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Abstract Vegetative wild-type and DNA repair-deWcient
(homologous recombination, recA and nucleotide excision
repair, uvrB) Bacillus subtilis cells were exposed to UV-C
radiation. Colony formation, DNA bipyrimidine photo-
products and gene expression were measured during cell
recovery. Gene expression was measured after 60 min cell
recovery where 50% (wild-type), 30% (recA) and 8%
(uvrB), respectively, of the UV-C induced DNA photoprod-
ucts were repaired. We examined changes in the gene
expression following UV exposure in wild-type and both
repair-deWcient strains. A set of known and unknown genes
were found to be signiWcantly up-regulated in wild-type B.
subtilis cells, whereas no or lower gene induction was
determined for both mutant strains. In addition, the possible
roles of newly identiWed UV-responsive genes are dis-

cussed with respect to cellular recovery following exposure
to UV irradiation.

Keywords Bacillus subtilis · UV-C radiation · 
DNA repair · Gene expression · DNA photoproducts

Introduction

UV-C radiation exposure to microorganisms gives rise to
DNA lesions such as bipyrimidine photoproducts that are
able at least to transiently block essential biochemical pro-
cesses such as replication and transcription (Friedberg et al.
1995). Cells respond to DNA damaging stresses by up-reg-
ulating the expression of several genes that promote repair
of DNA lesions and restore replication (Goranov et al.
2006). Gene expression in response to DNA damage pro-
duced by UV-C radiation and a few other environmental
agents has been collectively termed the SOS response
(Courcelle et al. 2001; Au et al. 2005). A variety of DNA
repair mechanisms have been identiWed in both pro and
eukaryotic cells. These include direct damage reversal, base
excision repair, nucleotide excision repair (NER) (Cadet
et al. 2005), mismatch correction and recombination repair.
Among these repair pathways, NER is a versatile process
that is implicated in the removal of a variety of bulky DNA
lesions such as the UV-induced cyclobutane pyrimidine
dimers (CPDs) and pyrimidine (6-4) pyrimidone photo-
products (6-4 PPs) (Koehler et al. 1996). NER is a complex
process that involves successively recognition of the DNA
damage, unwinding of the double helix at the DNA lesion
site, single strand incision on both sides of the modiWcation,
excision of the lesion-containing single stranded DNA frag-
ment, DNA repair synthesis to replace the gap and ligation
of the remaining nick (Friedberg et al. 1995). Thus, CPDs
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and 6-4 PPs formed in cellular DNA upon UV-C irradiation
are removed as oligonucleotides and the gap thus created is
Wlled up upon insertion of normal nucleotides during repair
synthesis. Certain genes of B. subtilis that have been shown
to be involved in recombination DNA repair (Fernandez
et al. 1998; Zahradka et al. 2002). The latter DNA repair
process is closely connected to the cellular replication sys-
tem. DNA repair including general homologous recombina-
tion plays a critical role in maintaining gene diversiWcation
and genome stability (Pastink et al. 2001). It may be noted
that RecA coordinates the initiation of repair of DNA dam-
age. RecA binds to ssDNA exposed during DNA damage
and catalyzes recombination processes inside the cell.
RecA has also been shown to mediate replication fork
reversal (a mechanism used to repair a stalled replication
fork on the leading strand) and to alter the accessibility of
the 3� ends of DNA to DNA polymerase (Au et al. 2005).

In this communication we analyzed the recovery of wild-
type and DNA repair-deWcient Bacillus subtilis following
UV-C irradiation by colony formation ability, assessment
of the nature and levels of UV photoproducts in DNA at
various post-irradiation times and gene expression after
60 min recovery. Further on, unknown up-regulated genes
were aligned on their genomic information and functional
characterization according to the world-wide-web database
SubtiList-server http://www.genolist.pasteur.fr/SubtiList
(Moszer et al. 2002).

Material and methods

Biological material

Bacillus subtilis trpC2 strain 168 (DSM 402) was
obtained from the DSMZ—German Collection of Micro-
organisms and Cell Cultures, Braunschweig, Germany.
While strain 168 possess wild-type DNA repair capabil-
ity, strain WN463 is defective in the major recombino-
genic protein RecA (obtained from W. L. Nicholson)
while strain TKJ6312, kindly provided by N. Munakata, is
deWcient in NER-repair pathway (uvrB) (Moeller et al.
2007). Both strains are isogenic with B. subtilis 168 wild-
type strain. Cells were cultivated under vigorous aeration
at 37°C in nutrient broth (NB) medium (Difco Detroit,
MI, USA). The exponential growth phase was measured
by optical density readings (OD 0.6–0.8) at 600 nm. Cells
were harvested by centrifugation at 4,000£g for 15 min at
4°C, washed twice with 0.1 M phosphate-buVered saline
(PBS) (pH 7.5), resuspended in the chemical-deWned
Spizizen minimal medium with a supplement of 0.5% glu-
cose, which has been previously used for cell recovery
experiments (Billen et al. 1971; Hadden 1979; Hanlin
et al. 1985).

UV-C irradiation and cell recovery

Hundred milliliters of the cell suspension (107/ml) in Petri
dishes of 200 mm in diameter were exposed to a Xuence of
25 J/m2 UV-C radiation emitted by a mercury low-pressure
lamp (NN 8/15, Heraeus, Berlin, Germany) with a major
emission line at 253.65 nm. The spectral irradiance was
determined spectrophotometrically (Bentham 150 double
monochromator) and the Xuence rate was 90.5 W/m2 as
measured with a UV-X radiometer (UVP Ultra-Violet
Products, Cambridge, UK) (Moeller et al. 2005; Pogoda de
le Vega et al. 2005). UV-C irradiations were carried out at
4°C for preventing the onset of DNA repair during irradia-
tion. The suspension was stirred continuously to ensure
homogeneous exposure. Untreated cells were handled simi-
larly except they were not UV-C irradiated. Immediately
after irradiation, samples of 100 �l were taken from the
irradiated cell suspension for survival analysis. To measure
cell recovery ability the irradiated cells in suspension were
incubated under vigorous stirring at 37°C up to 4 h. Every
60 min samples were taken for determination of colony
forming units (CFU) (100 �l), DNA photoproducts (10 ml)
and gene expression analyses (20 ml at 60 min cell recov-
ery). CFUs were determined from the samples after appro-
priate dilution in 0.1 M PBS, plating on NB agar and
incubation at 37°C overnight. Previous experiments have
shown that there were no signiWcant diVerences in the gene
expression and the photoproduct repair by a temperature
shift directly after the irradiation (4°C) and 60 min cell
recovery at 37°C (Moeller et al., unpublished data).

QuantiWcation of DNA bipyrimidine photoproducts

High molecular weight DNA was isolated from the irradi-
ated and subsequently incubated cells using the Wizard
Genomic DNA PuriWcation Kit (Promega GmbH, Mann-
heim, Germany). Isolated DNA samples from irradiated
and germinating spores were enzymatically digested by
nuclease P1 and phosphodiesterase I as described (Douki
and Cadet 2001; Douki et al. 2005; Moeller et al. 2007).
The digested samples were analyzed by high-performance
liquid chromatography coupled with tandem mass spec-
trometry (HPLC-MS/MS) for dimeric photoproducts
involving adjacent pyrimidines that were released as modi-
Wed dinucleoside monophosphates (Douki et al. 2005;
Pogoda de la Vega et al. 2005). The following photoprod-
ucts were quantiWed as dinucleoside monophosphates using
analytical methods described previously (Douki et al.
2005): cyclobutane pyrimidine dimers (CPD) of thymine-
thymine (CPD TT), of thymine–cytosine (CPD TC), of
cytosine–thymine (CPD CT) and of cytosine–cytosine
(CPD CC) as well as the pyrimidine (6-4) pyrimidone
photoproducts (6-4 PP) of thymine–thymine (6-4 TT), and
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of thymine–cytosine (6-4 TC). Quantitation of the dimeric
pyrimidine photoproducts was performed in the multiple
reaction-monitoring (MRM) mode using transitions
reported previously (Douki et al. 2005; Moeller et al.
2007). Additional experiments were carried out in the prod-
uct ion scan mode. For this purpose, the full fragmentation
spectra (mass range 200–450) of pseudomolecular ions at
545, 530 and 531 m/z were recorded during the HPLC anal-
ysis.

RNA isolation, cDNA labeling and microarray 
hybridization

Total RNA was isolated from B. subtilis cells by the acid
phenol method described by Moeller et al. (2006). Isolated
RNA samples were photometrically quantiWed using the
NanoDrop spectrophotometer (Kisker, Steinfurt, Ger-
many) and checked for RNA integrity with the 2100 Bio-
Analyzer (Agilent, Böblingen, Germany). Only RNA
samples with a RIN (RNA integrity number) above 9.0
were used. In order to generate cDNA probes 15 �g of
RNA was taken for each labeling reaction as described in
the LabelStar protocol (Qiagen GmbH, Hilden, Germany).
For the RT-PCR reaction B. subtilis cDNA labeling primers
(Sigma-Genosys, Haverhill, UK) were used for priming,
whereas the labeling was achieved using either the Cy3-
dUTP or Cy5-dUTP Xuorophore (Amersham Pharmacia
Biotech, Freiburg, Germany). The labeling eYciency was
checked by using a NanoDrop spectrophotometer (Kisker,
Steinfurt, Germany). Each total RNA preparation was
labeled with both Cy3-dUTP and Cy5-dUTP. To hybridize
a single glass slide, the Cy3-dUTP-labeled probe from one
condition was mixed with the Cy5-dUTP-labeled probe
using the so-called color swap procedure and vice versa.
Each experiment was repeated four times, requiring 8
slides. Equal amounts of either Cy3-dUTP or Cy5-dUTP-
labeled probe were applied to each slide. Each DNA micro-
array comprised all of the B. subtilis genes found in the
genome data release R16.1 on the SubtiList website (Mos-
zer et al. 2002) as capture probes. The hybridization was
carried out at 42°C for 18 h with the microarray slide
hybridization buVer containing formamide (Ambion, Hun-
tingdon, UK). Post hybridization microarray procedures,
i.e. slide washing and drying were performed as described
in detail by Au et al. (2005) and Goranov et al. (2006).

DNA microarray data analysis

Scanning of microarrays was performed with 10 �m resolu-
tion using a DNA microarray laser scanner (DNA Micro-
array Scanner BA, Agilent Technologies, Agilent, Böblingen,
Germany). Features were extracted from the raw image
data using the Agilent Technologies image analysis

software [G2567AA Feature Extraction (FE) Software,
Version A7.5] and default settings for non-Agilent micro-
arrays. The local background subtraction method was used
and the background was globally adjusted to zero. Dye nor-
malization was done by selecting normalization features
with the rank consistency method and applying a global
approach with linear scaling together with local weighted
regression normalization (LOWESS) (Draghici 2002). The
ratio between the channels, the log ratio error and the P
value as measures of diVerential expression were calculated
using default settings (Eichenberger et al. 2003). The user
manual and detailed information describing the FE soft-
ware can be retrieved on the Agilent Technologies Inc.
(Santa Clara, CA, USA) website (https://www.chem.agi-
lent.com). Tab-delimited Wles of the individual hybridiza-
tions were used for signal intensity analyses. All microarray
experiments were done with six independent replicates and
evaluated by using signiWcance analysis of microarrays
(Tusher et al. 2001). Two-fold cutoV was applied for all
experiments, i.e., only eVects that were ¸2.0-fold change
were considered signiWcant and are reported.

Numerical and statistical analysis

Survival after UV-C irradiation and recovery incubation
was determined from CFUs as N/N0 where N gives the
CFUs after irradiation and x min of incubation, and N0

gives the CFUs of non-irradiated samples after 0 min of
incubation. The cell recovery curve was obtained by plot-
ting the survival versus recovery time. Similarly, the photo-
product repair curve was obtained by plotting the number
of dimeric pyrimidine lesions per 104 bases versus cell
recovery time. All experiments were repeated at least four
times, the data shown are mean values with standard devia-
tion. The signiWcance of diVerences in the bipyrimidine
photoproduct repair rates and colony formation was
assessed by variance analysis (ANOVA and Student’s t
test) by using Analyse-it software, version 1.62 (Analyse-It
Software, Ltd, Leeds, UK). Values were analyzed in multi-
group pairwise combinations, and diVerences with P values
of ·0.05 were considered statistically signiWcant (Moeller
et al. 2005; Pogoda de la Vega et al. 2005).

Results

Exposure of B. subtilis 168 exponential growth phase cells
to UV-C radiation at a Xuence of 25 J/m2 led to a
90.2 § 4.1% (wild-type), 99.3 § 0.5% (recA) and
99.8 § 0.04% (uvrB) cell inactivation (Fig. 1a). During the
subsequent cell recovery period, the survival increased
exponentially with incubation time and reached almost the
same level as without irradiation after a 4-h period. The cell
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recovery rate was estimated to be 3331 § 267 (wild-type),
1916 § 109 (recA) and 198 § 30 (uvrB) repaired cells/min.
As expected, the non-irradiated control cells of all strains
did not exhibit a signiWcant increase in colony forming abil-
ity during the incubation period (total increase of less than
>17 § 3%). In order to correlate the recovery of cell prolif-
eration capacities with the extent of DNA repair, the level
of bipyrimidine photoproducts (PP) was assessed over the
same period of recovery (Fig. 1b). The total number of
bipyrimidine photoproducts decreased exponentially with
the recovery time at a rate of 32 § 5 (wild-type), 23 § 3
(recA) and 8 § 2 (uvrB) PP removed per min. The distribu-
tion of UV-induced photoproducts for all three strains
determined immediately after irradiation (Fig. 2a) does not
indicate genotype speciWc diVerences. The distribution pat-
tern is similar to that found previously upon UV-C irradia-
tion of isolated DNA (Ravanat et al. 2001; Cadet et al.
2005). CPDs at TT and TC sequences on the one hand and
6-4 TC on the other hand were found to be main bipyrimi-
dine dimers formed by UV-C radiation in the DNA of the
cells, whereas CPDs at CC and CT sites together with 6-4
TT lesions were produced in lower yields. In addition small
amounts of dewar photoproducts at TT and TC sites were

found to be generated although in a poor yield (<5%). The
ratio between (6-4) photoproducts and cyclobutane pyrimi-
dine dimers was found to depend on the nature of the bipyr-
imidine sites. For B. subtilis the ratio was close to 2 at TC
sites and to 0.1 at TT sites. Time-course study of the
removal of photoproducts revealed that CPDs and 6-4 PPs
were repaired with a similar eYciency (Fig. 2). Approxi-
mately, 50% the total initial lesions were found to be
removed in the wild-type cells within the Wrst 60 min after
irradiation, whereas only 30 and 8%, respectively, for recA
and uvrB were removed (Fig. 2b). Interestingly, for all
types of induced bipyrimidine photoproducts similar repair
rates were measured in wild-type cells and with lower
repair rates in both repair-deWcient strains (Table 1).

Gene activation during cell recovery

In order to determine the transcriptional regulation during
cell recovery of the UV-irradiated cells, total RNA was
extracted from the treated cells after 60 min of recovery as
well as from the non-treated cells. The process was followed
by performing several measures including reverse transcrip-
tion, cDNA labeling, hybridization using DNA microarrays

Fig. 1 Cell recovery curve (a) 
and photoproduct repair curve 
(b) after UV-C irradiation at a 
Xuence of 25 J/m2 and subse-
quent recovery incubation of 
wild-type (solid circles), recA 
mutant (solid triangles) and 
uvrB mutant (solid squares) 
B. subtilis 168 cells; non-irradi-
ated cells (open circles). Data 
are expressed as averages and 
standard deviations (n = 5)

Fig. 2 Distribution of the in-
duced bipyrimidine photoprod-
ucts in wild-type B. subtilis cells 
immediately after UV-C irradia-
tion (a) and after 60 min of cell 
recovery (b). Data are expressed 
as averages and standard devia-
tions (n = 5)
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and analyses of the Xuorescent intensity diVerences (ratio of
UV-C irradiated to non-irradiated cells). The gene expression
of the B. subtilis 168 genome (Kunst et al. 1997) was ana-
lyzed in response to UV-C irradiation and the ensuing DNA
repair by transcriptional proWling of six independent experi-
ments. Prior to quantiWcation of the array data, the quality
and reproducibility of the array experiment were estimated
by comparing the normalized spot intensities in the scattered
diagram for wild-type cells as example (Fig. 3). Array data
from hybridizations of independent samples representing the
same cultivation condition always yielded high Pearson cor-
relation coeYcient with r ¸ 0.900 (Blencke et al. 2003),
measured for all three strains. Using a two-fold balanced
diVerential expression as the appropriate threshold level, 278
of the 4,107 known and unknown genes were found to be up-
regulated in the wild-type strain (Fig. 3), whereas only 195
(recA) and 154 (uvrB) genes were induced after UV-C irradi-
ation. Table 2 lists the 50 most highly up-regulated (acti-
vated) genes after 60 min of recovery for the UV-irradiated
cells of all three strains, as inferred from the determination of
the Xuorescent intensity ratio § standard deviation of six
microarray experiments. Further on, for all 50 genes their
putative LexA-binding site according to Au et al. (2005) and
their response to further DNA damaging agents, e.g. mitomy-
cin C were determined by bibliographic search (for detailed
information see footnotes in Table 2). Among the 50 highly
up-regulated transcripts many genes have described func-
tions that may be directly involved in DNA repair processes.
These include typical DNA repair genes (Au et al. 2005)

such as uvrA and uvrB genes were highly up-regulated
(Table 2). They are deWnitely directly responsible for the
decrease in the level of UV induced DNA photoproducts: in
this case the uvrAB-operon, coding for the exonuclease
subunits A and B that are essential for the nucleotide excision
repair pathway (Smith et al. 2002). DeWciencies in these
genes lead to dramatic decrease in the DNA PP removal after
UV-irradiation as can see in Table 1 and Fig. 1. Four diVer-

Table 1 Induced and repaired bipyrimidine photoproducts (PP) after UV-C irradiation and cell recovery

Yield of the bipyrimidine photoproducts (PP) are expressed as lesions per 104  bases
a PP were induced in equal levels in all three strains
b wild-type WT
c recA homologous recombination HR
d uvrB nucleotide excision repair NER
e DNA PP level calculated on the chromosome size of B. subtilis 168 (genome information according to Kunst et al. 1997). Data are averages and
standard deviations (n = 4)

Type of UV-C induced DNA dimeric PP Yield of DNA PP after 25 J/m2 UV-Ca Repaired PP after 60 min (in %)

WTb HRc NERd

CPD TT 3.87 § 0.31 48.9 § 6.3 31.6 § 5.2 9.4 § 3.0

CPD TC 3.28 § 0.45 53.1 § 5.2 34.2 § 6.0 10.2 § 4.1

CPD CT 0.82 § 0.08 58.1 § 8.7 35.1 § 3.1 8.5 § 2.7

CPD CC 0.56 § 0.07 48.9 § 5.1 30.9 § 5.5 8.3 § 0.9

6-4 TT 0.20 § 0.04 44.9 § 7.4 27.2 § 4.8 7.2 § 1.2

6-4 TC 1.76 § 0.26 42.3 § 6.4 26.0 § 3.3 6.3 § 0.8

DEW TT 0.05 § 0.02 43.4 § 4.8 25.4 § 7.0 7.7 § 1.3

DEW TC 0.11 § 0.02 58.7 § 9.0 30.2 § 1.2 5.5 § 1.1

Total 10.65 § 1.24 50.3 § 7.4 29.8 § 6.2 8.1 § 2.3

Total PP/1 chromosomee 8977 § 796 4515 § 503 2675 § 311 726 § 95

Fig. 3 Scatter diagram of normalized spot intensities. Gene intensities
of UV-C irradiated are plotted versus non-irradiated in wild-type B.
subtilis samples after 60 min cell recovery. The signiWcance threshold
of two-fold induction or repression is symbolized by the two dashed
lines. Data are expressed as mean values (n = 6). r = Pearson correla-
tion coeYcient
123
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Table 2 The 50 most strongly UV-C radiation-induced genes after 60 min of cell recovery and DNA repair

Genea Functionb Fold inductionc LexA- bind. 
sitee

Induced by 
further stimulons?f

WTd HRd NERd

recF DNA repair and genetic recombination (radiation-induced; 
ATP-dependent ssDNA and dsDNA binding) 

8.0 1.6 2.9 + MMC, UV

dnaX DNA polymerase III (gamma and tau subunits) 7.5 1.2 2.3 +

yaaQ Hypothetical protein BSU00290 (B. subtilis subsp. subtilis 
str. 168, E value 7e-56)

7.3 4.2 3.8

alkA DNA-3-methyladenine glycosylase 
(adaptative response to DNA alkylation)

6.0 9.2 5.3

adaB O6-methylguanine-DNA methyl-transferase 
(adaptative response to DNA alkylation)

8.9 2.1 4.5

ydaG Unknown; similar to general stress protein 
(Oceanobacillus iheyensis HTE831, E value 5e-42)

6.7 4.2 2.6

dinB Nuclease inhibitor (DNA-damage inducible) 6.5 1.2 1.7 + MMC, PS, UV

ydgJ Unknown; similar to transcriptional regulator 
(MarR family) transcriptional regulator 

(B. anthracis str. Ames, E value 7e-31)

6.2 4.0 1.6

yerA Unknown; similar to adenine deaminase 
(B. weihenstephanensis KBAB4) E value 1e-177

3.6 3.2 2.0

ligA DNA ligase (NAD-dependent; essential gene) 6.0 1.9 3.1 MMC

yefB Unknown; similar to site-speciWc recombinase 
(resolvase family) (Geobacillus kaustophilus 

HTA426, E value 3e-55)

15.3 4.2 8.7

yWG Unknown; similar to metabolite transport protein 
(B. cereus E33L, E value 1e-162)

6.8 5.5 9.2

yhaZ Unknown; similar to DNA alkylation repair enzyme 
(Lactobacillus sakei subsp. sakei 23K, E value 4e-80)

7.0 1.3 3.2 + MMC, PS, UV

yhjE Unknown; similar to alkaline phosphatase like protein 
(B. cereus ATCC 14579, E value 6e-56)

6.4 1.8 2.5 +

yisT Unknown; similar to DinB-like nuclease inhibitor 
(B. weihenstephanensis KBAB4, E value 4e-31)

5.6 2.8 2.2

yjcD Unknown; similar to ATP-dependent DNA helicase, 
UvrD/REP family (B. clausii KSM-K16, E value 1e-169)

11.8 1.9 2.5

yjhB Unknown; similar to mutator MutT protein, 
putative MutT/nudix family protein 
(Frankia alni ACN14a, E value 6e-43)

2.8 1.2 1.9

pyrR Transcriptional attenuation of the 
pyrimidine operon (pyrPBCADFE) 

8.3 2.4 1.7

recG Probable ATP-dependent DNA helicase, 
(assigned by similarity in agreement 
with SWISS-PROT)

5.2 1.3 2.4

recA Multifunctional protein involved in homologous 
recombination and DNA repair (LexA-autocleavage)

22.4 1.2 8.2 + MMC, PS, UV

mutS DNA mismatch repair (recognition) 5.0 1.7 4.3

ymaD Unknown; similar to unknown proteins, 
probable osmotic stress-related protein 
(Staphylococcus aureus RF122, E value 1e-23); 
organic hydroperoxide resistance protein 
(Granulibacter bethesdensis CGDNIH1, E value 2e-06) 

3.6 1.2 3.1 + GS, PS

lexA Transcriptional repressor of the SOS regulon, 
(DNA-damage inducible genes)

5.4 1.1 1.8 + MMC, UV

yneA Unknown, secreted peptidoglycan-binding domain protein 
(Listeria welshimeri serovar 6b str. SLCC5334, 
E value 6e-09), cell division suppressor 

3.7 1.2 2.0 + MMC, UV
123
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Table 2 continued

Genea Functionb Fold inductionc LexA- bind. 
sitee

Induced by 
further stimulons?f

WTd HRd NERd

yneB Unknown; similar to resolvase, site-speciWc recombinase 
(B. cereus ATCC 14579, E value 9e-78)

9.7 1.5 4.0 + MMC, UV

yorL Unknown; similar to DNA polymerase III (alpha subunit) 
(Staphylococcus epidermidis RP62A, E value 1e-141)

5.3 1.7 3.2 +

ligB DNA ligase (ATP-dependent) 3.8 2.3 2.2

yqqQ Unknown; similar to bifunctional methionine sulfoxide 
reductase A/B protein (B. cereus ATCC 14579, 
E value 7e-56)

3.4 2.9 5.1

ndk Nucleoside diphosphate kinase, (EC 2.7.4.6) 7.9 2.5 1.8

yqjH Unknown; similar to DNA-damage repair protein, 
DNA-damage-inducible protein P (B. cereus G9241, 
E value 1e-121); DNA polymerase IV (B. cereus 
ATCC 10987, E value 1e-121)

3.1 1.7 2.2

yqfR Unknown; similar to putative ATP-dependent DNA/RNA 
helicase (Lactobacillus sakei subsp. sakei 23K, 
E value 1e 107)

5.4 4.9 3.1

dnaG DNA primase (EC 2.7.7.-), activated after 
heat, ethanol and salt stresses

7.4 1.9 2.2

recO DNA repair and homologous recombination, null mutant 
leads to high sensitivity to DNA-damaging agents

5.3 1.4 2.6 + MMC

yraA Unknown; similar to general stress protein GSP18 
(B. clausii KSM-K16, E value 9e-55)

6.1 5.0 2.4

sigV RNA polymerase ECF-type sigma factor 9.6 2.5 3.1

ruvB Holliday junction DNA helicase, DNA-binding protein 
RuvB (B. subtilis, E value 1e-140)

3.9 1.0 1.9 + MMC

ruvA Holliday junction DNA helicase, DNA recombination protein, 
RuvA (Exiguobacterium sibiricum 255-15, E value 4-e50)

7.4 1.6 3.1 + MMC

radC Probable DNA repair protein, (assigned by similarity in 
agreement with SWISS-PROT) 

6.9 3.1 1.2

yshC Unknown; similar to DNA polymerase X family protein 
(Listeria welshimeri serovar 6b str. SLCC5334, 
E value 1e-161)

3.2 2.9 2.2

ytxG Unknown; similar to general stress regulon 
controlled by sigma-B (Staphylococcus aureus 
subsp. aureus Mu50, E value 4e-24)

5.9 5.4 2.3 GS, HS, PS

dps DNA-protecting protein; stress- and starvation-induced gene 5.2 3.4 2.9 GS, HS, PS, SA

yktA Unknown; similar to unknown proteins, hypothetical protein 
BSU14640 (B. subtilis subsp. subtilis str. 168, E value 6e-45)

5.5 4.3 6.1

mrgA Metalloregulation DNA-binding stress protein, 
hydrogen peroxide/oxidative stress response

6.9 2.8 3.1 PS, SAR

uvrA Excinuclease ABC (subunit B); excision of 
UV-induced pyrimidine dimers in DNA

9.4 1.6 1.9 + MMC, UV, PS

uvrB Excinuclease ABC (subunit A); excision of 
UV-induced pyrimidine dimers in DNA

6.2 1.5 1.1 + MMC, UV, PS

tagC (Former dinC); possibly involved in polyglycerol 
phosphate teichoic acid biosynthesis; DNA-damage inducible, 
polyglycerol phosphate assembly and export

14.2 1.0 2.4 + MMC, UV, PS

ywqL Unknown; similar to deoxyinosine 3’endonuclease 
(Clostridium beijerincki NCIMB 8052, E value 1e-80)

6.4 3.5 1.9

ywjD Unknown; similar to UV-endonuclease 
(UvsE/Uve1/UvdE Family) (B. thuringiensis serovar 
israelensis ATCC 35646, E value 1e-109)

3.4 2.3 1.9
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net DNA polymerases, dnaX (DNA polymerase III), yorL
(DNA polymerase III located in the prophage SP� region),
yqjH (a putitative DinB induced DNA polymerase IV) and
yshC (DNA polymerase family X) also signiWcantly were up-
regulated. Several rec-genes like recA, recF, recG and recO
that are likely to be also implicated in SOS-induced DNA
repair processes (homologous recombination) were also sig-
niWcantly induced by UV-C irradiation. Further on, two
DNA damage-inducible genes dinB and former dinC (tagC)
showed increased Xuorescent values. YefB, a putative site-
speciWc recombinase, with high sequence similarity to Bacil-
lus sp. NRRL B-14911 (Moszer et al. 2002), was signiW-
cantly up-regulated in all three strains, while for recA and
uvrB the wild-type induction was the two–three-fold higher
than in the mutants.

We noted that in addition to genes known to be involved
in DNA repair of UV-induced damage, a large set of highly
up-regulated genes with unknown function was detected
after 60 min cell recovery (Table 2). In order to annotate
their physiological role, we mainly used the Smith-Water-
man-reports that are available on the SubtiList-database.
YneB, a coding sequence for a site-speciWc resolvase and
yjcD, a likely ATP-dependent DNA helicase were found to
exhibit the highest values for the group of unknown, up-regu-
lated genes. In particular, yneB shows signiWcant sequence
similarity to a B. licheniformis (ATCC 14580) gene that
encodes for a site-speciWc recombinase/resolvase (91% simi-
larity). In addition, a large number of genes with uncertain
function, such as ydaG, yraA and ytxG, which code for sev-
eral general stress proteins were identiWed. From the Smith–
Waterman-report it may be suggested that yraA displays
either protease or peptidase functions as an adaptive response
to atypical conditions. YdaG is a sigma-B-dependent gene,

which codes for a general stress response protein. YtxG,
another sigma-B controlled general stress gene, is induced by
the addition of salt during logarithmical growth and it was
observed to be under the inXuence of sigma-B regulated bac-
terial promoters (Petersohn et al. 2001). After validation of
the DNA microarray it was found that not only sigB (RNA
polymerase general stress sigma factor) was up-regulated
(2.2) but also sigV, which exhibited with a ratio of 9.6 § 2.1
the highest intensity of all sig-genes. Further on, YwaC
encoding a putative GTP-pyrophosphokinase was found to
be up-regulated during DNA repair and recently described as
a member of the sigV regulon (Zellmeier et al. 2005)

Discussion

It was the overall aim of the present work to determine the
DNA damage extent and gene expression proWle in cells of
B. subtilis in response to UV-C irradiation Therefore, the
kinetics of DNA photoproduct repair, colony forming abil-
ity and gene activation after a 60 min recovery period were
assessed under identical conditions for wild-type, HR- and
NER-deWcient B. subtilis cells. The formation of DNA
bipyrimidine dimers was the major biochemical and physi-
ological consequence of the UV-C radiation-induced stress.
We observed that CPD TT, CPD TC and 6-4 TC were the
major UV-C induced DNA lesions. It may be pointed out
that a similar pattern of DNA damage was shown to be
induced upon UV-C irradiation of other microorganisms
such as Escherichia coli and the highly radiation resistant
bacterium Deinococcus radiodurans (Koehler et al. 1996;
Pogoda de la Vega et al. 2005). During subsequent recov-
ery period, an increase in cell survival occurred concomi-

Table 2 continued

a Genes listed by map position. The underlined genes are part of the prophage SP� chromosome in the B. subtilis 168 genome (Kunst et al. 1997)
b Function according to SubtiList-server (http://genolist.pasteur.fr/SubtiList). The function of the protein encoded is given if it has been supported
by genetic or biochemical data. Otherwise the nearest homolog of the protein encoded is listed. The expect values (E values) given in the paren-
theses were obtained with BLAST search and the respective Smith–Waterman report
c All listed fold induction values are mean values and exhibit P values of ·0.05. All individual gene values are averages of the ratios computed
from six separate slides for each genotype (n = 6). Ratio induction of irradiated WT, HR andNER versus the respective non-irradiated control
d For details on the data presentation, see Table 1, footnotes b  throughd

e RecA-LexA-regulated genes in B. subtilis 168 with LexA-binding site according to Au et al. (2005) and Goranov et al. (2006)
f Used abbreviation for the respective stimulon in their response to vegetative cells of B. subtilis: ultraviolet radiation UV, mitomycin C MMC
(Au et al. 2005; Goranov et al. 2006); heat shock HS (Helmann et al. 2001); peroxide stress PS (Helmann et al. 2003); high salinity SA and SAR

repressed by high salinity (Steil et al. 2003) and general stress GS response to EtOH, heat and salt (Petersohn et al. 2001)

Genea Functionb Fold inductionc LexA- bind. 
sitee

Induced by 
further stimulons?f

WTd HRd NERd

ywaC Unknown; similar to GTP-pyrophosphokinase/hydrolase 
(Listeria welshimeri serovar 6b str. SLCC5334, E value 1e-58)

5.4 3.3 6.7

ssb Single-strand DNA-binding protein 5.2 2.2 2.7
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tantly with a decrease in the level of the UV-C induced
DNA photoproducts. The latter result further underlines the
major role played by DNA photoproducts in UV-C induced
cell lethality (Cadet et al. 2005). It is interesting to note that
in B. subtilis DNA the 6-4 PPs and CPDs photoproducts
were removed at a similar rate, whereas in UV-C irradiated
E. coli the repair kinetics of CPDs and 6-4 PPs removal
diVer about two-fold shortly after 40 J/m2 (Koehler et al.
1996). This result points to strong diVerences in the unspe-
ciWc PP dimer removal in the DNA repair of B. subtilis (as
can see in Table 1) and to the necessity of a better assess-
ment of genes involved in such processes. In conclusion,
our work shows that the DNA PP repair eYciency in vege-
tative cells of B. subtilis corresponds to their genetic
makeup and mutations in HR and NER leading to dramatic
lowering of the PP repair.

The use of DNA microarray technology constitutes a rel-
evant approach to determine gene expression proWles after
UV-C induced stress. In the present study emphasis was
placed on the application of the DNA microarray assay to
study expression of genes involved in DNA repair during
cell recovery. The majority of the up-regulated wild-type
genes are known to be directly involved in DNA biochemi-
cal processes comprising mostly DNA repair mechanisms
such as nucleotide and base excision repair, homologous
recombination. In this respect recA exhibits the highest
ratio of gene activation upon UV-C irradiation and damage
recovery. As expected, a large group of dedicated repair
genes including adaB and alkA (both DNA glycosylases
involved in the adaptative response to DNA alkylation),
dinB and tagC (DNA damage inducible genes), ligA and
ligB (DNA ligases), dps (encoding a DNA-protecting pro-
tein; stress-induced gene), mutS (DNA mismatch repair rec-
ognition protein), ruvAB (Holliday junction DNA helicases,
involved in HR) were found to be up-regulated after UV
irradiation. The uvrAB operon encodes essential two exci-
nucleases for the NER mechanism in order to cope with the
elimination of DNA lesions such as CPDs and 6-4 PPs.

From the 278 wild-type highly up-regulated genes 106
genes (38.1%) were characterized as yet unknown whereas
some were functionally classiWed according to their
sequence homology with other microbial transcripts (data
not shown). Thus hypothetical functions are proposed for
these so called “y”-genes on the basis of either observed of
sequence similarity with the highest match of protein data-
banks or on experimental evidence that did not lead to a
change in the gene name (Sonenshein et al. 2002). In fact
descriptions of the latter genes in databases such as SubtiL-
ist-database start with the words “putative”, “probable” or
“possible” (Kunst et al. 1997; Moszer et al. 2002). In the
present experiments, we used this information as a working
hypothesis for the data analysis of the highly up-regulated
unknown “y”-genes. Twenty-Wve, highly up-regulated “y”-

genes are listed in Table 2 according to their group aYlia-
tion and their Xuorescent intensity. This set of the unknown
up-regulated genes could be separated in three groups,
namely: direct DNA repair processes (e.g. potential DNA
repair; yhaZ, yjhB, yqjH, ywqL, ywjD), indirect DNA pro-
cess (e.g. ensuring DNA integrity: yefB, yisT, yjcD, yneB,
yorL, yqfR, yshC) and other functions (e.g. detoxiWcation
processes and radiation stress response: ydaG, yerA, yhjE,
yneA, yppQ, ytxG).

Our data suggest that two “unknown” genes are closely
involved in the DNA repair processes of UV-C irradiated
cells of B. subtilis during cell recovery, namely yneB and
yfeB putative site-speciWc recombinases/resolvases, which
are likely to be involved in recombination DNA repair
(yneAB operon a recently described a SOS-inducible inhib-
itor of cell division (Au et al. 2005)), and yjcD, a ATP-
dependent DNA helicase, expected to play an important
role in genomic integrity and stability. YjcD shows interest-
ing features according to the Smith-Waterman-report with
signiWcant sequence homology to a Bacillus clausii KSM-
K16 (E value 1e-169) gene that encodes for an ATP-depen-
dent DNA helicase, UvrD-like and controlled by the lexA.
Recently, reports on new functional characterized DNA
enzymes, e.g. a RuvABC resolvase and PcrA (Petit et al.
1998; Zahradka et al. 2002), an essential B. subtilis DNA
helicase show that there is a need of a close interaction
between DNA mechanisms, e.g. NER and cell recovery to
ensure cell survival. This suggestion is mainly based on the
information inferred from microarray analysis. Further
detailed characterizations of the highly up-regulated “y”-
genes are required (work in progress). Some of these Wnd-
ing, e.g. yneB (a site-speciWc resolvase) and yqjH (a poten-
tial DinB-induced DNA polymerase IV, involved in the
translesion synthesis) obtained from B. subtilis and in
homologue in the E. coli genome are in good agreement
with previous reports on general and radiation stress-
induced global transcriptional analysis by Au et al. (2005),
Courcelle et al. (2001) and Goranov et al. (2006). We iden-
tiWed and therefore suggest that in addition to the recog-
nized genes other “yet unknown” genes are involved and
play an important role in DNA repair of UV-C irradiated
cells of B. subtilis during radiation stress response and cell
recovery. This is likely the case for sigV, a possible UV
irradiation response sigma factor for which the delineation
of its exact role is awaiting further experiments, comple-
mentary to previous studies performed with sigB-depend-
ing stress genes (Haldenwang et al. 1995; Petersohn et al.
2001). Our results show that the precise details of DNA
repair after UV-C irradiation of B. subtilis are yet not com-
pletely clariWed and that the use of modern techniques like
DNA microarray technology allows for the Wrst time simul-
taneous monitoring of genome-wide analysis for known
and unknown genes. It is essential to identify the transcrip-
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tional response of DNA damage induction and repair with
regard to UV-C induced bipyrimidine lesions. Several “y”-
genes such as yneA, yneB, yhaZ and ytxG were recently,
found to be directly involved in DNA repair and/or stress
response (Au et al. 2005; Petersohn et al. 2001). Follow-on
experiments based on the comparison of the microarray-
based gene expression analysis after UV-A irradiation
¸320 nm to 254-nm data and the veriWcation of selected
candidate genes (e.g. yefB) via RT-PCR are in progress
(Moeller et al., in preparation). Herewith, further informa-
tion on the genetic level of microbial UV photobiology and
DNA repair strategies (according to Zahradka et al. 2006)
will be obtained.
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