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Gene arrays containing all currently known open reading frames of Bacillus subtilis were used to examine the
general stress response of Bacillus. By proteomics, transcriptional analysis, transposon mutagenesis, and
consensus promoter-based screening, 75 genes had previously been described as o®-dependent general stress
genes. The present gene array-based analysis confirmed 62 of these already known general stress genes and
detected 63 additional genes subject to control by the stress sigma factor o®. At least 24 of these 125
o®-dependent genes seemed to be subject to a second, o°-independent stress induction mechanism. Therefore,
this transcriptional profiling revealed almost four times as many regulon members as the proteomic approach,
but failure of confirmation of all known members of the ® regulon indicates that even this approach has not
yet elucidated the entire regulon. Most of the -dependent general stress proteins are probably located in the
cytoplasm, but 25 contain at least one membrane-spanning domain, and at least 6 proteins appear to be
secreted. The functions of most of the newly described genes are still unknown. However, their classification as
o®-dependent stress genes argues that their products most likely perform functions in stress management and
help to provide the nongrowing cell with multiple stress resistance. A comprehensive screening program
analyzing the multiple stress resistance of mutants with mutations in single stress genes is in progress. The
first results of this program, showing the diminished salt resistance of yjbC and yjbD mutants compared to that
of the wild type, are presented. Only a few new o®-dependent proteins with already known functions were
found, among them SodA, encoding a superoxide dismutase. In addition to analysis of the o®-dependent
general stress regulon, a comprehensive list of genes induced by heat, salt, or ethanol stress in a o®-
independent manner is presented. Perhaps the most interesting of the o®-independent stress phenomena was

the induction of the extracytoplasmic function sigma factor o* and its entire regulon by salt shock.

Almost 15 years ago we began to analyze the response of
Bacillus subtilis cells to stress and starvation because these
unfavorable conditions are the rule in natural ecosystems and
adaptation to stress and starvation is crucial for survival in
nature. We used the highly sensitive two-dimensional gel elec-
trophoresis technique to visualize global changes in the gene
expression pattern (24, 25, 38). These studies revealed a large
group of stress proteins that seemed to be induced together by
physical stress such as heat, salt, ethanol, or acid stress, as well
as by glucose, oxygen, or phosphate starvation. This complex
induction profile encouraged us to suggest that these proteins
may have a rather nonspecific, but nevertheless very essential,
protective function in response to stress or starvation, regard-
less of the specific stress stimulus. Therefore, the proteins were
called nonspecific or general stress proteins (24, 25, 38).

Subsequently, stress induction of this protein group was
shown to be mediated by the alternative sigma factor o®, the
general stress sigma factor of gram-positive bacteria. W. G.
Haldenwang and R. Losick discovered o® more than 20 years
ago (22), but its role and physiological function remained mat-
ters of speculation for more than a decade. In the early 1990s
the laboratories of W. G. Haldenwang and C. W. Price inde-
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pendently discovered that the sigB operon was induced by the
same stimuli as the general stress proteins, namely, either heat,
ethanol, or salt stress or entry into the stationary-growth phase,
and that this induction was achieved by o® itself (6, 7, 9, 11).
These findings strongly suggested that the genes encoding the
general stress proteins belong to the o® regulon. Identification
of numerous general stress proteins by N-terminal sequencing
or matrix-assisted laser desorption ionization-time-of-flight
mass spectrometry and subsequent detailed analysis of gene
regulation proved that ¢® indeed controls induction of the
general stress genes. By use of transposon mutagenesis C. W.
Price and coworkers investigated the effects of ¢® on transcrip-
tion and identified eight o®-dependent genes (for reviews see
references 26 and 37).

Finally, analysis of the B. subtilis genome for o®-dependent
promoters was used to identify additional members of the o®
regulon. This computer-aided identification of new general
stress genes became feasible because of the highly conserved
and distinct consensus sequence of o®-dependent promoters.
Screening of the potential target genes by oligonucleotide hy-
bridization revealed more than 20 new genes that are probably
under o® control (36). The three approaches described above
and additional genetic and transcriptional studies have led thus
far to the identification of 75 o®-dependent general stress
genes. The number of genes identified by each of these ap-
proaches is given in Table 3.

Many of the general stress genes display basal level tran-
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scription from vegetative o*-dependent promoters. However,
activation of o® activity following metabolic or environmental
stress dramatically increases the transcription of the general
stress genes. As a result of this massive induction of the regu-
lon, the fraction of total translational capacity utilized for pro-
duction of general stress proteins rises from approximately 1%
in growing cells to 20% or even more in starved or stressed
bacteria (8). During exponential growth ¢® is kept in an inac-
tive complex by binding to its anti-sigma factor, RsbW (5).
Activation of o® requires the dephosphorylation of an antag-
onist protein, RsbV, which then forms a complex with RsbW
and releases o® from its inhibition (1, 17). During exponential
growth RsbV is phosphorylated and inactivated by RsbW (17,
52), but after the imposition of stress or starvation two specific
PP2C type phosphatases, RsbU and RsbP, can shift the equi-
librium from RsbV~P to RsbV and consequently trigger stress
gene activation (48, 55).

Comparative phenotypic studies of sigB mutants and wild-
type bacteria have meanwhile proven that high-level expres-
sion of the general stress regulon provides stressed or starved
cells with multiple, nonspecific, prospective stress resistance in
anticipation of “future stress” (18, 19, 51). This protective
function is particularly important for cells that are no longer
able to grow (51). Therefore, the general stress response might
be an essential alternative for all resting Bacillus cells that do
not sporulate efficiently either because the cell density is too
low (21) or because stress conditions (e.g., osmotic stress, 0x-
ygen limitation) do not allow sporulation (28, 39).

Analysis of the precise function of the general stress regulon
in stress management will undoubtedly profit from a compre-
hensive description of all o®-dependent genes. Therefore, we
decided to use DNA macroarrays for transcriptional profiling
of stress adaptation in B. subtilis to detect the still missing
members of the ¢® regulon. By this approach more than 60
new oP-dependent genes were discovered. The screening was
also utilized for the characterization of o®-independent stress
gene induction. Interestingly, these studies showed salt shock
induction of the regulon of the extracytoplasmic function
(ECF) sigma factor a%.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The following B. subtilis strains were
used: 168 (1rpC2), BSA46 (1rpC2 SPB ctc::lacZ), ML6 (trpC2 sigB::AHindIII-
EcoRV::cat), BSA272 (trpC2 sigB::AHindIII-EcoRV::cat), and BSA386 (trpC2
rsbX::spe sup20a SPB ctc::lacZ; obtained from W. G. Haldenwang). The yjbC
(BFA2841) and yjbD (BFA2842) mutants were constructed by inserting the
nonreplicative plasmid pMUTIN4, carrying fragments of the yjbC and yjbD
structural genes, respectively, lacking the ribosome binding site and the first
N-terminal codons, into the corresponding genes via a Campbell type single-
crossover event (41). Strains were grown with vigorous agitation at 37°C in a
synthetic medium with 0.2% (wt/vol) glucose as the carbon source (strains 168,
ML6, BFA2841, and BFA2842) (44) or in Luria-Bertani medium (strains BSA46,
BSA272, and BSA386). Ethanol or osmotic stress was imposed by adding ethanol
or NaCl to exponentially growing cells to a final concentration of 4% (vol/vol or
wt/vol, respectively). For heat stress, the temperature was shifted from 37 to
48°C.

Survival of growth-preventing salt stress was examined by transferring expo-
nentially growing cultures into minimal medium containing an initial NaCl con-
centration of 4% (wt/vol). After a preadaptation period of 30 min, this was raised
to a final NaCl concentration of 10% (wt/vol).

Cell lysis and RNA isolation. RNA was isolated either according to the acid
phenol method of Majumdar et al. (34), with the modifications previously de-
scribed (49), or after mechanical disruption of the cells as described by Hauser
et al. (23). In the latter case sedimented cells were resuspended in 200 pl of
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growth medium and immediately frozen in a small Teflon vessel of a grinding
mill (B. Braun Biotec Int., Melsungen, Germany) in liquid nitrogen. After ad-
dition of a tungsten carbide bead, the frozen drops were mechanically broken for
2 min at top speed. The frozen powder was instantly taken up in guanidine
thiocyanate buffer (4 M guanidine thiocyanate, 25 mM sodium acetate [pH 5.2],
0.5% [wt/vol] N-lauroylsarcosinate) and was extracted three times with 1 volume
of acid phenol-chloroform-isoamyl alcohol solution (25:24:1, vol/vol/vol), and
twice with chloroform-isoamyl alcohol (24:1, vol/vol). After ethanol precipitation
and washing with 70% ethanol, the RNA pellet was dried and dissolved in diethyl
pyrocarbonate-treated distilled water.

Preparation of labeled ¢cDNA, array hybridization, and DNA macroarray
regeneration. Prior to cDNA synthesis, the quality of the RNA was routinely
verified by standard Northern blot analysis with digoxigenin-labeled antisense
RNA probes specific for known general stress genes. For cDNA synthesis, 2 pg
of total RNA was mixed with 4 pl of a commercially available primer mix
(Sigma-Genosys Ltd.) and 3 pl of 10X hybridization buffer (100 mM Tris [pH
7.9], 10 mM EDTA, 2.5 M KCl) in a total volume of 30 ul. The primer mix
consisted of 4,107 specific oligonucleotide primers complementary to the 3’ ends
of all B. subtilis mRNAs (Sigma-Genosys Ltd.). The sample was heated to 95°C
for 10 min and subsequently cooled to 42°C for primer annealing. Reverse
transcription was performed in a total volume of 60 wl with SuperScript II
reverse transcriptase and [a->*P]dCTP in the appropriate buffer for 1 h (Life
Technologies, GmbH, Karlsruhe, Germany). After addition of 2 pl of 1% so-
dium dodecyl sulfate (SDS), 2 pl of 0.5 M EDTA (pH 8.0), and 6 pl of 3 M
NaOH, the remaining RNA was hydrolyzed by incubation at 65°C for 30 min and
at room temperature for 15 min. Prior to ethanol precipitation, the cDNA
solution was neutralized with 20 wl of 1 M Tris (pH 8.0) and 6 pl of 2 N HCL.
After a wash with 70% ethanol the pellet was carefully dried and resolved in 100
pl of distilled water. Labeling efficiency was determined with a liquid scintillation
counter. This study was performed with Panorama B. subtilis gene arrays from
Sigma-Genosys Ltd., which carry duplicate spots of PCR products representing
4,107 currently known B. subtilis genes. cDNA denaturation, probe hybridization,
and washing of filters were performed as described by Hauser et al. (23).

The arrays were exposed for 2 and 4 days to storage phosphor screens (Mo-
lecular Dynamics, Sunnyvale, Calif.) and scanned with a Storm 840/860 Phos-
phorImager (Molecular Dynamics) at a resolution of 50 um and a color depth of
16 bits.

Bound cDNA was stripped off the membranes by a short (1-min) washing step
with 250 ml of boiling buffer (5 mM sodium phosphate [pH 7.5], 0.1% SDS),
incubation in 250 ml of fresh buffer at 95°C for 20 min, and two additional wash
steps with fresh boiling buffer.

Data analysis. Hybridization signals were quantified with ArrayVision soft-
ware (Imaging Research Inc.) after direct import of the PhosphorImager files.
After subtraction of the background, which was defined as the median of signals
surrounding the entire spot fields, the overall spot normalization function of
ArrayVision was used to calculate the normalized intensity values of individual
spots, thus facilitating the comparison of results from different hybridizations and
filters. Briefly, this procedure involved two steps: (i) calculation of the intensity
of an average spot by dividing the sum of the intensities of all PCR product
specific signals on the array by the total number of spots and (ii) dividing the
intensity of the individual spot by the intensity of this average spot.

For each growth condition mRNA was prepared from two independent cul-
tivations and then used for independent cDNA synthesis and DNA array hybrid-
izations. For exponentially growing bacteria and ethanol treatment, three en-
tirely independent replicates were processed. In total, 32 array hybridizations
were performed. For each gene the average of the normalized intensity values
from all the replicate experiments was calculated. To avoid extreme intensity
ratios for genes close to or below the detection limit, the average normalized
intensity for these low values was arbitrarily set to a value corresponding to a
signal-to-noise ratio of 2. These average values were then used to calculate
expression ratios for the following comparisons: (i) stressed (ethanol, salt, or
heat shock applied for 10 min) versus exponentially growing wild-type strains, (ii)
stressed (ethanol, salt, or heat shock applied for 10 min) versus exponentially
growing sigB mutant cells, (iii) stressed wild-type cells versus stressed sigB mutant
cells (both treated with ethanol, salt, or heat shock for 10 min), and (iv) the rsbX
sup20a hyperexpression mutant versus the sigB mutant 60 min after ethanol
addition. 7sbX mutants lack an essential negative regulator of the o® regulatory
cascade, fail to restrict the o® response, and therefore display artificially high and
extended o® activity (50). In the suppressor mutant (rsbX sup20a) artificially high
o® activity is compatible with growth (W. G. Haldenwang, unpublished data).

Experiments involving ethanol, salt, or heat stress (10 min) were performed
with the isogenic B. subtilis strain pair (168 and ML6). In order to substantiate
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FIG. 1. Scatter diagrams of normalized spot intensities. (A) Spot intensities of two array hybridizations with two different unstressed samples
from the wild-type strain 168 (wt col versus wt co2). (B) Spot intensities of array hybridizations from a nonstressed probe of strain 168 (wt co)
and an ethanol-stressed sample of the same strain (wt EtOH). (C) Comparison of spot intensities of filters hybridized with probes of wild-type
strain 168 (wt EtOH) and its isogenic sigB mutant ML6 (AsigB EtOH), both treated with ethanol. For the presentation, spot intensities of the 4,107
genes have been normalized and the duplicate spots on the filter have been averaged as described in Materials and Methods. r, Pearson correlation

coefficient.

the results and to minimize the number of false positives, experiments involving
treatment with ethanol for 10 min were also performed with an independent
strain pair, BSA46 and BSA272, and Panorama B. subtilis gene arrays (Sigma-
Genosys Ltd.) from a different batch. Due to the different strain pair and the
different array batches, hybridizations involving this strain pair did not produce
exactly the same induction ratios but confirmed the candidates identified in this
study with the strain pair 168 and ML6.

The ratios of the expression levels obtained from the averaged normalized
intensities of all replicate experiments were imported into GeneSpring 3.2.12
software (Silicon Genetics, Redwood City, Calif.) and used to find additional
oB-dependent and o®-independent stress genes. Seventy-five genes have previ-
ously been assigned to the o® regulon. Twelve of these (clpC, ctsR, opuE, sms,
trxA, yacH, yacl, yacK, yixG, ytxH, ytxJ, and yvyD) exhibit an additional stress
induction mechanism, but the remaining 63 (aldY, bmr, bmrR, bmrU, bofC, clpP,
¢sbA, csbB, csbD, csbX, ctc, dps, gsiB, gspA, gtaB, katB, katX, nadE, rsbV, rsbW,
rsbX, sigB, yacL, ycdF, ydaD, ydaE, ydaG, ydaP, ydaS, ydaT, ydbD, ydbP, ydhK,
YK, yfkM, yflA, yfIT, yhdF, yhdN, yhxD, yjbC, yjgB, yjgC, ykgA, ykzA, yocK, yoiK,
yoxA, yoxC, ypuB, yqhA, yqghQ, yqxL, yrvD, ysnF, ytkL, yugU, yvrE, yxaB, yxbG,
yxcC, yxkO, and yycD) should display clear oB-dependent induction in response
to all three stresses. These genes were also used to obtain a consensus sequence
of oB-dependent promoters.

The DNA sequences preceding genes with potential o®-dependent stress in-
duction were subsequently inspected for the occurrence of the characteristic —35
and —10 boxes recognized by the RNA holoenzyme carrying o® with the Motiv-
Finder program (Decodon GmbH, Greifswald, Germany).

World Wide Web access. The complete data sets for all the growth conditions
investigated are available online (http://Awww.uni-marburg.de/mpi/voelker/functional
-genomics).

RESULTS

Identification of o®-dependent general stress genes. DNA
macroarrays that contain all currently known genomic open
reading frames of B. subtilis were used to record the compar-
ative transcriptional profiles of exponentially growing cells and
cultures exposed to mild ethanol, heat, or salt stress. Bacteria
were exposed to the stresses for 10 min in order to achieve
maximal transcriptional induction.

Prior to quantification of the array data, the reproducibility
of the array experiments was estimated by comparing the nor-
malized spot intensities in scatter diagrams (Fig. 1). Array data
from hybridizations of independent samples from the same
cultivation condition always yielded high Pearson correlation
coefficients (see Fig. 1A for an example; r = 0.992). As ex-

pected, Pearson correlation coefficients calculated for compar-
ison of untreated and stressed samples of the wild type or for
comparison of ethanol-stressed samples from a wild-type strain
and from the corresponding sigB mutant were lower (r =
0.8995 and r = 0.9266, respectively), and the scatter diagrams
displayed genes induced and genes repressed by ethanol stress
(Fig. 1B and C).

In this study a gene was considered to require o® for stress
induction when it complied with all of the following three
criteria. (i) Expression of the gene had to be induced more
than twofold by at least two of the three stresses in the wild
type. (ii) The ratio of induction had to be at least 2 in three of
the four mutant comparisons employed, i.e., wild type versus
sigB mutant after heat, salt, or ethanol stress and expression in
the rsbX sup20a mutant versus expression in the sigB mutant 60
min after exposure to ethanol stress. (iii) A o"-dependent
promoter had to be located in front of the gene or the tran-
scriptional unit to which the gene belonged. These criteria
clearly differentiated between specific and general ¢®-depen-
dent stress genes.

Table 1 lists the 101 genes that met these selection criteria.
Fifty-one genes belong to the group of 75 o®-dependent genes
already described in the literature, and 50 genes correspond to
potential new members of the o® regulon.

However, it was apparent that we preferentially missed o®-
dependent genes subject to an additional o®-independent
stress induction mechanism, because those genes would not
always display much stronger induction in the wild type than in
the sigB mutant. Therefore, we applied a modified two-step
discrimination protocol to the same set of data to hunt for this
class of genes. Table 2 displays the results of this search, which
required twofold stress induction by at least two of the three
stress factors in the wild type and the sigB mutant. Potential
candidates passing this first test were subsequently screened
for the presence of the conserved o®-dependent promoter.
This search strategy identified 24 additional genes, 11 of which
had previously been described as general stress genes. The
latter group includes yvyD, which remained inducible by etha-



J. BACTERIOL.

PETERSOHN ET AL.

5620

€ LT YD T6 19 w OLL -"N-VLOWVYOIDYVIOVIOLYOVYVLIDLDOOL $0-9S) suvanpoppy g ‘4L THE ulo101d poAIdsuod umouyuny  gzuid
8T €T 91 01 9% w 919 -"N-VOVLVI991IVVOLYLOOOVVYOLLLYVOV 1¢-97) suvinpojvy °q ‘TIyCHE Wojo1d poarasuod usowyun) - g4
LT 8¢  $9 T ¢l w DLV - N-VVVYV OO LYVVOVOOVYLOWOLL1DOOD 90-9¢) suvanpojvyy “g ‘9e9gHd ur101d pasrasuod umowyury 244
ST 66 TE€ LT 0T w 91V -*N-OVLIVIONDVIDLVILOD VIV LLLIEDVYVY TL-2Y) suvanpoppy g ‘9997HY ulejoid poAIdsuod umouyupy  Jnyd
Iz 0T ¥I It It w 91V -*N-VLOYVLODDILLL1D " LIVODIIDLID VYD (Lg-o1) wnunaup -5 “aseurwresp AeApnLoAxodp oaneng  puyd
8T 9T 9¢  L¥T 6L  + w 9(VLOVYIVYIWVYOON VYOV LYOVYWVLLIA VIO (12-97) psousniov g ‘1qQ urejord soueysisar aprxoradoipdy omuesio  pyd
L9 1 8¢ 9 0T w OLY -*N-VLVYYVVOOIEDLYOLVOLLLIVONYLLID1IVY (y9-9¢) sunanpopy g ‘6L, 1HA usjoxd [eoneyiodiy  payd
0zt ¥9 8T 88 €8 pug uoxado gD3Ie (11-9%) syuqns g ‘quax ujoid reanayjodAy poarosuo) ,qgsld
Ly LT TS vT v 38T 91V -ON-VVORVYVOOY1OLLIDLIOVOLNIILIDVID (081-9>) syuqns g ‘gyix Sojowoy @méomoim% oewog D8I
9¢ L8V 8¢ LE w 91V - N-LOLYV 19991 VVVOV VOVVIOWYLLLDDDD JjueqiwIs oN - g3l
LS 9 8¢ €9 T¢ w LY -“N-909AV1D9D VIV "VVOVVIVLLLIDIOL Aepuis oN - gold
6L 'S TI 6v 79 w D1V -ON-LVOVVVYOONWVYLLLID L I1IVINVILID DIL (66-29) sunanpopy g 916zHA ur2joid paa1dsuod umouyup)  f7d
ST 6T v 6L St w DLV -°N-LYOPV.LODYOLODLVILIOO1IL LLLIAVOY (99-09) syiqout 7 ‘oseusBoIpAyap [oNqry  axYy€
€€ 8T IS €1 T8 w 91V -ON-LOVAVLODDLIVVYVYD LODLOIUVVLIDVYY (T1-06) squqns g “qIxK  Yoyd
€ ¥6 6% 88 6T + w 91V -*“N-LVOVVVYOOBWOVIOILLLLLIVIVLLITDVYY (211-9) psourdniap g ‘/711Vd 9SeIonpaIopIXo d[qeqoid — NPYA
60 VT Ic 1S 11 w OLVIOYOLIOIVIOMIDIIDIDLLIVOLVLILIDDDL ($01-9) suvampoppy g “TISTHY (‘POY/HA UIRYD 1I0YS) 9SLIONPIIOPIXO  APYL
06 8T 9 1T LT w 911 -"N-OVOVVLOODOVVLIVO OLIVIDDLIIDIDLIY (01-29) suaosatonyf svuowopnasg xdw) — gxs
S 9S  TT €L 68 w 91V -**N-LV LVVVOTEDVOIVY.LO1OL LYV 1 ODVVL (90-91) wnaproosip - ‘(Juowsexy) 0p01OA IIO WYL
ST 12 LT ¥¢ 86 pig uoxado yyA renusjod (19-96) supanporpvs (] ‘6vSTA uI01d paje[d1-osejoIpAy opxodq  pifd
T 8T 0T ¥e¢ €S pug uoxado Y/« [enuajoq (S0-95) syuqns g “zeax urjoxd yeonoyrodfy s 7y€
154 S Tl 1T S8 18T 911 -"N-VOOMYVOMYVYIVYVYIOLLIDOLI1DIVLL (zz-a1) syuqns g ‘gsmx udjoid [eanayjodAy paatasuo)  yyfl
6¢ LT 61 8T 0F 38T DLV -*N-VLOVVLIOOWIVVYOVL LV.LI1IDI1L11DOIV (¥$-29) “ds sus€r0y2oudg ‘€7z TS I0NQIUUI UOISIAID [[3) Y€
6 Tt ST 6T €T pug uorddo @7 Jy/4 renudlod Arequns o Y€
76 IL TS 6% 89 pIg uoxddo q4y/A [enudod Auequnis oN - @€
8 Le €1 €€ €% pIg uoxado Hypy/A enuajod (65-25) sna12> "g ‘HYA urjord [eonoylodiy  Hyfd
1 8¢ 0°¢ ! 1T pug uoxado fypy/d fenyuajod Auepuis oN - €
09 YL 1T L8 11 8T DLV - N-VVOWWOOOEY LYVVOYOVLLLUOL LI DVYD (9¢-95) supanpojoy g ‘8cgzHE dseieydsoyd-outsorbi-uajord i
LT LT 6§ 9 T w DLV -"N-D199V.ID99LI9DLO LOVLLUVI LI VYO (y9-9¢) supinpojpy g ‘STOSHE Wa)oid ssons [exousn ik
9¢  ¥L LT TS €€ w D1V -*N-LYOHVYVOODVLOLVIOILLLL1ID VI ITDVVYY (89-98) suvunpopvy g ‘¢ccOyHY 191odsuery pe ourwy Pl
Ir st Tt ¢¢ €l w 91V -*N-VOOVVLODDL1VVIILIILOWVLILIDVYID (80-96) suvanpopy g 06£THI ure)oid pasasuod usmowyun)  Hy4
99 €8¢ 8  T0T  SOT w DLV -*N-YVYVAV IO VOIVD VOVLIONYILLIDIDLY fAuepuis oN - LYK
I 89 €T 96 w 91V -"N-OVVIVYVOAUDLLLIVOLIODOYOLDIDLIDL (081-0>) syuqns g ‘gyA ‘Sojowoy ujord Supuig-uony  ufd
91 8 79 66 8¢ + U uorodo xqst gsis pm,19s4 osejeydsoyd ourros odAy 0zdd Xqs4
1S LS €L ST 'L +  pig uorodo xqst gsis mM,1954 10308} BWSIS Ssa1)s [BIoUAF dserowAjod VN gsis
I\ €1 8¢ 9% 'L + pug uoxado xgst g8is mM,1954 g31g jJo 10308} PWSIS-NUR ‘OSBUD QULIdS/UIj0Id YOIMS  A1gS4
4} ST 9% 09 8 + ST 9MLOVVIOVVYY LOFDIVOVILDLILONVLLIIDYVY g31S JO 10}0B) PWSIS-NUE-NUY  Agsd
¥t 8T 86 SL €8 w LY -"N-YVLYVYVYVYODLYOOLY LOLLIAVIIIOOLLL (z01-0) sunanpoppy g 06TZHE 9Se[eied Sururejuodo-osoueSuely  qqpd
€T b 9T  ¥9 9 + w OVIOVYIVYOYVYOODOVOLOL IVVOVWYLLIDLL 1D (81-3F) puvyviyy sisdopigoay ‘Turg urdjord juepunqe druokiquiy  g1s3
96 v¥ tvT 9¢  6¢ w D1V -““N-L1VIVLO9DOLDIVI LLLIIVLI 11 ISDDLY fuequrs oN - [opA
L9 LT v1 Te €S w LY -*N-LVOLVLIDDVOOVILYOLYVDILLLAOVY (90-35) syuqns g ‘yzmx urjoid sueiquiow [eanayjodAy paarasuo)y  sopd
ST 81 86 0¢ W+ w YWOIVYYVYVYVOLVYLIODMIDDIDLLIDDOVWLLLIDHDDD (€01-2) wmpydopiow -, ‘urajoxd pajera1-oseusaoIpAysp ajeaniAd  Joph
6S ST v¢ 06  +9 + w VOOQOVIVYLOVYVOOLYODIDDILLOIWYLLIDIID1 (p0-o) suvanporppi - ‘9z uro301d ssons [e10USE d|qeqord  Hupk
L 9 66 49 99  + pug uoxado ggopd Auequis oN - gopd
89T 65 9T  OIT zel + 38T VOV IVVVOVYIBYLOOYO LD LOVOVVYYIAUVLLIVID (€11-0) syuqgns g ‘APYA 2sejonpaIopixo [eandyioddy  qopd
e L8 vI o €T T¢ + w VIVVLOVILYOYVYYOOTLLIVOLIVILLI¥ILIVALYIL (169 OA) aseroyiuls , VN uopuddop-*HN  gpvu
woTe 1Tt TS YL pug uoxado 5,Jpod [enusjod (081-21>) smisvpisoomourays g “(0T°'1°C’€ D) 2Sep1soon[3-9°1-0810  HpoA
61 1T €9 ST 91 8T DLV -*N-O1LLY19SDVVVVYODOLOVIDLLLINIDL (99-97) winuopSouL °g “II 5eUSOIPAYIP-1 9s0oN[)  Jpok
7l € vIoI€ 0T w D1V -"EN-VLVLVYVOOWLLIVOV LL11IWYI1ISDVVL (11-99) stuqns g ‘WpuX urjoxd [eonoyodAy poarosuo)  ggod
Tl €9 ST €9 08 w OV -*N-09OU VLV OLODLOVOLDLYLIOLDYYY  (L0-07) mnlal 110pqopdduin) 098010 urejord suerquiow [eidajur ojqeqoid  ygox
€L LT € 0T OF w DLV -*N-VLVDVVOODVYVVID LLLVVIDVLLIDVIV (80-2L) sunanpopy “g ‘999zHY Uro30id paaIdsuod umouyuny  gagd
6 I¥ Ty €9 $9 w 91V -*N-OVVYVYVLOYDVLVYVVVOLOOVYLVOVYDILD (081-21>) (QdAD) 0Spd SWOIYI0IA SunelAxoIpAy-v1aq pre Ayey [pgd
LT € 12 '8 '8 + pug uoxodo Hods 210 (90T1-91) D urejoxd woneniods A aSels ‘(Y1) ose[oIpAy VNMI-[Apndod Dods
T 8 16 Lz T8 + ] 99(WLYVLOLLIDIVIOODYLIDDLIVLIIDDIWYLLI VDD (81-21) wsoursniov spuowopnasd ‘g1 urejo1d [EWOSOqLI d[qeqoid 2
61 S 1T ST 91 18T 911 -**N-LV1BV LDV VYVYVLOIOLIYILL 111 197VVD (12-a1) snpisjnf " ‘Sojowoy (giug) asejewsLIOYd0s]  Jovd
L 0¢ 61 %5 [ pug uorado gyood renuajog (0ZT1-9) $nat2d smypovg OIS SWAZUD ONA[-juowsesy [eonI0) ok
o ¢ = o o <3
e & 2 o o £ g
= £ - = £ & g
W = % omu m ,oouanbas 1ojowoid feniusjod 10 uordor A10jensoy 4(an[ea g) Sojowoy 3sdredu 10 uonoung jelicls)
o3 =
& 8
kozmu EOEQ—.EEH SImpnis
: : uorodQ

souag ssa1s [e1oudd Juspuadop-40 Jo Arewwng T FIGV.L



5621

EXPRESSION PROFILING OF B. SUBTILIS STRESS RESPONSE

VoL. 183, 2001

‘sisA[eue 10]q UIAYLION Aq PayLIaA uaaq sey urded uorssadxs oy
‘sisf[eue 10[q u1dyIoN Aq uoso1d usdq sey d1mjonns uorado oy Ji 10 uoIssAIdxd Juopuddop-g.o Ae[dsIp sOUSF FupjuRY Y} JI AI9Y PIPN[OUI DB BLIDILID UOISSAIAXd JuauLns oy) [[Y[nJ 10U Op ey} saudd [eurajul uo1ddQ s
*(JOA/[OA) 9% JO UOIIRIUAOUOD [eUY B O} [OUBYID JO UONIPPE IdiJe urw ()9 (7,7vSd) jueinu gsis oy) pue (98¢ySq) juenw rossoxddns yqss ue
wouy paredord N )M paure}qo o1om soner oYy ‘gsis/xqss ‘HO TDBN (J0AM) 94 10 D,8% TOURYID (JOA/[OA) 9% YIIM UTW ()] I0] POeaI) Jueinu gsis oy) pue urens odA)-prm oy woiy paredord sy yim paureiqo
QI1oM SOIEBI ‘gSIs/Im “I[es 10 Jeay ‘HOIT [OUBYId (JOA/[OA) %4 UM JUSWILII} Id)Je UIW ()] 10 dI0Joq A[ojeIpawwl Jayjro urens adK)-prim e woiy paredord sem N ‘oo/urw (o] HOH ‘Suoneziprigdy Aerre juopuadopur
0M] 18] JE JO SITRIDAR 109[JA1 SIAN[BA 'S[OIUOD PAJBINUN Y} JO SINISUIUL dAne[a1 AY) Aq (1m) odK) pia 10 ofdwres paonpur oy} ur soua3 [enpralpul Jo sfeudis uonezIpLqAy pazijewiou oy SuIpAIp £q paje[moe)
‘sisA[eue 10[q UIOYIION Aq 21njonI)s uorodo Jo UOnedyLIaA sajedrpur ugis snid ,

‘uo1ado [enusiod ay) ur uonisod Sy 9)BIIPUI SISQUINU [RUIPIO OIUOISIOUOW ‘W 20uanbas SWousS sy1qns g oY) WOy PaALIdp sa1nnIs uotado [enualod ,

‘uo13o1 A103eInS01 91 JO peoIsur umoys st uorodo oY) ‘uorodo ue ur oudF ISIY Y} Jou ST dULS Y} JT ‘sosoyIuared ur $10339] ploq
Aq pajuasardal are SYNYW Y3 JO SPUS G PAUNULIAIAP A[[eIustiIadxa Sy, “90vJp[oq Ul UMOYS 1B UOISaI SUIPOd 9y} JO UOPOd 11e)s Ayl pue s1djowoid juapuadap-4o [enustod jo suoidar o] — pue ¢¢— pawmnsard sy, ,
"peAISUI UDAIS SI uonouny umouy yim Sojowoy 9[qissod 1xou oY) ‘}oA pozLIdIoRIRYD Ud9q JOU SRy
Sojowoy 159q 9y} 2I9YM SISED U] “¢()-9 dA0QE SeM INJBA T dU) JBY} SAJIIPUI  AJLIB[IWIS ON],, “0Seqejep urojoid juepunpal uou-TTyYMS oY) IsureSe xinew 79 NNSOTI Y} Suisn soydIeas (g LSV Td YA paurejqo arom
sasayjuared ur uaAIS (sanfea g) sanyea 10adxa Ay, "paisI| SF papoous ura3oid a3 Jo SO[OWOY ISIBIU Y} SIMIAYIQ “BILP [BIIWAYI0IQ 10 0N_uad Aq pajtoddns uaaq sey 31 J1 usAld st papoous urajoid oy Jo uonduny Ay,
‘sish[eue Aerreororew YN 24 01 1otd juapuadap 0 9q 01 SIMBISI] AU} WO} UMOUY I9M SI91I3] P[Oq UI SAUID) "dWOUST §7717qns g Y} Ul 19PIO0 I3y} 0) SUIPIOOOR PIASI[ I SAUID) ,,

YOT  #T €8 € €€ w
L 9¢ 6T §8 68 w
€ TE 91 TE 8¥ w
Ls 0 ¥1 0T LT w
€L 99 7T 9¢ €5 + W
m 9z €1 Tt Tt + I
6 6L 0€ 0¥ 9€ + pug
£ 1T 0T ¥T 6¢ w
I 07 91T ¢ ¢S + w
€6 0¢ 9T TE T 8]
€ 0T 9T €T 9T pug
S6¢ LS € 88 oy + w
6st 80z 6 OvT S8 w
97 97T €1 €T 7 w
0 €1 0T 9T TL w
€9 Tt TE §9  ¥78 w
I Skt 99 0T 09 w
09 65T 0z 19  SI w
6L S€ ST Sv L¥ w
9% 19 0T ¥¥ TS + w
01 € ST §L 99 N
i 0¢ LT TS TL pug
0c €1 €9 01 w
60 TS §€ 0L 07 w
€ ¥ 0¥y T Tl w
9T ¥¢ 9T 1 €I w
8¢ S¢ 61 TE  0¢ w
s¢ T 9T U €6 w
0T 9T 19 ST €I w
€ 11 11 L 0z + w
Ls 8¢ 0T 0S5 LL + MBI
89 9 ¥L v¥ LL + pug
Ts € ¥S 95 88 + pi¢
86 OF 9T #6T O[T + w
IS ¢ 0% 68 6L + MBI
09 9¢ LT ¥9 TS + pug
LEE LSt 9L 10T ¥S w
7 09 0€ L9 TS w
¢ T 9 11 08 w
ve ST TT ST €%  + pi
L0 LT TT TT  TT o+ puC
€€ ¥r TI §€  §S  + BI
[t o€ €5 9 I w
09 L AR N7/ w
vI 01 v€ 9z 91 w

DLV - N-OLYWVYVOOOOVVYOVV.LOVOVDOLLLEDLYD
91V -*N-OVOBVI99DI LL1O1 10D 1VODV.LVIAYYO
1Y -*N-VIOWV1D9D1VODD "DLLIDVOVV.IDOOY
LY -*N-VVIRVVO DOV LVIOV IDLOVIAVLLIAVID
VYV LL(Y)LOLVVAYLO9BYVOOVLVOVOLVWOLLLOIVYY
VOWLOLODLD LYV LODBIDDIVVOVYOLMY LLLVIOV
uoxado gud givy

9LV -“*N-VLVVVVYOOVIOOVVYVYVOVYVNWOLLIOL L 11
19002VLIOLIYWVYOOOLIVIDLLIDIVYWLLLI1D9D99
919 -*N-LVODVYVOODLIODLD LYOLLILL 1] 1DODV
uorado Jzxd fjxA enuajod
VOWLLLOVY.LIDVIODNWYYYYD LLLLILIVII1I 9OV
91V - N-VLVAVYOBVVYVVYVYVOVLYLLIAVII I 1DV
D1V -*“N-VOVYVLIODVVYVYVVOVLLVOAVLLIDVYD
91V -*N-OV.IAVYOD 1ODVILDLLOVEDVYLLITDOVIY
91V -'N-VLYDYVYOODOOOLLL OVOVVYWYLLIDL1Y
91V -"EN-VYVIAVVYOODLVYOVIL ILDIDIV LI VYD
o1V .M.z-o<9~<<oe@§<ooo50<<@<¢h9<9
91V -*N-VOVVVLOBIVVYVYVVODIIDONYLLLIDVYY
19M1LDLI9191VVIODNWVYYO LLVIVOVVYYVLIOLDIVYY
91V -*N-VLOVVYVOHLOVVYVLIVOLOLILLLLISDVYVY
uoxddo vad yvad

919 -*N-OVIYVIODOVILYOLLIVONLLLIOVIL
911 -*N-1202VIOEDOVO LLVOVIVVDVLIVI/OLL
DLV -“N-VOV¥VVYOOOOOLLLD LOOVODOLLLIDIOY
9LV -“'N-OVWIVYOADOLOOVVOOLLLVLLIIDIYD
DLV -IN-YVYVWVVVVIIVYLLLODIOVOVALYLLIDOOL
91V -FN-VVIYV1OOBVVYLVOVVLIVLLIVYOLLID999
9LV -“N-V LVOVVYOOIIOVIVVY DLOLVEDV.LLIDVO L
1VLVDLOVLIVOWVYLIODBY LIV OVLIDDNW 1L L1 DYOV
1Y1V(OVIOVIVYLODDVVYVYVYOY VOLLYAVYL LI VOV
uorado roxd

uorado roxd

91V -*'N-VOVLYVOOIDVOVVYO VVYVOLNVLIIOLLLL
VO11VID1OV.IYV1999D9VVYIOYILLYOVLIVDYIY
uorado Hfoq xqso renualod

91V -“*N-LVIDVIDTED LVO LYVVVVOLWY LLLD1VY
91V -°*N-vWOaAVLIODPVYILLLIVIOVONLLI LD VIV

OLV -**N-VVIVOOODLY L1199 DODVODVLLID IOV
uorado g uq g

uorodo yuwuq .uq naug

VO(WOOYY LY LVIVOODES VVYYOVIV.LIODDVLIIIDILD
91V -*N-99VIvVOmYVYVVID OVVOVIYOLLLAVID
OLVY -"N-VOVVYVVOODVOVYLL L11D9D¥OL1IDVIL

91V -"N-OVOYY LOODOVLYOD DVVVVYWYLLVYOLOL L

Areuts oN
(ze-op) smpydouniayy ~g “1sdyg
(pg-op) winuasous g ‘(Lp1'1'T OH) 11 25eua30IpAyap-1 2s0on[H
(0¢-o1) psourdnion ‘g ‘6F9TVd 9SeULS0IPAYP UIRYD-1I0YS 9]qeqold
(STT-9) syugns "g ‘DMK Fojowoy urojoid jrodsuer; 9joqeIoN
©rir: Um\m T ose[eie)
LIB[ILUIS ON
(0£-7) puavut 1, “7z60NL urojord wsﬁeo&:
(9T'11'T Od) X aserere)

9-¢) smmosnuu snjy “Ose[Asoo, -ourInd[AyIoN-
(Tzo-¢) smp A *sRIASOOAIS YN e diAmoN-N
LIR[IWUTS ON]
(0€-29) vpLOJMUL g DNFT dseloysuel) [AS00A[S aaneIng
(90-97) syyuqns g ‘Sep X urojoxd [eonayiodAy poarosuo))
GI1-9) suvampojpy g ‘S8z HI oseroyjuks urdrjorpre)

(

Arreqruars oN
Areruts oN
Krreqiurs oN
(2z-22) syuqns g SyyA uroxd reonoyrodfy
(g11-2) s1douq -7 ‘LAY 19310duwiks uojoxd-asolfx-a
(6°L°L'T DH) oseroysuen[A[ApLIn ojeydsoyd-1-esoonyS-J1.N
(LOT-2) snpydowiiaryoanas g “(1°1°1°¢ D) Josindaxd ose1diso[hxoqre)
3 9SBENY 9SBI[ONUOQLIOXd ,G-03-,¢
(91-97) 1702 v1yoLIYIST ‘(3P X 9SBIONPAIOPIXO [ed1joy)0dAH]
Amm-uﬂw suaropfonbyojfuw g ‘urayord eQy-9'6T [eoneylodA
(05-97) swav sndouay ‘("we-0gJINS) 0g-UroloId IoyIew 0oU0dSoUdS
TT-9L) sunanpopy g ‘GpecHE urojoxd poarosuod [eonoylodA
(89-97) suvanpopy g ey HE U19101d POAIOSUOd umouyu)
(£0-09) winign p ‘urar01d §91.440
(0g-06) submpoppy g “1¢'1 Mamuoa EE%won_m
urojoxd Sunosjord-yNQ
(61-97) suvmpoppy g ‘SyzeHd urojoid ssoIs [eIouan)
($0-29) xvwt 2urA1H) ‘O¢INd ureload uorernjew pasg
(11-9L) suvmpoppy g ‘c10cHd U1ojo1d SsoI3s [eIouan)
(¢1-01) supmpopvi -q ‘p1€19A Eowoi _ao:omfoazm
oseowrad ojeIeIn[So3o3-0
jurodyooyd 3] ewids oY) Jo 103e[nar a10dsarog
(91-2¢) suvampopy g ‘GYCHY SLIONPII IJRUSIY
(89-9¢) mnlol *H) ‘urewop ursAjowoy YA UIojoId ourIqUIOW dAIRINJ
(11-97) smoyoav 'y “y100) ureroid 1odsuen oD pue SN
(Arurey yropy) 103e[nSor feuondiosuer],
I19110dsuen) xnggo Snipnn
urajoxd oue)sISaI FnIpnnA

-o¢) avmwownaud vipluwipjy)y sy Jossoxddns peu
91-2¢ pAaUvY) "VsId eud
AyLre[uars oN
AjLrequais oN

a» €
goxd
puxd
D9k
2952
amy
fyads
0yxk
Xy
(1K
Jzxk
pdss
pzmd
Himd
Dlmd
quind
ags>
gsms
Omd
qvis
yvad
[val
pvalk
03844
qaal
pznd
n8nk
gvik
pud



J. BACTERIOL.

PETERSOHN ET AL.

5622

‘SIsA[eue J0[q UISYIION AqQ PaygIIoA uadq sey urayied uorssordxy ,
‘[OURYID ‘HOW "SPOYIPIN

PUE S[BLIQJBA] 99 ‘S[B}OP [BIUAWILIAAXD 10,1 "san[eA [013U00 2A10adsar oy Aq jueinw gsis oy) 10 (1m) 2dK) prias oy Jo opdwes paonpur oy} ur sauad [eNPIAIPUL JO S[RUSIS UONRZIPLIQAY 9ANR[DI 93 SUIPIAID AQ PTRNO[RD)

*2 4SnoIy) » s2j0ujooJ ‘1 9[qe, 998 ‘uoneiuasaid eiep Y Uo S[re}ap 10, ,,

g0 90 S8 0T 1T 9v + w VOWLYVVYOVOVVYYLODIVIOLIYVOOVOVOLLIOIVLL (29-a) suvanpoyyy g “Anurey Fyogs urjord [ewosoqry afaf
Ty 8T 6% TS LT 9T + w VOWVYVYVOODIVYVYOSELLLLIVIODIODDOWOLLIDIVO (z6°'1T¥"¢ D) wungns dnkjodtoxd sseajord diy yuopuadop-d1v ddp
YT YL 9L 8T 19 T¥¢ w 919 -"N-VOLAVVYOOVOLODDILY.LIDDL WL IVIDOVY (911-0) syuqns *g ‘@A dseudiorpAyop surydiowr oaneng AL
LT 6C 8¥ 6¢ 6¢€ 69 + w 9130V LOVVYY.LODVYIOTIDDDDLODVOVYWLLLIDVOL urxopaioryy, yxy
0z TE T6 S€ 9¢ 69 w 9LV -TN-LOODVLLODVVIDLIVOVODLLVIVALLYD (8z-o) snsounf -q ‘1djd 1 oseurojord repjeoenuy  poud
€1 Le ¥s 0¢ T¢ €S w 91V -**N-919¥V.L19OVLIVOVIOODDNVLLIDVID (T'T°ST'T D) 9senusip oprxoradng ypos
8T TS ¥6 0T 9§ I€ w 91V -"°’N-0009VV.LOEDOOVOV VWOV VILL DDD (S0-0¢) vsowsnion J ‘pe6vd OSelOIPAY ojqeqord  7ibA
ST 81T v¢ 91T €T <TT w 91V - N-LOVY VYO RWYVYVVYOLYOLLVYILLL11SDOVL fueuas oN - @ndd
'Y ¥T 9§ LT €T 8% + Ppug uozado qDqIk (96-01) suvampoppy g ‘198¢HE urotord poatesuo)y  qqll
8T T¢ 8T 76 8¢ 68 + 8T 91VLOVYVYVYLOLYVID991VYVYVOV VOVYOWYLLIADDD (12-08) suvunpoppy g ‘¢987HI uro301d paAIdsuo) 091«
0Cc 07 11 S €9 €1 w JLV1I(WLDDOVVLYVOOODVIVOL ODLLLDVLIVDIVY (191-9) suvanpoppy g ‘QqeD HA PAYSP[eIWas-ajeurong  [udd
96 s 9¢ 6t ST L1 19 uorodo o724 [enuslog (0¢-o1) saprodovyds -y “yIoL, urojoid ooueISISAI JLIN[[OT, HoA
6L 0¢ TIv 89 T¢ LT LEIS uorado [OJFID?94 [enusjod Ayurequs oN DL
€L 9T 0¥ TS 91 1T 4 uoxddo HHJFFD2o4 [enudod (82-9p) syuqns g ‘XOYA uro301d DUEISISIL UOIUE X0, g4
71 ST €8 79 v1 LT pig uorado o, 77224 [enuajog (yL-91) wnonfadqoaon -y <HIp) urdjoid QoueISISIY gk
8 LT LS 89 8§ T¢€ pug uorodo o224 [enusiog (£9-07) wmno1dinqo1aov ) “HIp)) urejoxd 2oue)SISAY feczs
T TT 19 96 61 6T ST 919 -N-LLLY1109DVLLIVY LOVLIMVIVIDVYYY (ep-0g) wnoydingoi2on - ‘O1p) urjord soueisisoy D2k
6T ¢t ST ST T¢ VT w 1196 L191VVLIYVID9VIVYOLYLIOOVYYLIOD0L L1 (801-0) sauasdoydoouows puojsIT “Oseroysues)-yNYI-[Awein(3 saneng ez
¢ 7T SY L€ TE S¢ + 19 uoxado Yook sus Ddpo [HovA s> (08-91) 40]0917202 saafworda.ng ‘cy6ADS ureloxd Surpuiq-yN 2AneIng vk
€ 0 SY Tt 9% T9 + 1518 uoxodo yood sws Hdpd vk ys1o (8L1-9) suvampopy g ‘4010Hd Sojowoy urajoxd redor YN sus
€T €1 ¥L 0S 61 8S + gy uoxodo yovd sws Hdpd [rovk ys1o ased LV paie[aI-asuodsar ssaxs I SSeD odp
'€ ST ¥#1 +'S 9T 0T + pig uoxodo Yoo suis Hdjo gsous s uorssaxdor ¥s1)) JO IOJe[NPO]N  gsou
[ ¥y €Y 61T ¥S €€  + pug uoxado yovd sws Hdpo gysout ysio uorsso1dar Ysi) JO I01e[NPOIA ysow
8T s §9 Tv 0or 06 + ST V) LEOOVVYO LYY YYVYDIVYYOODIIVOODLLLIDVIL SOUDF ssoxs [I[ SSe[O Jo Iojengar [euondriosuer) sAnesSoN ASP
¢ T Z ¢ F 2 5 %
- = o = o @] = e
- T - T m. g
2 2 saouanbas 19j0woid enuojod 10 wordar A1ojensoy (onyea ) Sojowoy )sa1EIU 10 UOIOUN] ElieTy)
mm.a‘ m 2IN)dNINs
uoxxdQ

Jonel uononpuy

Luononpur ssans juspuadapur-, 0 euonippe o3 103[qns sauas juspuadap-g.0 aaneind jo Arewwing 7 gIGV.L



VoL. 183, 2001

TABLE 3. Analysis of the frequency of retrieving known o®
regulon members on gene arrays

Identification strategy No. No. verified by DNA

known array analysis”
Proteome analysis 34 31(+3)
Promoter- and oligonucleotide-based
screening 24 12 (+2)
Transposon mutagenesis 8 6
Other 19 10 (+6)
Total 75 51(+11)

“ Number in parentheses is the number of genes subject to additional oB-
independent stress induction.

nol stress in the sigB mutant at the ¢"-dependent promoter
(16), as well as the clpC operon and clpP, both of which re-
mained stress inducible in a sigB mutant at a ¢”-dependent
promoter after inactivation of the CtsR repressor by stress (20,
32). trxA also belongs to this group, but the mechanism for
stress induction in the sigB mutant has not been clarified yet
(40). Assigning the other 13 genes to the o® regulon is more
complicated because all of them still displayed stress induc-
tion in a sigB mutant (Table 2). In the case of the presumed
yceCDEFGH operon this additional stress induction mecha-
nism seems to involve the ECF sigma factor o* (see below).
Detailed transcriptional analysis will be necessary to confirm
o® dependency for each single gene listed in Table 2.

In total this DNA array analysis revealed 125 o®-dependent
genes, 24 of which seem to be subject to a second, o®-inde-
pendent stress induction. We confirmed 62 of the 75 o®-de-
pendent genes known from the literature. Most notably, all the
oB-dependent genes identified by the proteomics approach
were confirmed by this array analysis (Table 3). This observa-
tion is not surprising, because the proteomics approach should
have mainly detected genes displaying strong expression as
well as clear transcriptional induction. Also, most of the genes
identified by transcriptional studies (27, 37) or by the transpo-
son-based approach of Price and coworkers (10, 12) were con-
firmed (Table 3). However, only 14 of 24 genes newly de-
scribed as o® dependent by a promoter consensus search (36)
were validated by DNA macroarrays. The reason for the sur-
prisingly low validation rate of this group is not yet known. The
list of genes already described in the literature as o® depen-
dent but not confirmed by this DNA macroarray analysis in-
cludes aldY, csbA, csbB, opuE, ydbP, ydhK, yotK, yoxA, ypuB,
yqhA, yghQ, yrvD, and ytkL. We cannot exclude the possibility
that a few of these genes constitute false positives that were
described in earlier studies. However, we suspect that in some
cases the apparent lack of detection by this DNA array ap-
proach might also be an artifact due to differences in the
amount or quality of the PCR products on the membrane or in
the primers utilized for the cDNA synthesis. One member of
the latter group is certainly opuE, whose o® dependency has
been unambiguously demonstrated (43).

Induction of o®-dependent genes ranged from twofold to
several hundredfold. Such extreme induction ratios might be
explained by the fact that ¢®, which is almost inactive during
exponential growth, exclusively controls some o®-dependent
genes. Frequently, general stress genes contain additional pro-
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moters, in most cases o”*-dependent promoters, that allow
significant basal expression level during growth. Accordingly,
the stress induction ratios of genes in the latter group are lower
than those for the former.

When the data were analyzed, it was apparent that salt and
ethanol triggered much stronger induction of the o® regulon
than heat stress, although heat stress was effective in inducing
heat-specific stress proteins (see below). The reason for this
difference is not clear but might be related to the influence of
the stresses on growth and consequently their stringency. Both
ethanol and salt reduced the growth rate slightly at the con-
centration used (final concentration, 4%), whereas a temper-
ature shift from 37 to 48°C still stimulated growth.

Sometimes not all genes of an operon met the stringent
criteria applied. If the missing genes were flanked by genes
displaying a clear induction pattern (e.g., yfhL) or if the operon
structure had been experimentally proven (e.g., the bmrU bmr
bmrR operon), the genes were added to the table, since the
failure of detection was most likely caused by the limitations of
the array analysis described above. Applying stringent criteria
to the searches will certainly minimize the detection of false-
positive candidates, but at the risk of producing false negatives.
Besides the genes listed in Tables 1 and 2, we uncovered a
group of genes with either a less conserved o®-dependent
promoter or a stress induction pattern just failing to fulfill the
requirements outlined above. These 38 genes (aldY, arol, mtrA,
purk, rbfA, spollQ, yabK, yacO, yazC, ycsE, ydcF, yddS, yeaC,
yerD, yfiB, yfkC, yfkT, yfmG, yfmK, ygxA, yhdE, ykrS, ykrT, ykyB,
ykzC,yrrU, ysdB, ytzB, ytzE, yumB, yusD, yusS, yutK, yvaM, ywdJ,
ywdL, ywIB, and ywmF) are currently the subject of detailed
Northern blot analysis to clarify their potential ¢® dependence.

Locations and functions of new general stress proteins. The
proteomic approach almost exclusively identified general stress
proteins that were localized in the cytoplasm. The transposon
mutagenesis as well as the promoter search- and oligonucleo-
tide screening-based approaches have already indicated that
the synthesis of membrane proteins is also subject to ¢® con-
trol, leading to the assumption that ¢® also contributes to the
maintenance of the integrity of the cell envelope during stress
(19, 36). Inspection of the o®-dependent gene products de-
scribed in this study for membrane-spanning helices (MSH)
revealed that 25 of them contain at least one potential MSH
(Table 4). Furthermore, at least six of the general stress pro-
teins seemed to contain signal sequences indicating an extra-
cellular location. Four of those proteins are potential lipopro-
teins and are most likely attached to the outside of the
cytoplasmic membrane (Table 5).

The functions of most of these newly described o®-depen-
dent genes are still unknown. Probably the proteins encoded by
those genes are involved, like the proteins already known, in
the development of nonspecific multiple stress resistance in
starving cells or in growing cells subject to harsh stress. In
order to define the kind of stress resistance in which the indi-
vidual genes are involved, a comprehensive screening program
analyzing the stress resistance of mutants with mutations in
single stress genes is in progress (41). This screening has al-
ready revealed a number of stress genes that have dramatic
effects on resistance to specific stress factors. Figure 2 displays
the sensitivities of two selected mutants to growth-preventing
salt stress (see reference 51). The newly described yjbCD
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TABLE 4. Membrane-localized specific and general stress proteins

No. of

MSH¢ Proteins”
| YbbM, YbyB, YdjG, YpuD, YqfB, YtxG, YtxH, YuaG,
YvIC, YxzE
2o YdbS, YdjH, YfhL, YjcE, Yobl, YqfA, YqxL, YrvD, Ytel,
YuzA, YVIA, YxiS
3 YdaS, YkuT, YrkA, YuaF, YvID, Yvql, YwrE

MrpB, YcbP, YflA, YknZ, YqeZ, YqghB, YWoA
OpuBB, OpuCB, OpuCD, YdbT, Yfnl, YitT, YknW, YtaB

YdaR, YgxB, YhaU, YhfA, YWG
Bmr, CsbC, CsbX

“ Determined by using either the dense alignment surface method of Cserzo et
al. (15) or a hidden Markov model-based method introduced by Sonnhammer et
al. (42). Proteins containing only one or two potential transmembrane helices
(MSH) were classified as potential membrane proteins only if the MSH were
predicted by both algorithms.

b Proteins displaying SigB-dependent stress-induced synthesis are shown in
bold.

operon, which is at least in part under o® control (see Table 2),
therefore codes for proteins that are somehow involved in salt
resistance.

Identification of o®-independent stress genes. The DNA
array data had thus far been used only for the identification of
genes strictly requiring o® for stress induction or possessing a
oB-dependent stress induction component. However, the same
array data also provide a comprehensive picture of genes in-
ducible by ethanol, salt, or heat stress independently of o®.
Table 6 lists genes displaying significant induction by only one
stress or a combination of two or all three stresses. In those
cases stress induction is very likely o® independent, because
similar or even stronger induction was observed in the sigB
mutant and the corresponding transcriptional units seemed to
lack o®-dependent promoters. Seven genes (murG, sacC, yugl,
yutG, ywaC, ywnF, and ywoA) seemed to lack a potential o®
promoter and displayed at least twofold induction in the wild
type and the sigB mutant under all stress conditions tested. For
most of these genes, the precise biochemical functions of the
products have not yet been determined.

In addition to o®-independent stress genes induced by all
three stresses, there are proteins induced at least 2.5-fold by
heat alone or heat plus ethanol (Table 6). Because ethanol may
induce cellular signals similar to those induced by heat stress,
genes induced by ethanol and heat stress might actually prove
to encode specific heat stress proteins. The well-known mem-

TABLE 5. Extracellular specific and general stress proteins”

Protein class Proteins

Predicted

lipoproteins ...SacC, YfhK, YobJ, YoxC, YpuA, YvgO, YwsB, YvIA
Predicted

extracellular

proteins.......... BofC, OpuAC, OpuBC, OpuCC, YjgB, YknX

“ All stress-induced genes were analyzed for the occurrence of a potential
signal sequence with the SignalP algorithm of Nielsen et al. (35), and potential
candidates were subsequently compared with a recent genome-based analysis of
the secretome of B. subtilis by Tjalsma et al. (45). Proteins displaying o®-depen-
dent stress-induced synthesis are shown in boldface.
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FIG. 2. Survival of B. subtilis strains during growth-preventing salt
stress. The wild-type strain 168 (solid squares) and its isogenic mutants
with mutations in sigB (ML6) (open squares), yjbC (BFA2841) (solid
triangles), and yjbD (BFA2842) (solid circles) were grown in a syn-
thetic medium and exposed to salt stress. Survival was determined by
plating appropriate dilutions on Luria-Bertani agar plates. Cultures
were pretreated with a mild salt stress of 4% NaCl for 30 min at time
zero before the sodium chloride concentration was raised to 10%
(wt/vol).

bers of the HrcA regulon belong to this group. Induction of the
HrcA regulon by ethanol was more pronounced in the sigB
mutant, most likely because o®-dependent stress gene induc-
tion did not compete for the limiting RNA polymerase core
enzyme in this mutant.

The group of genes preferentially induced at least threefold
by ethanol stress alone is somewhat surprising, since it was not
recognized in the proteomic studies. For most of those genes
neither an induction mechanism nor their functions in adap-
tation to ethanol can be inferred from the currently available
data. Induction of the ureAB operon is most likely accom-
plished via o*!, which has already been shown to be involved in
stress induction of the yt&xGHJ operon and the yvyD gene (16,
47).

Activation of the ECF sigma factor " following salt shock.
Investigation of the genes specifically induced after imposition
of salt stress revealed 64 genes that were at least threefold
induced in the wild type and the sigB mutant or that belonged
to an operon fulfilling this criterion (Table 6). In accordance
with expectations, screening for genes specifically induced by
salt stress revealed four (opuA, opuB, opuC, and proHJ) of the
already known osmoregulated operons of B. subtilis (13). In-
terestingly, the ghsAB operon, encoding proteins for the con-
version of choline to the osmoprotectant glycine betaine (13),
also displayed salt shock induction. Quite surprisingly, the
gene coding for the ECF sigma factor % was clearly induced
following salt shock. Frequently, the genes of ECF sigma fac-
tors, sigh included, are subject to autoregulation (29). Conse-
quently, the list of salt-induced genes included 23 genes pre-
viously described as o% dependent (30). Screening of the
regulatory regions of the remaining salt-induced genes re-
vealed that 11 of them either possessed a putative ¢* pro-
moter or belonged to a potential o"¥-dependent transcriptional
unit. Further extending this analysis, we inspected (i) the salt
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TABLE 6. oB-independent stress gene induction in B. subtilis

Induction ratio

Operon
structure ;
Regulatory wt sigB
Gene” Function or nearest homolog (E value) protein or o) ]
sigma factor g 2
g < I - jon -
P22 : 2% % 3
~ > 53] jasi %) m T [9%)
Induction by EtOH, heat, and salt shock
murG  Undecaprenyl-PP-MURNAC-pentapeptide-UDPGICNAc GICNAc transferase m 25 27 23 29 22 25
sacC  Levanase (EC 3.2.1.65) CcpA, LevR m 32 44 32 41 44 49
yugl Butanol dehydrogenase (EC 1.1.1.-), C. acetobutylicum (1e-97) m 37 67 51 63 50 27
yutG  Low temperature requirement C protein, B. halodurans (4e-51) m 22 84 39 30 76 24
ywoA  Probable bacitracin transport permease BerC, B. licheniformis (4e-17) m 25 31 20 41 25 24
ywnF  Unknown conserved protein, B. halodurans (6e-05) m 47 50 59 6.0 35 3.1
ywaC  GTP pyrophosphokinase, B. halodurans (4e-36) m 24 32 23 43 29 5.1
Induction by EtOH and heat shock
groES  Class I heat shock protein (chaperonin) HrcA Ist  + 72 11 1.0 16 16 1.6
groEL  Class I heat shock protein (chaperonin) 2nd + 5.0 14 1.3 11 18 1.9
yhfA Unknown conserved protein, B. halodurans (1e-41) 2nd 25 37 13 28 34 13
YhI Unknown conserved protein, B. halodurans (2e-59) 1st 26 27 1.1 34 26 08
YyhfT Lipoate-protein ligase, B. halodurans (e-136) 2nd 28 32 12 33 28 08
yhfK  Unknown conserved protein BH1520, B. halodurans (3e-32) 3rd 33 30 19 52 28 13
yitW  dTDP-4-keto-/-rhamnose reductase RmlD, S. mutans (3e-31) m 32 29 12 40 27 12
yjbG  Oligopeptidase F homolog, B. subtilis (<3e-180) m 43 41 18 46 28 12
ykuV Unknown conserved protein, B. halodurans (1e-59) m 26 31 13 25 26 08
yoeB  No similarity m 7.4 20 1.5 17 6.0 0.7
yqkF  Oxidoreductase BH1011, B. halodurans (e-102) m 6.7 40 18 69 28 1.1
yqiG ~ NADH oxidase, T. brockii (2e-45) m 25 46 1.7 51 54 16
hreA¢  Transcriptional repressor of class I heat shock genes HrcA Ist + 52 78 5 68 7.6 8.6
grpE Heat shock protein (HSP-70 cofactor) 2nd + 28 39 18 49 43 28
dnaK® Molecular chaperone 3rd + 14 55 18 32 64 37
yvrD  3-Hydroxybutyrate dehydrogenase, S. meliloti (1e-30) m 31 48 24 40 43 15
iolS Ion channel homolog YccK, B. subtilis (3e-94) m 26 31 1.8 39 32 10
Induction by heat shock
yenD  NADPH-flavin oxidoreductase, B. halodurans (4e-49) m 14 41 21 19 41 1.6
yjeA Peptidoglycan GIcNAc deacetylase, Streptococcus pneumoniae (1e-48) m 06 62 06 09 6.6 0.7
clpE ATP-dependent Clp protease-like (class III stress gene) CtsR m + 1.0 12 12 23 15 44
yqgiM  NADH oxidase, B. halodurans (e-126) m 1.6 65 14 23 54 1.1
yrkF ORF HO0532, Halobacterium sp. (5e-13) 3rd 12 90 28 57 61 18
yrkE  Hypothetical protein, Staphylococcus aureus (5e-36) 2nd 1.0 47 22 31 35 12
yrkD  Hypothetical protein, S. aureus (5e-14) 1st 08 35 15 28 34 1.1
Induction by EtOH shock
ygaC  Unknown conserved protein BH3193, B. halodurans (6e-28) m 31 1.2 23 32 12 28
yheX  Nitrilase-related protein, D. radiodurans (1e-32) 2nd 38 25 22 39 18 12
yhgB  No similarity st 34 1.1 20 37 10 1.7
ykgB  Hypothetical protein YadB, L. lactis (1e-60) m 49 19 16 38 18 0.7
yktC  myo-Inositol-1(or 4)-monophosphatase homolog, B. subtilis (e-153) st 34 16 27 34 13 1.1
ypiA a-Acetolactate synthase Als, L. lactis (9e-34) 1st 42 22 19 67 10 18
yrzF No similarity st 32 19 23 37 18 21
yrzG  No similarity 2nd 31 1.6 26 56 17 24
ytkL No similarity m 38 24 20 31 13 09
ytxK Unknown conserved protein BH3193, B. halodurans (3e-76) m 36 1.2 09 59 13 0.7
yuaE  No similarity m 43 25 22 65 19 15
yvgH  Phage shock protein A, E. coli (8e-07) 2nd 36 1.1 06 23 12 09
gl No similarity st 34 16 13 16 1.5 09
yvgW  Cation-transporting ATPase, P type (PacS) PAB0626, P. abyssi m 35 14 1.0 40 16 08
ureB Urease (gamma subunit) (EC 3.5.1.5) SigA, SigH st 38 08 08 32 0.7 0.6
ureA  Urease (beta subunit) (EC 3.5.1.5) Cod, GInR 2nd 44 13 14 35 10 09
Induction by salt shock
yaaN  Tellurite resistance protein, R. sphaeroides (2e-50) SigW 2nd 14 13 47 22 12 57
sigh” RNA polymerase ECF type sigma factor SigW 1st 1.3 08 33 14 07 37
ybbM  Anti-o factor of SigW 2nd 1.2 06 42 27 12 86
ybfA Ribosomal protein S18 alanine acetyltransferase homolog, A. fulgidus
(1e-06) m 22 19 37 38 21 60
opuAA° Glycine betaine ABC transporter (ATP-binding protein) SigA Ist + 03 04 22 06 04 3.6

Continued on following page
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Induction ratio

Operon
structure ;
Regulatory wt sigB
Gene” Function or nearest homolog (E value) protein or k) ]
sigma factor 5 2
T 2 5 5§ = 8 § =
£ 5 4 2 & & £ 3
opuAB°  Glycine betaine ABC transporter (permease) 2nd  + 08 09 19 07 07 29
opuAC  Glycine betaine ABC transporter (glycine betaine-binding protein) 3rd + 03 06 32 06 05 40
ydbS Unknown conserved protein, B. halodurans (3e-28) SigW 1st 21 13 67 28 13 53
ydbT Unknown conserved protein BH1721, B. halodurans (9e-68) 2nd 14 08 71 22 07 49
ydjF Phage shock protein A, D. radiodurans (4e-20) SigW m 23 09 91 39 11 14
ydiG Unknown conserved protein, B. halodurans (6e-74) SigW 1st 12 1.1 55 24 13 96
ydiH Unknown conserved protein, B. halodurans (2e-11) 2nd 1.5 15 30 18 13 45
ydjl Unknown conserved protein, B. halodurans (4e-5) 3rd 09 10 41 17 10 78
ydjoO No similarity SigW 3rd 1.0 07 42 10 07 53
ydjP Bromide peroxidase, S. aureofaciens (1e-18) 2nd 1.8 15 59 14 12 59
yeaA No similarity 1st 14 12 48 12 11 48
spoOM  Sporulation control protein SigH m 37 08 61 42 09 6.6
yhaU Putative transmembrane transport protein, S. coelicolor (8e-65) 3rd 09 09 73 08 0.7 45
yhaT® Hypothetical protein YrvC, B. subtilis (4e-49) 2nd 1.1 1.0 37 12 12 26
yhaS No similarity 1st 1.6 1.6 20 1.7 15 12
yhgD Transcriptional regulator (TetR/AcrR family), B. halodurans (8e-32) m 1.1 16 53 06 14 11
yjoB FtsH, Helicobacter pylori (2e-20) SigW m 36 13 15 22 10 13
ykrL Probable protease HtpX, E. coli (2e-51) m 12 1.1 69 24 15 12
yknW Unknown conserved protein, B. halodurans (4e-20) SigW 1st 1.0 06 75 24 08 11
yknX¢  ATP-binding cassette transporter-like protein TptB, S. cristatus (5e-23) 2nd 04 07 07 09 09 0.6
yknY Putative ABC transporter YvrO, B. subtilis (3e-75) 3rd 12 06 34 32 08 55
yndN Glutathione transferase FosB (EC 2.5.1.18), S. epidermidis (8e-48) Potential SigW m 13 11 45 22 11 o4
proJ Glutamate 5-kinase SigA 2nd  + 13 13 49 12 12 44
proH Pyrroline-5-carboxylate reductase Ist + 14 12 46 11 09 41
yoaF No similarity Potential SigW m 03 05 32 07 07 64
yob] No similarity Sig W m 12 05 52 39 09 10
yocL No similarity 2nd 1.0 08 33 1.0 1.0 63
yocM Small heat shock protein HspC, B. japonicum (2e-9) 1st 08 1.1 36 08 10 57
yozO Hypothetical protein YjqA, B. subtilis (7e-10) Potential SigW m 06 06 61 06 06 64
yqfB No similarity Potential SigiW  3rd 12 1.0 39 16 12 62
yqfA Protein of unknown function ORF1, B. megaterium (1e-151) 2nd 1.7 09 24 28 1.1 22
yqeZ No similarity 1st 1.3 09 17 1.8 1.0 17
yrkA Integral membrane protein with hemolysin domain, C. jejuni (1e-73) m 09 08 94 11 1.1 16
yteJ Unknown conserved protein, B. halodurans (3e-31) SigW 2nd 13 10 34 41 1.0 53
ytel Proteinase IV, A. aeolicus (1e-37) 1st 24 09 36 53 08 47
ythQ ABC transporter (permease), B. halodurans (6e-05) Potential Sigi  2nd 1.5 1.1 34 23 12 47
yigB ABC transporter, ATP-binding protein (TroB), 7. pallidum (6e-79) 2nd 08 08 37 09 11 10
yigA ABC transporter, periplasmic binding protein (TroA), T. pallidum (9e-63) 1st 09 10 42 09 1.1 10
yual Probable acetyltransferase, D. radiodurans (1e-15) SigW 3rd 25 08 34 70 21 62
yuaG Epidermal surface antigen, B. halodurans (4e-78) 2nd 36 09 57 72 19 68
yuaF No similarity 1st 1.7 10 14 27 12 20
gbsB*® Alcohol dehydrogenase SigA 2nd + 10 11 20 1.0 12 38
gbsA Glycine betaine aldehyde dehydrogenase Ist + 1.0 1.7 46 12 21 15
mrpB  Na*/H" antiporter BH1318, B. halodurans (2e-26) 2nd + 08 17 31 07 16 69
opuBD°  Choline ABC transporter (membrane protein) SigA 4h + 12 12 26 09 12 42
opuBC¢  Choline ABC transporter (choline-binding protein) 3rd + 06 07 29 08 10 94
opuBB  Choline ABC transporter (membrane protein) 2nd  + 09 10 30 10 1.0 53
opuBA  Choline ABC transporter (ATP-binding protein) Ist + 05 07 33 07 10 12
opuCD°  Glycine betaine/carnitine/choline ABC transporter (membrane protein) SigA 4h + 43 08 26 03 08 32
opuCC  Glycine betaine/carnitine/choline ABC transporter (binding protein) 3rd + 03 0.7 15 05 10 28
opuCB  Glycine betaine/carnitine/choline ABC transporter (membrane protein) 2nd  + 07 09 98 12 1.1 16
opuCA  Glycine betaine/carnitine/choline ABC transporter (ATP-binding protein) Ist + 04 09 13 04 09 15
wiD Unknown conserved protein, B. halodurans (4e-23) SigW 4th 1.5 12 60 27 13 93
wilCe Unknown conserved protein BH3592, B. halodurans (3e-11) 3rd 09 13 23 12 11 29
wiIB Unknown conserved protein, B. halodurans (4e-63) 2nd 27 13 72 34 12 11
wlA No similarity 1st 20 13 61 31 13 92
il Hypothetical protein SCGD3.06, S. coelicolor (2e-05) SigW m 1.1 05 32 12 06 48
ahpF Alkyl hydroperoxide reductase (large subunit) (EC 1.6.99.3) 2nd  + 09 17 37 10 16 36
ahpC®  Alkyl hydroperoxide reductase (small subunit) SigA Ist + 07 21 28 10 20 34

“ See Table 1, footnotes b through e, and Table 2, footnote b, for explanations of data presentation.

’ Genes are sorted according to their order in the B. subtilis genome. Genes previously known to be induced by the stimulus are shown in bold. EtOH, ethanol.

¢ Operon internal genes that do not meet the stringent expression criteria are included here if the flanking genes display o®-dependent expression or if the operon
structure has been proven by Northern blot analysis.
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induction pattern of other previously described members of
the o regulon (30) for their response to salt shock and (ii)
genes displaying stress induction via ¢® and at least one other
mechanism (Table 2) for putative % promoters. This ap-
proach suggested 14 more genes that seemed to belong to a
o%-dependent transcriptional unit displaying salt shock induc-
tion. An overview of the induction of the o* regulon by salt
shock is presented in Table 7. Examination of the data indi-
cates that many of these potential o*¥-dependent genes were
also—although to a lesser extent—induced by ethanol (Tables
6 and 7), an effect that was more pronounced in the sigB
mutant than in the wild type strain.

Twenty-three of the salt-induced proteins contain at least
one putative MSH, and five seem to be exported or attached to
the membrane as lipoproteins. These proteins are involved
either in the acquisition of compatible solutes (the Opu-class
of proteins) (13) or in the compensation of constraints im-
posed by salt stress on the membrane or the cell wall.

Because other stress stimuli such as oxidative, alkaline, or
acid stress were not considered in this study, care should be
taken in the classification of genes as stress specific from these
data alone. AhpC and AhpF, for instance, should be consid-
ered oxidative stress proteins, because both are particularly
induced by peroxide (3, 14). In this case induction by salt stress
most likely reflects a secondary oxidative stress.

DISCUSSION

The o®-dependent general stress regulon is one of the larg-
est regulons of B. subtilis. The discovery and functional char-
acterization of almost all o®-dependent genes will be necessary
for a comprehensive understanding of the physiological role of
this huge regulon. Therefore, the DNA array technique was
used to detect the candidates not yet found by proteomics,
transcriptional analysis, consensus promoter-based transcrip-
tional screening, or transposon mutagenesis (2, 8, 10, 12, 26,
36, 37). The DNA array induction pattern of the previously
published o®-dependent genes (see Materials and Methods for
a comprehensive list) was utilized to formulate the following
criteria for identifying the remaining members of the regulon:
(i) induction in the wild type by at least two of the three
stresses analyzed (heat shock, salt stress, and ethanol stress),
(ii) o® dependency of stress induction, that is, absence in the
sigB mutant and/or presence for a prolonged time in an RsbX™
suppressor mutant that displayed prolonged and increased o®
activity following stress, and (iii) presence of a putative o®-
dependent promoter in front of the gene or operon. This
approach is validated by the fact that it detected 51 of the 64
genes already known to be strictly ® dependent. In addition to
this large group, 50 new genes, all subject to the control of a
putative o®-dependent promoter, were identified. In order to
also facilitate the recognition of genes with an additional ®-
independent stress induction component, target genes display-
ing stress induction in the wild type and the sigB mutant were
screened for the presence of the typical o® promoter structure
in the regulatory region. This adjustment of the data analysis
revealed 11 already known o®-dependent genes for which com-
plex regulation had been described previously as well as 13 new
candidates.

In total we describe 125 genes that belong to the o® regulon

EXPRESSION PROFILING OF B. SUBTILIS STRESS RESPONSE 5627

in this study. For the new members of the regulon detected in
this study, o® dependency is highly probable but has to be
confirmed by additional transcriptional studies in each case.
Northern blot hybridizations have been conducted and con-
firmed o® dependency for ycnH, yjgD, and yqgZ.

However, a few genes described as o® dependent in earlier
studies, such as aldY, csbA, csbB, opuE, ydbP, ydhK, yotK, yoxA,
ypuB, yghA, yghQ, yrvD, and ytkL, were not detected by our
approach. The majority of these belong to a group of genes
that had been found to be o® dependent by a consensus pro-
moter-directed slot blot hybridization screening (36). Of the 24
new candidates identified by this strategy, only 14 could be
confirmed in the present investigation. Possible reasons for this
failure include (i) the complex control of genes, which could
blur the o® dependency, especially if it was combined with a
weak o® promoter that showed only a low induction rate, and,
alternatively, (ii) false-positive candidates described in earlier
studies. We suspect (iii) that some genes were not confirmed
because of artifacts due to either the quality or quantity (or
both) of the PCR product on the membrane or the quality of
the primers utilized for synthesis of the labeled cDNA. opuFE is
a clear example of this class, because its o®-dependent stress
induction has been unequivocally demonstrated (43, 53).

Therefore, it should be stressed that the real number of
o®-dependent genes might be even higher. Thirty-eight genes
displayed ¢® dependency but failed to comply with all the
criteria applied in this study. Those genes had to be listed
separately either because they did not display induction by
multiple stresses or because they lacked the well-conserved
o®-dependent promoter, although they exhibited much stron-
ger induction in the wild type than in the sigB mutant. Failure
to display an obvious ¢® promoter, for a gene that shows clear
oB-dependent induction, might reflect indirect control, proba-
bly via a transcriptional regulator subject to o®-dependent
induction. However, this hypothesis remains to be substanti-
ated by experimental data. Besides additional o®-dependent
stress genes, this list of 38 genes probably also contains some
false-positive candidates. Detailed transcriptional analysis of
each single gene or operon is currently being performed so that
a final decision on their ¢® dependency can be made.

Although the limitations of the DNA array hybridization at
best allow a semiquantitative comparison of the expression
profiles of different genes, the variations in the expression level
of the o®-dependent genes were striking. Most of the o®-
dependent genes displaying the strongest induced signals on
the DNA macroarrays have already been found by the pro-
teomic approach, which should preferentially identify the
strongly expressed genes. Examples of this group are ctc, gsiB,
clpP, ydaD, yfiT, and ykzA. Three other strongly expressed
oB-dependent genes have not yet been identified on two-di-
mensional gels. This is not surprising, because one of them
encodes a membrane protein (yxG), and the other two most
likely escaped detection by the proteomic approach because
their small products have a very basic pI (csbD and ywzA). The
reasons for the strong expression of these genes are not im-
mediately apparent because most of their promoters do not
show what we currently believe to be perfect —35 (GTTTAA)
and —10 (GGGWAW) boxes. In the case of gsiB the strong
ribosome binding site, leading to high stability of the mRNA,
seems to be an additional factor contributing to a high expres-
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sion rate (31). For the other genes the factors determining
strong expression still need to be elucidated.

The complete description of all members of a regulon is only
a prerequisite for a full understanding of its physiological role.
Detailed biochemical and physiological studies must now fol-
low to obtain substantially new information on the physiolog-
ical role of the o® regulon. Previous studies showed that o®-
dependent stress proteins provide the starved or stressed cell
with oxidative, pH, salt, and heat stress resistance (3, 18, 19,
51). So far only Dps has been shown to be required for oxida-
tive stress resistance (4), and the o®-dependent proteins es-
sential for salt, heat, and acid resistance are not known. Be-
cause the clpC operon or the c/pP gene remains heat inducible
in a sigB mutant, a limiting amount of ClpC or ClpP should not
be the main reason for the impaired heat stress resistance of a
sigB mutant (for reviews see references 26 and 27). The newly
identified o®-dependent genes do not immediately help to
answer this question, because most of them encode proteins of
thus far undefined function. However, many membrane pro-
teins belong to this group, indicating an essential role in the
maintenance of cell envelope or transport capacity, as already
discussed by C. W. Price (19, 37). Experimental evidence for
this suggestion has been provided by studies by E. Bremer’s
group, who showed that some genes encoding proteins in-
volved in the uptake of compatible solutes are at least partly
under o® control (43, 53). A few of the new o®-dependent
genes seem to encode proteins with interesting functions.
YfthF, a probable cell division inhibitor, might prevent division
under conditions of severe stress, giving cells time to recover.
Some of the products might be involved in detoxification, such
as the products of the yeeCDEFGH operon, which seems to
encode toxic anion resistance proteins, or that of yggZ, which
encodes a potential arsenate reductase. Other proteins seem to
perform functions in maintaining the redox balance of the cell,
including the products of yxnA, ycnH, and yvaA, encoding a
glucose-1-dehydrogenase, a potential succinate semialdehyde
dehydrogenase, and a hypothetical oxidoreductase, respec-
tively. The superoxide dismutase SodA is certainly required for
detoxification of superoxide, whereas the potential intracellu-
lar proteinase YraA might be required to degrade proteins
that cannot be repaired. However, detailed functional analysis
will be necessary to ascertain the precise functions of these
proteins in stress management.

One of the interesting findings of this study is the surpris-
ingly large number of genes with unknown functions that be-
long to the o® regulon (see Tables 1 and 2). Of the 4,100 B.
subtilis genes, about 1,700 code for proteins with still unknown
functions. Elucidation of the functions of all these proteins is a
great challenge for future research. Allocating unknown pro-
teins to their regulation groups is a useful approach for a
preliminary prediction of their functions. This approach indi-
cates that almost 100 o®-dependent proteins with still un-
known functions are probably involved in the development of
multiple prospective stress resistance in cells entering the sta-
tionary-growth phase or in the development of heat or osmotic
stress resistance. However, detailed phenotypic screening of
mutants is necessary to assign each protein to a single facet of
stress resistance as a first step and to uncover its exact function
by detailed biochemical experiments. Such experiments are in
progress in order to gain a more comprehensive picture of the
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physiological role of this huge regulon in stress adaptation. The
first results of this screening are presented in Fig. 2. Obviously,
inactivation of yjbC renders B. subtilis almost as sensitive to
growth-preventing salt stress as a sigB null mutant. In the yjbD
mutant, too, stress resistance is significantly diminished from
that in the wild type. It is noteworthy that yjbD, the down-
stream gene of an operon (yjpCD) that is at least partially o™
dependent, encodes a protein (YjbD) whose Lactococcus lactis
homolog seems to affect degradation of nonnative proteins and
thereby stress tolerance (H. Ingmer, personal communication).
Further studies are in progress to analyze the precise physio-
logical role of both B. subtilis proteins in more detail.

Despite some restrictions discussed above, this study clearly
shows that the DNA array technique is a very useful approach
for defining the structure and function of already known or still
unknown regulons. Fewer than 30% of the regulon members
had been identified thus far by a proteomics approach, and
low-abundance proteins or proteins with membrane-spanning
domains had been missed entirely. Even though the proteom-
ics approach will still have wide application because the final
and active products of gene expression, as well as information
on posttranslational modification or protein sorting, can be
visualized only by proteomics, it will be replaced by the DNA
array technologies for the purpose of defining regulon struc-
ture. The latter approach is easier to handle and is certainly
more comprehensive, but even such a sophisticated screening
will require detailed follow-up experiments to validate the
data, including quantification of the results.

Among o®-independent stress induction phenomena, the
salt shock induction of the o™ regulon was certainly the most
interesting. ¢ is one of seven ECF type sigma factors of B.
subtilis, the functions of all of which are still not well under-
stood. In general this class of sigma factors controls uptake or
secretion of specific molecules and ions or responses to a
variety of stresses (33). o™ in particular has been implicated in
detoxification responses and the production of antimicrobial
compounds (30, 46). Although a sigl¥ mutant displays altered
resistance to cell wall biosynthesis inhibitors (46), no difference
in the zone of inhibition was observed when a sigh mutant and
its corresponding wild type were exposed to HCl, NaOH,
NaCl, EDTA, dithiothreitol, 2-mercaptoethanol, lysozyme,
SDS, hydrogen peroxide, methyl viologen, metal ions, and var-
ious antibiotics (30). In this study we provide evidence that the
o" regulon is induced by salt shock. This is most likely not an
osmotic but an ionic effect, because none of the known osmo-
regulated genes of B. subtilis possesses a ¢ promoter. Prob-
ably salt shock interferes with the cell envelope or the trans-
port capacity of the cell and thereby triggers induction of the
o" regulon. Sensing of transport processes has already been
implicated in triggering o*V activity (46). Salt shock does not
seem to be the only stress inducing the o*¥ regulon. Recently,
Schumann and coworkers discovered alkaline shock induction
of the o™ regulon (54). Alkaline shock could also interfere
with the transport capacity of the cell and thus release o from
its inhibition by its anti-sigma factor RsiW.
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