISCUSSION

The bacterial cell has to strike a fine balance between extending the
peptidoglycan sacculus through biosynthetic activities and at the
same time restraining turgor and maintaining mechanical stabil-
ity. Key to these processes is a situation-conform control of those
hydrolytic enzymes, the autolysins, which hydrolyze various types
of chemical bonds in the peptidoglycan superstructure (55, 62)
and therefore possess a potential cell-disruptive capability. Ap-
proximately 35 autolysins have been identified in B. subtilis and
contribute to cell morphogenesis, motility, spore formation, and
germination (15, 55, 62).

Here, we have focused on the YqiI protein, an N-acetylmu-

ramoyl-L-alanine amidase that is predicted to cleave the amide
bond between N-acetylmuramic acid and the first amino acid
(L-Ala) of the stem peptide (15, 55, 62). Consistent with this
prediction, the cell wall hydrolytic activity of the YqiI enzyme
has been biochemically proven in this study (Fig. 2). YqiI pos-
sesses a Sec-type signal sequence, and it lacks readily identifi-
able cell wall-retaining domains (Fig. 3B); however, it has pre-
viously not been detected in the B. subtilis secretome (60). A
cell wall-anchoring function for YqiI could potentially be pro-
vided by a coexpressed lipoprotein (YqiH) (Fig. 1), a possibility
which has already been discussed in the context of several other
autolysins (29).

The yqiI gene is embedded in an operon (yqiHIK) (Fig. 1)
whose transcription is upregulated in response to severe osmotic
stress (Fig. 7A). This finding implies that the YqiI protein and the
other proteins encoded by this gene cluster, the lipoprotein YqiH
and the cytoplasmic glycerophosphodiester phosphodiesterase
YqiK, serve a physiological function in cells that are continuously
exposed to extremes in salinity. However, none of the yqiHIK-
encoded proteins are essential for the growth of B. subtilis under
these challenging conditions (Fig. 4A and B).

We observed striking morphological changes during the
phase of acclimation of B. subtilis to sustained high salinity
(Fig. 4C). During this stage, the morphology of the cells is very
diverse, with the appearance of twisted and curved forms and

FIG 6 Influence of the AT-rich region located upstream of the yqiHIK promoter region on osmotic induction of yqiH-treA reporter gene expression. (A) DNA
sequence of the 300-bp fragment fused to the promoterless treA reporter gene in strain KFB15. The AT-rich region is highlighted by a black box. The DNA
fragment shown is defined as �0. Arrows indicate three different truncations (�1 to �3) of the 300-bp region originally used to construct the yqiH-treA gene
fusion. The positions of the �35 and �10 yqiHIK promoter regions, the transcriptional initiation site, the ribosome-binding site of the yqiH gene, and its
translational start codon of the yqiH reading frame are indicated. (B) Promoter activity and osmoregulation of reporter strains carrying the various deletion
constructs in cells cultivated either in SMM or in SMM containing 1.2 M NaCl.
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the appearance of bulges at the cell poles (Fig. 4C and 5C).
Since the murein sacculus determines cell shape (61, 63), these
observations imply underlying deformations in the architec-
ture of the peptidoglycan (22, 66). Remarkably, microscopic
observations of cells that have fully adjusted to sustained high-
osmolarity surroundings revealed a normal rod-shaped ap-
pearance (Fig. 4C). Consequently, either the B. subtilis cell can
actively remodel its murein sacculus to remove the deforma-
tions in cell wall architecture that it experiences during the
process of acclimatization to high-salinity environments or all
the misshaped cells have lysed by the time the osmotically chal-
lenged culture has entered the exponential growth phase. As-
suming that the observed prominent cellular deformations are

reversible, the involvement of an amidase activity seems likely.
However, the YqiI amidase is definitely not critical for such a
process (Fig. 4C), and neither are the LytC, CwlC, CwlD, and
YrvJ amidases (Fig. 4C). The fact that we were able to a con-
struct a quintuple mutant lacking all of these amidases possess-
ing an amidase_3 domain (PF015020) indicates that other
types of amidases must be present in B. subtilis. Indeed, Smith
et al. (55) pointed to a set of amidases (XlyA, XlyB, BlyA, CwlA,
and CwlH) that are encoded by prophages or prophage-related
DNA elements present in the B. subtilis genome. All these pro-
teins are predicted to carry an amidase_2 domain (PF01510)
(49), a domain which is frequently found in zinc-containing
enzymes possessing N-acetylmuramoyl-L-alanine activity (36).

Our yqiH-treA reporter gene fusion studies revealed a pat-
tern of osmotic control of gene expression in B. subtilis that has
not been observed before, e.g., for the proHJ and opuE genes.
The latter genes encode enzymes for the osmoadaptive synthe-
sis of the compatible solute proline (8) and a transporter for its
uptake from the medium (64), respectively, and their expres-
sion levels increase linearly in tune with the degree of the im-
posed osmotic stress. In contrast, the transcription of the
yqiHIK operon remained at a basal level until the salinity of the
growth medium exceeded a threshold concentration of 0.7 M
NaCl (Fig. 7A), a level of salinity which constitutes a consider-
able degree of osmotic stress for the B. subtilis cell (4). How the
B. subtilis cell manages to produce different output responses
in terms of the pattern of yqiHIK, proHJ, and opuE transcrip-
tion when it is challenged with the same environmental cue is
currently unknown. This might depend on the particular se-
quence of a given promoter, its flanking DNA regions, and
solute-catalyzed interactions (e.g., via K�-glutamate) of the
RNA polymerase with the promoter region (18, 33, 45). The
yqiHIK promoter loses its osmotic control when it is mutation-
ally converted to a promoter that perfectly matches the �10
and �35 consensus sequences of B. subtilis SigA-type promot-
ers (Table 2). Hence, the deviations from the consensus se-
quence (24, 65) serve to keep the level of activity of this pro-
moter low under non-salt-stress growth conditions (Table 2).

One of the most interesting findings of our study was the
discovery of a 53-bp highly AT-rich region whose 5= end is
located 180 bp upstream of the �35 sequence of the yqiHIK
promoter (Fig. 6A). Its integrity is critical for the functioning
of the yqiHIK promoter (Fig. 6B) in response to the signal(s)
that is otherwise gathered by B. subtilis during growth in high-
salinity media. We can currently only speculate on possible
molecular mechanisms that might underlie this phenomenon
of osmoregulation and the control of promoter activity at a
distance. The AT-rich region could possibly drive structural
transitions in the DNA of the yqiHIK regulatory region to favor
the interaction of the RNA polymerase with the promoter se-
quence in cells exposed to high-salinity environments, or it
could be the target of a regulatory protein that promotes such
interactions.

The 300-bp DNA regulatory region of the yqiHIK operon that
we have identified in this study carries all sequences required in cis
for the osmotic control of gene expression (Fig. 6 and 7). Thus, the
yqiHIK promoter might serve in future studies as an interesting
system for the genetic exploration of the sensing and signaling
events that allow B. subtilis to detect an increase in the external

FIG 7 Osmotic regulation of yqiH-treA expression and identification of the
yqiHIK transcription start site by primer extension analysis. (A) Determina-
tion of TreA activity in cells of strain KFB15 (yqiH-treA) cultured in SMM with
increasing NaCl concentrations. All cell samples were harvested for TreA en-
zyme activity measurements at the mid-exponential growth phase (OD578 of
about 1.0 to 1.5). (B) Primer extension analysis of the yqiHIK transcript in cells
of B. subtilis strain 168 carrying plasmid pKF16 (yqiH=) cultured either in
SMM (�) or in SMM with 1.2 M NaCl (�). (C) Nucleotide sequence of the
yqiHIK promoter region. The transcription initiation site (�1) is indicated by
a bent arrow. The �35 and �10 regions are highlighted with gray boxes and
are separated by 17 bp. The ribosome-binding site (RBS) of the yqiH gene, its
start codon, and the N-terminal amino acid sequence of the YqiH protein are
shown.
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osmolarity and physiologically cope with this environmental chal-
lenge through targeted gene expression in a timely manner.
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