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Summary. The spore photoproduct (SP) is the main DNA lesion after UV-C irradiation, and its repair is crucial for the
resistance of spores to UV. The aims of the present study were to assess the formation and repair of bipyrimidine photoprod-
ucts in spore DNA of various Bacillus subtilis strains using a sensitive HPLC tandem mass spectrometry assay. Strains defi-
cient in nucleotide excision repair, spore photoproduct lyase, homologous recombination (recA), and with wild-type repair
capability were investigated. Additionally, one strain deficient in the formation of major small, acid-soluble spore proteins
(SASPs) was tested. In all SASP wild-type strains, UV-C irradiation generated almost exclusively SP (>95 %) but also a few
by-photoproducts. In the major SASP-deficient strain, SP and by-photoproducts were generated in equal quantities. The sta-
tus of the UV-induced bipyrimidine photoproducts was determined at different stages of spore germination. After a germina-
tion time of 60 min, >75% of the SP was repaired in wild-type strains and in the SASP-deficient strain, while half of the photo-
induced SP was removed in the recA-deficient strain. SP-lyase-deficient spores repaired <20% of the SP produced. Thus, SP
lyase, with respect to nucleotide excision repair, has a remarkable impact on the removal of SP upon spore germination.
[Int Microbiol 2007; 10(1):39-46] 
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Introduction

Endospores of gram-positive bacteria can persist over at least
millennial time spans and survive extreme environments on
Earth and even in space [10,17,19]. Solar ultraviolet radia-
tion (UV) is a major factor limiting spore survival in both of

these environments [19,20]. Most studies of spore UV resist-
ance have been restricted to investigating the effects of
monochromatic 254-nm UV-C in the model spore-former
Bacillus subtilis [19,30]. From these studies, it has become
clear that the resistance of B. subtilis spores to 254-nm UV
can be accounted for by an interplay between mechanisms
that: (i) alter DNA photochemistry within the dormant spore
compared to the vegetative bacterium, and (ii) effectively
repair UV-induced DNA damage in spores during subse-
quent germination [19,20,30].

The spectrum of bipyrimidine photoproducts formed in
the DNA of UV-irradiated dormant spores is different from
that of vegetative cells. The major DNA photoproduct in
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spores exposed to 254-nm UV-C radiation is 5,6-dihydro-
5(α-thyminyl)thymine, known as the “spore photoproduct”
(SP) [4,34]. Cyclobutane pyrimidine dimers (CPD) and 6-4
photoproducts (6-4PP) are produced in small quantities at
moderate UV fluences [5] whereas single- and double-
stranded breaks are generated at very high UV fluences [31].
The preponderance of SP in the DNA of UV-irradiated spores
can be explained by different factors, including the dehydrat-
ed state of the spore core, the presence of large amounts of
dipicolinic acid, and the binding of small, acid-soluble spore
proteins (SASPs) of the α/β-type to DNA. All of these key
biochemical parameters result from developmental gene
expression events that occur during the process of sporula-
tion [19,20,30]. In particular, SASP-α and SASP-β in B. sub-
tilis are encoded by the sspA and sspB genes, respectively,
and their transcription is activated in stage III forespores by
σ-G RNA polymerase [19,20,30]. Binding of α/β-type SASP
to the DNA of spores, together with spore core dehydration,
induces a change in the helical conformation of spore DNA
from the B-form to an A-like form, which in turn alters its
UV-C photochemistry to favor the production of SP
[5,19,20,30]. Dipicolinic acid behaves as a photosensitizer
that favors the formation of SP at the expense of the other
bipyrimidine photoproducts [6,27].

Since dormant spores are metabolically inactive, repair of
UV-C-induced DNA damage occurs during the process of ger-
mination, when spores reactivate and prepare to return to veg-
etative growth. Studies with mutants have identified two
major DNA-repair systems involved at this stage: (i) the gen-
eral nucleotide excision repair (NER) pathway, which excises
SP and fills in the resulting single-stranded gap, and (ii) an
SP-specific repair enzyme called SP lyase that cleaves SP
back to the two original thymine residues in a monomeriza-
tion reaction. The NER system is broadly conserved among
prokaryotes [36]. Three subunits encode the Uvr excinuclease
(uvrABC) of the B. subtilis NER mechanism [19]. SP lyase is
encoded by splB, the second cistron of the splAB operon [8],
and is widely conserved among endospore-forming bacteria
[19]. The RecA-mediated pathway is also involved in DNA
repair, albeit to a lesser extent [19,20,30]. Expression of each
of these systems has been shown to be significantly regulated
at the transcriptional level [19,20]. The NER system is under
control of the SOS response mediated by LexA/RecA and is
induced by DNA damage during vegetative growth [1–3,36]
and germination [28], but is not developmentally activated
during sporulation (PJ Riesenman and WL Nicholson, unpub-
lished data). SP lyase is produced upon transcription of splB
by σ-G RNA polymerase at morphological stage III in the
developing forespore, where the enzyme is packaged into the
dormant spore and activated during germination [7,21,22].

Transcription of splB is not observed during either vegetative
growth or germination, nor is it induced by DNA damage dur-
ing those processes [1,21] [R Moeller et al., unpublished data]. 

Earlier work on the repair of UV-induced photoproducts
during spore germination relied on cumbersome techniques
with limited sensitivity and ability to detect any of the UV
photoproducts [15,16,33]. The development of a sensitive
and rapid HPLC-MS/MS technique has allowed the separa-
tion, identification, and quantification of the majority of UV-
induced DNA photoproducts in spores at a level of resolution
previously unattained [5,6]. Here, we report on the formation
and repair of all possible bipyrimidine photoproducts
encountered within the DNA of UV-C-irradiated spores of
strains deficient in different repair systems. The data are cor-
related with the UV radiation resistance of these strains,
which is a component of their genetic makeup. 

Material and methods

Bacillus subtilis strains, sporulation, and spore purifica-
tion. The following Bacillus sp. endospores were used: two wild-type
strains, B. subtilis 168 DSM 402 [14] and B. atrophaeus DSM 675 [13] (both
obtained from the DSMZ, Braunschweig, Germany); one strain deficient in
NER, the spore photoproduct lyase (ΔsplB), and the homologous recombi-
nation pathway (ΔrecA), termed ΔrecA ΔsplB ΔuvrB (N Munakata, unpub-
lished data); one NER- and SP-lyase-deficient strain (ΔsplB ΔuvrB [11]);
one single homologous-recombination-deficient strain (ΔrecA [3]); and one
strain lacking DNA saturation with SASPs, termed ΔsspA ΔsspB [5]. Unless
otherwise stated, the indicated genes and products were of B. subtilis origin.
Spores of each strain were obtained by cultivation under vigorous aeration
in liquid Schaeffer sporulation medium [26], purified, and stored as
described previously [13,14,18]. The mutations did not significantly affect
sporulation efficiency. Spore preparations were free (<1%) of growing cells,
germinating spores, and cell debris, as monitored by phase-contrast
microscopy.

UV-C irradiation and extraction of spore DNA. Spores (5×108

spores/ml) in aqueous suspension (10 ml) were exposed to UV-C radiation
from a low-pressure mercury lamp (Model NN 8/15, Heraeus, Berlin,
Germany). All irradiations were carried out at 4°C with continuous stirring
of the suspensions to ensure homogeneous exposures. The spectral irradi-
ance of the mercury low-pressure lamp with a major emission line at 253.65
nm was measured with a double monochromator (Bentham model DM 300).
A fluence rate of 90 μW/cm² was determined by using a UV-X radiometer
(UVP Ultra-Violet Products, Cambridge, UK). After UV irradiation at
defined fluences (0, 50, 125, 250, 375, 500 J/m2), the following aliquots
were taken for further analysis: 100 μl for survival studies, 1.5 ml for DNA
photoproduct analysis, and separately 10 ml (exposed to a fluence of 125
J/m2) for germination and repair studies. Survival was determined by the
colony-forming assay [13]. For the analysis of DNA photoproducts, high-
molecular-weight DNA was isolated from irradiated and germinating spores
using the Wizard Genomic DNA Purification Kit (Promega, Mannheim,
Germany) procedure for genomic DNA isolation from bacteria [23]. Prior to
DNA isolation, the spore coats were chemically removed as described pre-
viously [14,25]. 

Spore germination. Ten ml of spore suspension exposed to 125 J/m2

of UV-C radiation was transferred directly into 100 ml of 2×LB medium
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with an addition of 4 mM L-alanine to stimulate initiation of spore germina-
tion [29] and incubated at 37°C for various times. Germination efficiency
was determined as the loss of spore wet-heat resistance after heat treatment
at 80°C for 10 min and following the decrease in OD at 600 nm, as described
earlier [28]. After 0, 30, 60, 90, and 120 min of germination, 15-ml samples
were taken for DNA extraction and subsequent photolesion analysis, and
100 μl to assay colony formation.

Quantitation of inter- (and intrastrand) bipyrimidine pho-
toproducts. Isolated DNA samples from irradiated and germinating
spores were enzymatically digested with nuclease P1 and phosphodiesterase
I as described previously [5,23]. The digested samples were analyzed by
high-performance liquid chromatography coupled with tandem mass spec-
trometry (HPLC-MS/MS) to detect dimeric photoproducts involving adja-
cent pyrimidines released as modified dinucleoside monophosphates [5,6].
The following photoproducts were quantitated as dinucleoside monophos-
phates using analytical methods described previously [5]: SP; cyclobutane
pyrimidine dimers (CPD) of thymine-thymine (CPD TT), thymine-cytosine
(CPD TC), cytosine-thymine (CPD CT), and cytosine-cytosine (CPD CC);
as well as the pyrimidine (6-4) and pyrimidone photoproducts (6-4 PP) of
thymine-thymine (6-4 TT) and thymine-cytosine (6-4 TC). The dimeric
pyrimidine photoproducts were quantified in the multiple reaction-monitor-
ing (MRM) mode using transitions reported previously [5,6]. Additional
experiments were carried out in the product 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 HPLC analysis. 

Numerical and statistical analysis. Survival graphs were con-
structed by plotting the logarithm of the fraction of surviving spores vs.
UV fluence [13]. To determine the graph parameters, the following rela-
tionship was used: ln (N/N0) = − ki × F + n, with N = CFU/ml after irradi-
ation, N0 = CFU/ml without irradiation, ki = inactivation constant (m2/J),
F = UV fluence (J/m2), and n = extrapolation number, i.e., the intercept with
the ordinate of the extrapolated semi-log straight line. The constants ki and
n were determined by linear regression. The ratio of the ki values of the
repair-deficient strains to those of wild-type strain 168 was called the “repair

factor with regard to survival” (RFS). It reflected the contribution of the
involved repair processes to overall survival. Further, the fluence resulting
in 10% survival (F10) was determined. Photoproduct induction s were
obtained by plotting the number of photolesions per 104 bases vs. fluence.
The efficiency of photoproduct induction was determined from: PP = kPP × F,
with PP = photoproducts/104 bases, kPP = photoproduct induction constant
(m²/J), and kPP determined by linear regression of the induction s. For quan-
tifying the distribution of the UV-induced DNA bipyrimidine photoproducts
in the irradiated spores, the amounts at each fluence were summarized, nor-
malized, and expressed as the number of photolesions/104 bases per Jm–2

according to a previously described method [23]. All experiments were
repeated at least three times. The data shown are mean values with standard
deviations and were compared statistically using Student’s t test. Values
were analyzed in multigroup pair-wise combinations. Differences with P
values ≤0.05 were considered statistically significant. To compare the resist-
ance of spores with different genetic backgrounds, all of the spores were pre-
pared at the same time and tested together [13,14].

Results

Survival and induction of DNA bipyrimidine
photoproducts upon UV-C irradiation. Spores of
wild-type B. atrophaeus and B. subtilis strains, as well as B. sub-
tilis strains carrying either deletions of the genes encoding α/β-
SASP (ΔsspA ΔsspB), or deletions in genes encoding compo-
nents of the major DNA repair pathways (SP lyase: ΔsplB,
NER: ΔuvrB, Rec: ΔrecA) were exposed to 254-nm UV-C
radiation. Spore UV inactivation kinetics and photoproduct
production were assessed in the same samples (Fig. 1). The
UV survival graphs of the spores were either uni-exponential
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Fig. 1. Fluence-survival (A) and induction of bipyrimidine photoproducts (B) of Bacillus atrophaeus (closed diamonds),
B. subtilis 168 (closed circles), ΔsspA ΔsspB (closed squares), ΔrecA (open circles), ΔsplB ΔuvrB (closed triangles), and ΔrecA ΔsplB
ΔuvrB (open triangles) after exposure to 254-nm UV-C. Data are averages ± standard deviations (n = 4).
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(ΔsspA ΔsspB strain and all repair-deficient strains except
ΔrecA) or showed a slight shoulder, as indicated by n > 1
(B. subtilis wild-type and ΔrecA strain, and B. atrophaeus;
Fig. 1A and Table 1). The F10 values of the wild-type spores
and the recA mutant (Table 1) were in good agreement with
published data (compiled as LD90 by Nicholson et al. [19]),
whereas the F10 values of the ΔsspA ΔsspB, ΔsplB ΔuvrB and
ΔrecA ΔsplB ΔuvrB strains were substantially higher, by a
factor of 4–10, than published values [12,19]. It is well-
established that the sporulation conditions influence the UV
responses of spores [9,18]. In our work, however, spores of
all strains were produced by the same method, a condition
that allowed comparison of their UV resistance, whereas the
literature data were compiled from different studies. Our data
showed that spore UV resistance decreased in the order wild-
type > ΔrecA > ΔsspAΔsspB > ΔsplBΔuvrB > ΔrecAΔsplB
ΔuvrB, which is in agreement with previously published
results [19]. Examination of the RFS values (Table 1) showed
that, among the repair mechanisms, the recA system was the
least efficient for repairing UV-C damage induced in spores,
whereas the combined bipyrimidine photoproducts repair
mechanisms splB and uvrB had a higher repair efficiency,
which was further ameliorated by the presence of the recA
system.

The fluence-dependent formation of bipyrimidine photo-
products induced in the DNA of UV-C-irradiated spores is
shown in Fig. 1B. The total amount of photoproducts/104

bases increased linearly with the applied fluence. It is inter-
esting to note that the induction constant kPP was slightly
lower for the recA, splB uvrB, recA splB uvrB, and sspA sspB
mutants than for the wild-type strains (Table 1). A similar
effect was observed by Douki et al. [5] for the latter strain.
However, the differences in kPP were not statistically signifi-
cant; thus, none of the mutations tested was found to signifi-
cantly alter the overall quantum yield of total DNA photo-
product formation with respect to the wild-type strains.

Using HPLC-MS/MS, it was possible to determine not
only the total amount of bipyrimidine photoproducts, but also
to identify and quantify each type of photoproduct formed in
the UV-irradiated spores. The results are compiled in Table 2.
SP was the predominant DNA photoproduct (93 ± 5%) in all
spores with wild-type SASP formation. CPD TC, CPD TT,
and CPD CT as well as 6-4 TC and 6-4 TT were also detect-
ed, albeit in small amounts (5–7% of the total bipyrimidine
photoproducts). Whereas the amount of total DNA photo-
products was similar in spores of the ΔsspA ΔsspB strain and
in those possessing SASP, the spectrum of induced photo-
products was significantly altered compared to the pattern
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Table 1. Survival graph characteristics after UV-C irradiation (data obtained from Fig. 1 A, B) 

Strain F10 ki n RFs kPP

Bacillus atrophaeus 247.3 ± 29.2 (1.3 ± 0.2)×10–2 1.7 ± 0.2 0.93 0.12 ± 0.02 

B. subtilis 168 258.7 ± 18.5 (1.4 ± 0.4)×10–2 2.0 ± 0.3 1.00 0.13 ± 0.01

ΔsspAΔsspB 112.3 ± 19.4 (1.6 ± 0.3)×10–2 0.7 ± 0.2 1.19 0.10 ± 0.03

ΔrecA 191.8 ± 32.1 (1.8 ± 0.4)×10–2 1.6 ± 0.4 1.35 0.09 ± 0.02

ΔsplBΔuvrB 67.4 ± 26.4 (2.3 ± 0.3)×10–2 0.7 ± 0.3 1.69 0.11 ± 0.04 

ΔrecAΔsplBΔuvrB 60.5 ± 11.2 (2.9 ± 0.5)×10–2 0.6 ± 0.3 2.09 0.10 ± 0.01

F10, Fluence (J/m2) of UV-C irradiation reducing the survival of the spore population to 10% [1]; ki, inactivation
constant (m2/J); n, extrapolation number, i.e., the intercept with the ordinate of the extrapolated semi-log straight
line [24]; RFs, repair factor with regard to survival of B. subtilis 168; kPP, photoproduct induction constant (m2/J).

Table 2. Yields of photolesions in spores exposed to UV-C radiation

Strain SP CPD TC CPD TT 6-4 TC CPD CT 6-4 TT Total

B. atrophaeus (1.4 ± 0.4)×10–1 (3.9 ± 0.3)×10–3 (2.8 ± 0.7)×10–3 (3.0 ± 0.4)×10–3 (8.7 ± 2.1)×10–4 (5.2 ± 1.8)×10–4 (1.4 ± 0.5)×10–1

B. subtilis 168 (1.1 ± 0.2)×10–1 (3.2 ± 0.3)×10–3 (3.0 ± 0.6)×10–3 (2.5 ± 0.3)×10–3 (7.2 ± 1.7)×10–4 (4.8 ± 1.4)×10–4 (1.2 ± 0.2)×10–1

ΔsspAΔsspB (0.5 ± 0.1)×10–1 (1.2 ± 0.1)×10–2 (2.3 ± 0.2)×10–2 (1.3 ± 0.3)×10–2 (1.5 ± 0.1)×10–3 (1.8 ± 0.4)×10–3 (1.0 ± 0.3)×10–1

ΔrecA (0.9 ± 0.3)×10–1 (4.2 ± 0.3)×10–3 (2.4 ± 0.5)×10–3 (3.3 ± 0.4)×10–3 (8.2 ± 2.3)×10–4 (5.5 ± 2.0)×10–4 (1.0 ± 0.3)×10–1

ΔsplBΔuvrB (1.0 ± 0.2)×10–1 (2.2 ± 0.3)×10–3 (2.8 ± 0.7)×10–3 (2.6 ± 0.6)×10–3 (7.0 ± 1.9)×10–4 (3.0 ± 0.8)×10–4 (1.1 ± 0.2)×10–1

ΔrecAΔsplBΔuvrB (0.9 ± 0.3)×10–1 (3.1 ± 0.3)×10–3 (4.0 ± 1.1)×10–3 (2.8 ± 0.4)×10–3 (6.7 ± 3.1)×10–4 (7.1 ± 2.6)×10–4 (1.1 ± 0.3)×10–1

Data are expressed as lesions/104 bases per Jm-2. Data are averages and standard deviations n = 4. 
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observed in the wild-type. In ΔsspA ΔsspB spores, SP was
still the main DNA lesion, with 48 ± 6% of the overall pho-
toproducts, and the residual photoproducts were distributed
among CPDs (CPD TT 24 ± 5%, CPD TC 13 ± 8%, CPD CT
2 ± 1%) and 6-4 PPs (6-4 TT 2 ± 1%, 6-4 TC 13 ± 7%). 

Photoproduct repair during spore germination.
In order to monitor the ability of wild-type and mutant spores
to repair UV-induced DNA damage during germination,
spores of each strain were irradiated with 254-nm UV-C to a
dose of 125 J/m2. The spores were then germinated in 2×LB
medium with L-alanine, and the kinetics of photoproduct
repair during germination were assessed. To monitor germi-
nation, samples were taken in parallel for the determination
of optical density and germination-associated loss of heat
resistance. Each strain showed normal spore germination
kinetics as monitored by typical optical density measurements,

loss of heat resistance, and low cell-replication activity dur-
ing the first 2 h of germination (data not shown). In short,
spores of all strains germinated at approximately the same
rate and extent, in good agreement with published data [14].

The repair kinetics of the total bipyrimidine photoprod-
ucts of SP and of CPD TT showed a first-order exponential
decrease with germination time (Fig. 2). B. atrophaeus, B.
subtilis 168, and the ΔsspA, ΔsspB spores showed nearly
equally efficient rates of overall repair of all bipyrimidine
dimers, whereas there was little or nearly no repair of the
total photoproducts during germination of ΔsplB ΔuvrB
spores and ΔrecA ΔsplB ΔuvrB mutants. After 1 h of germi-
nation, a high percentage of the total induced photolesions
was repaired in B. atrophaeus (75 ± 15%) and B. subtilis 168
(81 ± 10%), and in the α/β-type SASP deficient strain (69 ±
18%) (Table 3). The removal of total photoproducts from the
DNA of the ΔrecA strain was 49 ± 15%, i.e., significantly
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Fig. 2. Repair kinetics of total bipyrimidine photoproducts, the spore photoproduct (SP), and CPD TT during germination of B. atrophaeus (closed dia-
monds), B. subtilis 168 (closed circles), ΔsspA ΔsspB (closed squares), ΔrecA (open circles), ΔsplB ΔuvrB (closed triangles) and ΔrecA ΔsplB ΔuvrB (open
triangles) spores exposed to 125 J/m2 of UV-C radiation. Data are reported as averages and standard deviations (n = 6).

Table 3. Table 3. Repair of bipyrimidine photoproducts in spore DNA of wild-type and mutant strains

Strain SP CPD TC CPD TT 6-4 TC CPD CT 6-4 TT Total

B. atrophaeus 78.1 ± 12.1 69.1 ± 13.0 39.1 ± 7.5 40.4 ± 7.7 43.1 ± 15.6 46.9 ± 8.7 75.5 ± 14.6

B. subtilis 168 84.7 ± 13.8 76.0 ± 7.1 41.9 ± 12.2 26.4 ± 9.1 62.4 ± 20.1 83.4 ± 16.6 81.2 ± 10.4

ΔsspAΔsspB 83.1 ± 11.4 55.8 ± 18.3 56.8 ± 9.5 47.7 ± 10.6 39.2 ± 8.7 47.8 ± 9.8 69.1 ± 18.2

ΔrecA 53.1 ± 7.6 34.2 ± 9.5 14.2 ± 7.1 28.5 ± 9.3 28.2 ± 10.3 45.6 ± 14.9 49.4 ± 15.2

ΔsplBΔuvrB 18.8 ± 10.5 29.2 ± 12.3 14.9 ± 5.6 25.2 ± 14.2 23.7 ± 12.7 27.6 ± 10.6 19.2 ± 13.1

ΔrecAΔsplBΔuvrB 15.3 ± 8.3 8.2 ± 5.3 15.5 ± 10.1 13.1 ± 8.3 19.8 ± 9.5 19.2 ± 9.8 15.1 ± 9.6

Measurements were made at 60 min of germination and are expressed as percent of photoproduct repaired relative to time zero of germination. Data are aver-
ages and standard deviations (n = 6).
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lower during the same period of germination (Table 3).
Negligible, but still measurable, photoproduct removal was
achieved in germinating ΔsplB ΔuvrB spores (19 ± 8%) or
ΔrecA ΔsplB ΔuvrB spores (15 ± 9%) after 1 h of germina-
tion. These data further support the supposition that SP lyase
and NER enzymes play major roles in the repair of UV dam-
age induced in the DNA of bacterial endospores [1], whereas
homologous recombination has only a minor contribution.
Note that these repair studies were done with spores exposed
to a relatively low UV fluence (125 J/m²), well below the F10

values of the wild-type strains. The data for RecA-mediated
repair might differ if higher doses are applied. It is also inter-
esting to note that the germinating ΔrecA ΔsplB ΔuvrB spores
lacking SP lyase, NER, and RecA repair pathways still exhib-
ited some residual DNA repair activity, perhaps due to addi-
tional, uncharacterized minor DNA repair pathway(s) that
become active during germination.

The high resolution and sensitivity of the HPLC-MS/MS
system facilitated the measurement of each bipyrimidine
photoproduct as residual lesions after 60 min of germination
(Table 3). This afforded an opportunity to assess the relative
efficiency of SP lyase, NER, and Rec repair for the removal
of each photoproduct. Based on the irradiation conditions used,
it could be inferred that SP lyase and NER were the major
repair systems involved in the removal of SP, whereas homolo-
gous recombination had a minor contribution (Table 3). Since
SP lyase has been shown to be specific for SP and inactive
towards other DNA photoproducts [32], the relative contribu-
tions of NER and RecA in coping with CPDs and 6-4 PPs
could be assessed. The results showed that the NER and
RecA systems have a similar repair capacity for all CPDs
(CPD TT, CPD CT, and CPD TC) and the 6-4 TC photoprod-
uct. NER was slightly more efficient than RecA in repairing
6-4 TT (Table 3); however, this difference was not statisti-
cally significant. 

Discussion

DNA photoproduct repair during spore germi-
nation. As mentioned, wild-type and repair-deficient
spores as well as spores deficient in major SASP formation
were tested. Note that the pattern and kinetics of germination
were identical for the spores of all strains tested. Therefore,
the differences observed in photoproduct repair among the
different strains must have been due to their genetic makeup
and not to unequal germination rates. B. subtilis 168 and B.
atrophaeus, which are closely related according to their 16S
rDNA sequence [13] and both have wild-type repair capaci-
ty, repaired over 80% of the induced initial SP after 60 min

of germination. This efficient repair of DNA photoproducts
was mainly performed by SP lyase, which is expressed dur-
ing sporulation in the forespore [21,22], packaged into the
dormant spore, and activated during germination to ensure
the early DNA-photoproduct removal of potentially induced
SP [24]. SP lyase was also very effective during germination
of UV-irradiated spores deficient in α/β-type SASP, in which
SP was induced to a lesser amount but still remained the main
photolesion and the major repair target during spore germina-
tion. The repair of all other bipyrimidine photoproducts was
slower (at least 50–75%) than that of SP. This observation is
in agreement with the concept of an evolutionary advantage
provided by the specific formation of SP in spores, a lesion
that is more efficiently repaired than the other photoproducts
formed in other cell types and in vegetative bacteria [19,20].
Due to the lack of SP lyase, SP repair was significantly
reduced in the two splB-deficient strains; however, they also
showed a slower repair of the other photoproducts, CPDs and
6-4PPs, probably due to the additional deficiency in NER
(ΔuvrB). Since in the recA-deficient strain the gene product
of splB is available, SP repair was maintained; however, the
deficiency in ΔrecA led to a reduced rate of CPD and 64PP
repair. RecA, as a multifunctional protein mainly involved in
homologous recombination, ensures genome integrity. After
UV radiation, RecA participates in the overall repair and
closing of DNA strand breaks. It might also support homolo-
gous recombination during NER by gap filling after photo-
product excision. A deficiency in both pyrimidine-dimer
excision mechanisms, NER (ΔuvrB) and SP lyase, led to a
deficiency in overall DNA-photoproduct repair. Combined
NER and RecA deficiency yielded the lowest amount of
DNA-photoproduct repair. These results show that NER
and homologous recombination (RecA) can at least partly
substitute for SP lyase and thereby prevent deleterious UV
effects—at least to a certain extent—in spores lacking this
enzyme.

Role of SASPs in spore UV resistance. Spores
deficient in α/β-type SASP formation were less resistant
against the effects of UV-C irradiation than wild-type SASP
spores. This was concomitant with a significant change in the
overall DNA photochemistry of spores exposed to UV-C.
Since PS356 spores, used in these studies, contain only ~20%
of the amount of α/β-type SASPs [5] found in wild-type
spores, we were able to monitor a pronounced shift in the
DNA photolesion distribution upon UV-C irradiation, with an
increased proportion of CPDs and 64PPs at the expense of SP
with respect to SASP-containing spores. These data are in
agreement with a similar observation reported in a previous
publication [5]. The repair kinetics of DNA photoproducts
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during germination of wild-type spores (B. subtilis 168 and
B. atrophaeus) and ΔsspA ΔsspB spores were compared. The
decreasing order of repair efficiency of UV-induced DNA
photoproducts was the same in the three cases: SP >>> CPD
TC >> CPD TT >> 6-4 TC >> CPD CT > 6-4 TT. In spores
with and without deletions in SASP formation, SP was the
primary target for DNA repair during spore germination. This
is due to the fact the SplB plays a major role in SP removal
and splB-formation was not affected. The repair of other
DNA bipyrimidine photoproducts was delayed because pro-
teins of the NER pathway have to be synthesized de novo
during spore germination.

DNA repair and survival. The present work shows
that DNA repair plays an important role in spore germina-
tion, ensuring the return to vegetative life, i.e., the replication
of repaired DNA [28]. A comparison of the capacities to
repair the various photoproducts present in the different
strains indicated that the removal of SP is required for maxi-
mum colony-forming ability during spore germination. The
focus of this study was bipyrimidine photoproduct repair in
germinating spores after UV-C irradiation. Beside the DNA
bipyrimidine photoproducts, other (minor) types of spore
damage were induced by UV radiation, such as DNA strand
breaks, DNA-protein cross-links, and oxidatively generated
modifications. Therefore, in minor damage-repair pathways,
such as homologous recombination, SP lyase does not play a
large role, i.e., ΔrecA and ΔrecA ΔsplB ΔuvrB spores should
be less able to repair DNA strand breaks produced in minor
quantities by UV radiation [31] than ΔsplB ΔuvrB spores.
Recently, Weller et al. [35] identified in B. subtilis a Ku
homolog (encoded by the ykoV gene) that retains the bio-
chemical characteristics of the eukaryotic Ku heterodimer.
The bacterial Ku specifically recruits a DNA ligase (encoded
by ykoU) to DNA ends which then stimulates DNA ligation.
The loss of these proteins leads to hypersensitivity of station-
ary-phase B. subtilis cells to ionizing radiation [35]. From the
observation that the Ku system is conserved in spore-forming
bacterial species (e.g., Bacillus and Streptomyces), Weller et
al. [35] speculated that nonhomologous end-joining (NHEJ)
via the prokaryotic Ku system functions during subsequent
spore germination to repair double-stranded breaks induced
in dormant bacterial spores. It will be essential to study the
role of NHEJ in spore resistance to environmental UV radia-
tion (≥ 290 nm), which produces strand breaks such as sin-
gle- and double-stranded breaks as minor photoproducts
[31]. Further work on microbial UV photobiology at the
genetic level is in progress (Moeller et al., unpublished data).

In conclusion, our work shows that DNA repair efficien-
cy in germinating spores is inherent to their genetic makeup.

This finding improves our understanding of the repair path-
ways necessary for photoproduct repair and germination, as
well as the molecular basis for the unique resistance of spores
to extreme environmental stressors such as UV radiation. 
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