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Plants are continuously subjected to UV-B radiation (UV-B; 280-320
nm) as a component of sunlight causing damage to the genome.
For elimination of DNA damage, a set of repair mechanisms, mainly
photoreactivation, excision, and recombination repair, has
evolved. Whereas photoreactivation and excision repair have been
intensely studied during the last few years, recombination repair,
its regulation, and its interrelationship with photoreactivation in
response to UV-B-induced DNA damage is still poorly understood.
In this study, we analyzed somatic homologous recombination in
a transgenic Arabidopsis line carrying a B-glucuronidase gene as a
recombination marker and in offsprings of crosses of this line with
a photolyase deficient uvr2—1 mutant. UV-B radiation stimulated
recombination frequencies in a dose-dependent manner correlat-
ing linearly with cyclobutane pyrimidine dimer (CPD) levels. Ge-
netic deficiency for CPD-specific photoreactivation resulted in a
drastic increase of recombination events, indicating that homolo-
gous recombination might be directly involved in eliminating CPD
damage. UV-B irradiation stimulated recombination mainly in the
presence of photosynthetic active radiation (400-700 nm) irrespec-
tive of photolyase activities. Our results suggest that UV-B-induced
recombination processes may depend on energy supply derived
from photosynthesis.

D epletion of stratospheric ozone levels leads to an increase of
genotoxic solar UV-B radiation reaching the Earth’s sur-
face (1-4). Elevated UV-B radiation has multiple effects on the
development and morphology of plants (for review see refs. 5
and 6), primarily resulting from DNA and photosynthetic dam-
age, protein destruction (7), and signal transduction via a
postulated UV-B photoreceptor (8). High fluences of UV-B
introduce into the genome a number of different lesions, pre-
dominantly cyclobutane pyrimidine dimers (CPDs) and pyrim-
idine (6-4) pyrimidinone adducts [(6—4) PPs] (9). The elimina-
tion of these DNA photoproducts is essential for cell survival
because both of these classes of dimers act as blocks to DNA
replication (10, 11) and transcription (12).

To avoid toxic effects of UV-induced DNA damage and to
maintain genetic integrity, most organisms have developed a
complex network of repair mechanisms involving photoreacti-
vation, excision repair, and recombination repair (13). Photo-
reactivation is a light-dependent enzymatic process using UV-A
(320-400 nm) and blue light (400-500 nm) to monomerize
pyrimidine dimers whereas excision and recombination repair
are light-independent processes. The interactions between pho-
toreactivation and light-independent “dark” repair processes are
not well understood. In Escherichia coli and Chlamydomonas
reinhardtii, e.g., the presence of photolyase was proposed to have
stimulatory effects on “dark” repair processes (14, 15).

Although plants are unique in their nature to be obligatorily
exposed to UV-containing sun light, the understanding of DNA
repair processes in plants lags far behind the knowledge of repair
mechanisms in E. coli, yeast, and mammals. Studies on Arabi-
dopsis mutants deficient in light-dependent repair of CPDs (16)
or (6—4) PPs (17) revealed that photoreactivation represents the

main repair pathway for these photoproducts (9). However,
plants are also capable of repairing UV-induced dimers in the
dark denoting that light-independent repair clearly takes place in
plants (18). Recently, nucleotide excision repair, the most ver-
satile “dark” repair mechanism, has been shown to also exist in
plants (19, 20), yet only with a low capacity for repairing CPDs
(21). In contrast, elimination of pyrimidine dimers via recom-
bination has not yet been directly proven even though homolo-
gous recombination, a marker for recombination repair, was
found strongly induced in somatic tissue after treatment with
DNA-damaging agents, such as UV- and +y-radiation (22-25). To
elucidate the role of recombination repair and its interaction
with photoreactivation of UV-B-induced DNA damage, we
studied homologous recombination between overlapping se-
quences of a B-glucuronidase marker gene in Arabidopsis (24),
using a combination of a genetic with a photobiological ap-
proach. We found that the rate of recombination correlates
linearly with the level of CPD formation and moreover, that it
is strongly increased in photolyase-deficient uvr2-I mutant
plants. In addition, we observed that homologous recombina-
tion, a putative “dark” repair process for UV-induced DNA
damage, is strongly influenced by light conditions applied to
plants after exposure to UV radiation. These results suggest that
recombination processes induced by UV-B radiation may re-
quire energy provided by photosynthetic activity.

Materials and Methods

Plant Material and Growth Conditions. The transgenic Arabidopsis
(C24) line A651 (24) carrying a B-glucuronidase recombination
substrate and a hygromycin resistance marker gene was used for
all irradiation experiments, as well as for the cross with the
photolyase deficient line uvr2—1 in the Landsberg erecta (Ler)
background (16). The latter was provided by the Arabidopsis
Seed Stock Center (Ohio State Univ., Columbus). The Fs-
generation was screened for homozygosity of the recombination
substrate and of the uvr2-I locus by growing plants and their
offspring on hygromycin selection medium and, consequently,
treatment with UV-B radiation (WG 295) for 1 h. Two lines were
homozygous for uvr2—1 or UVR2-1 and the recombination
substrate, respectively. To exclude the influence of the genetic
background caused by the cross of two different Arabidopsis
ecotypes (C24 and Ler), 10 control lines (homozygous for the
hygromycin resistance marker and homo- or heterozygous for
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UVR2-1) were tested for their recombination frequency. All
control lines showed similar basal and UV-B-induced recombi-
nation frequencies (data not shown). Before exposure to UV-B
radiation, plants were grown in soil for 14 days in 24 h light of
15 W m~2 of photosynthetically active radiation (PAR), derived
from cool white lamps (Biolux, Osram, Germany).

Light Treatments and Determination of Net Photosynthesis. Arabi-
dopsis plants were irradiated for various time intervals with
UV-B from TL12 F40 lamps (Osram, Germany) filtered through
3-mm transmission cut-off filter glasses with half-maximal trans-
mission at 295, 305, and 335 nm (WG 295, WG 305, and WG 335;
Schott, Germany), respectively. Measurements of irradiance
were performed by using an OL 754 UV-visible spectroradiom-
eter (Optronic Laboratories, Orlando, FL). Unless indicated,
plants were shifted immediately after UV-B treatment into
continuous white light (15 W m~2) for another 3 days. The
influence of different light qualities after UV-B irradiation on
the recombination frequency was tested by exposing plants
directly after irradiation for 24 h to either red light (Almax = 658
nm, 6.4 W m~2), far red light (Alax = 740 nm, 4.0 W m~2), or
by incubation in darkness (23). For photoreactivation studies,
plants were exposed, directly after UV-B irradiation, for 2 h to
UV-A (10 W m~2, Osram L36W/73) combined with a WG 335
transmission cut-off filter and then shifted into red light for 22 h.
After 24 h, all plants were transferred to continuous white light
and kept growing for additional 2 days. Net photosynthesis in red
or far-red-irradiated single Arabidopsis leaves at ambient CO,
concentration and constant temperature (25°C) was determined
by using a HCM-1000 portable photosynthesis system (Walz,
Effeltrich, Germany).

Determination of Pyrimidine Dimers. Leaf material (400 mg) from
10, 14-day-old plants was used to extract genomic DNA. The
extraction was performed with hexadecyltrimethylammonium
bromide, and the amounts of CPDs were determined essentially
as described (26). DNA dissolved in PBS (10 mM Na,HPO, X
12 H0/150 mM NaCl, pH 7.4) was heated in boiling water for
10 min. Then 400 ng of the denatured DNA in a volume of 50
ul was placed in quadruplicate in a 96-well microplate (Dynex
M129B) and evaporated to dryness at 94°C for 1 h. After washing
the wells with PBS-T (PBS supplemented with 0.5 %0 Tween 20),
100 wl of 3% (wt/vol) BSA solution, and 50 ul of a 1,000-fold,
diluted CPD-specific mouse monoclonal antiserum (Kamiya
Biomedical, Thousand Oaks, CA) was added. Excess primary
antiserum was removed by several washing steps with PBS and
the peroxidase assay started after addition of horseradish
peroxidase-linked rabbit antimouse antibody (1:2,000) and 100
wml of horseradish peroxidase-reaction mixture (0.04% o-
phenylene diamine/0.007% H,O; in citrate-phosphate buffer,
pH 5.0). The horseradish peroxidase reaction was incubated at
37°C for 15 min and was stopped by addition of 50 ul of 2 M
H,SO,4. The absorbance of the reddish yellow reaction product
represents the amount of CPDs in the DNA and was determined
at 490 nm (A490) with a Dynex microplate reader (Dynex,
Frankfurt, Germany).

Detection of Recombination Events. Histochemical staining for
detection of B-glucuronidase activity in Arabidopsis seedlings has
been described previously (24, 27). For each sample, the average
number of recombination events per plant was determined by
quantifying recombination sectors on 120-150 plants.

Results

Recombination Frequency Is Stimulated by UV-B Radiation. UV-B
radiation has pleiotropic effects on plants including damage to
nucleic acids and proteins (28). On the other hand, it also
stimulates protection mechanisms, such as DNA repair pathways
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Fig. 1. Formation of CPDs and the induction of recombination frequency in

dependence of UV-B spectral ranges. Plants were irradiated for 1 h (A) using
cut-off filter glasses of different transmission (Inset). Amounts of CPDs (B) and
recombination frequency (C) were determined under these light regimesin an
Arabidopsis line carrying the GUS substrate as a marker for recombination
events. Error bars represent the SE.

and flavonoid biosynthesis (6, 9). To determine the correlation
between UV-B-induced DNA damage and recombination repair
in plants, we induced different CPD levels in the plant genome
by applying UV-B radiation in combination with different
wavelength cut-off filters and monitored homologous recombi-
nation events. Three different filter glasses with transmission
cut-offs of WG 335, WG 305, and WG 295, were used (Fig. 14),
allowing analysis of the influence of distinct UV-ranges on
recombination. The influence of short UV-B and UV-C expo-
sure on recombination was tested in the absence of any filter
glass (Fig. 1A4).

As a marker for DNA damage in the plants, we determined the
concentration of CPDs using mAbs to thymidine dimers. In
non-U V-treated plants, a background level of 0.12 = 0.01 (4490
+ SEM) was measured. Exposure to the different UV-B doses
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Fig. 2. Dependence of CPD amounts and recombination frequencies on
UV-B irradiation times. Plants were exposed to UV-B (described in Fig. 1A, WG
295) for various time intervals. Amounts of CPDs (A) and recombination
frequency (B). Error bars represent the SE.

for 1 h affected the CPD concentration and the recombination
frequency in the respective plant populations to various extents
(Fig. 1 B and C). Upon irradiation of the plants with the
complete UV-B lamp spectrum containing wavelengths in the
UV-B as well as in the UV-C range (i.e., in the absence of filter
glasses; Fig. 14), the CPD concentration increased 3-fold up to
0.32 A4g0 (= 0.03), whereas the recombination frequency was
around background levels of 0.45 = 0.06 (average number of
recombination events per plant = SEM). As leaves irradiated
with UV-B and -C without filter glasses exhibited lesions within
3 days (data not shown), the damage caused by UV-C radiation
might exceed the repair capacity and leads to the consequential
decrease of recombination frequency. In contrast, exposing
plants to wavelengths passing through the WG 295 filter led to
an increase of the recombination frequency to 1.17 events/plant
(= 0.16) and of the CPD concentration to 0.22 A499 (= 0.03).
UV-B wavelengths passing through the WG 305 filter (Fig. 14)
also significantly increased recombination (P > 0.01, ¢ test) as
well as the amount of CPDs (Fig. 1B). Under the WG 335 filter,
neither the CPD concentration nor the recombination frequency
were influenced, indicating that UV-A and blue light stimulate
recombination only to minimal extents.

The main factor affecting recombination repair after UV-B
irradiation seems to be the level of DNA damage in the genome
because the recombination frequency correlates with the
amount of CPDs. To study this correlation in more detail, we
irradiated plants under WG 295 (Fig. 1A4) for different time
periods (15, 30, 45, and 60 min). The CPD concentration in the
genome increased linearly with irradiation time (Fig. 24). In-
terestingly, elevated levels of CPDs in UV-B-treated plants
coincided strictly with increased recombination frequencies. The
average number of recombination events per plant increased
4.5-fold after 60 min of UV-B irradiation compared to non-U V-
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Fig.3. Interaction between CPD photoreactivation and homologous recom-
bination. White bars represent the photolyase mutant line A94 (uvr2-1/GUS)
and black bars indicate the corresponding wild-type line A87 (UVR2-1/GUS).
Recombination frequencies were determined in both lines after irradiation as
described in Fig. 2.

B-irradiated control plants (Fig. 2B). The recombination fre-
quency showed a similar linear dependence on the irradiation
time as the CPD concentration. This strong correlation points to
a possible cause—effect relationship between DNA damage and
recombination.

Absence of CPD-Specific Photolyase Activity Leads to Increased Ho-
mologous Recombination. In plants photolyases play key roles in
monomerizing both CPDs and (6—4) PPs, using radiation energy
in the UV-A and blue wavelength range (320-500 nm) (9). To
further study the correlation of CPD formation and recombi-
nation frequency upon UV-B irradiation, we analyzed homol-
ogous recombination in the photolyase-deficient Arabidopsis
mutant line uvr2-1 that is inactive in repairing cyclobutane
dimers (16). For this, the uvr2-1 mutant line was crossed with the
transgenic marker line A651 carrying the B-glucuronidase
(GUS) recombination substrate, and two lines, either homozy-
gous for uvr2—-1 and GUS (A94) or homozygous for UVR2-1 and
GUS (A87), were selected. In the absence of UV-B, the back-
ground recombination frequency in both lines was similar to the
parental line A651 (=~0.26 recombination events/plant; Fig. 3).
However, irradiation with UV-B under WG 295 (Fig. 1A4)
stimulated recombination in line A94 (uvr2-1/GUS) much stron-
ger than in A87 (UVR2-1/GUS) or in the parental line A651
(UVR2-1/GUS) line (Fig. 3; data not shown for line A651). On
the average, UV-B-induced recombination in the uvr2-1 back-
ground was approximately four times higher than in the UVR2-1
background, irrespective of the irradiation time. Because the
amount of CPDs accumulate equally in UV-irradiated photol-
yase-deficient and wild-type plants (16), the different recombi-
nation frequencies of these lines are not due to different damage
patterns. These results confirm on a genetic basis that the lack
of CPD-specific photolyase repair and the concomitant pro-
longed persistence of this type of DNA damage in the genome
have a strong stimulatory influence on recombination processes
in plants.

UV-B-Induced Recombination Depends on PAR. Photoreactivation in
plants depends on energy provided by wavelengths in the UV-A-
and blue-light range (9). UV-B-induced DNA damage cannot be
photoreactivated under red light, far red light, or darkness.
Under these conditions, CPDs are less efficiently repaired and,
therefore, are longer persistent in the genome; this situation,
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Fig.4. Dependence of recombination frequency (A) and amount of CPDs (B)
on the light quality after UV-B irradiation. White bars represent the photol-
yase mutant A94 (uvr2-1/GUS), and black bars indicate the corresponding
wild-type A87 (UVR2-1/GUS). Recombination frequencies were determined
in both lines after irradiation with UV-B for 30 min (Fig. 1A, WG 295) and
subsequent exposure to various light qualities as indicated. UV-A/R, 2 h UV-A,
then transferred for 22 h tored light; R, red light; FR, far red light; D, darkness;
no-UV-B, untreated control. The amount of CPDs in plants was determined
24 h after UV-B irradiation.

therefore, mimics the one in photolyase-deficient plants. As a
consequence, one would expect that under red light, far red light,
or in darkness recombination is strongly increased. However,
UVR2-1 lines, irradiated for 30 min with UV-B under WG 295
(Fig. 1A4) and subsequently shifted either to darkness or far red
light for 24 h did not exhibit higher recombination levels (P >
0.05, ¢ test) than plants exposed to UV-A light (Fig. 44),
although CPDs were longer persistent in darkness and far red
light (Fig. 4B). In contrast, exposure to red light for 24 h after
UV-B treatment led to drastically enhanced recombination
frequencies both in wild-type and mutant plants although com-
parable CPD levels were detected as found in far-red or dark-
incubated plants (Fig. 4 4 and B). When shifted to 2 h UV-A
after UV-B irradiation, recombination was strongly stimulated
only in uvr2-1 due the prolonged presence of nonrepaired CPDs
in the photolyase-deficient mutant (Fig. 4 A and B). These data
indicate that the photolyase activity in plants driven by UV-A
may keep recombination levels low after UV-B irradiation (Fig.
3). In the absence of photolyase activity, i.e., in red light, far-red
light, or darkness, as well as in the uvr2-/ mutant, a factor
dependent on specific light conditions, such as photosynthesis,
may cause the increase of recombination events. To test this
hypothesis, gas exchange measurements determining the net
photosynthesis were carried out with red and far red light-
irradiated Arabidopsis leaves. The red light following the UV-B
treatment emitted 25 uwmol m~2 s~! PAR and caused a rapid

13428 | www.pnas.org

increase of the net rate of photosynthesis within 20 sec. Both,
wild-type and uvr2-1 mutant plants reached a steady—state CO,
consumption between 0.57 and 1.11 wmol m~2 s~! within 1 min.
In contrast, transfer to darkness or far-red light resulted in CO,
production between —0.5 and —0.92 umol m~2 s~ 1. These data
suggest that photosynthetic processes or mechanisms regulated
by PAR may influence UV-B-induced homologous recombina-
tion in plants.

Discussion

We investigated the role of UV-B-induced DNA damage and its
photoreactivation in intrachromosomal homologous recombina-
tion, using Arabidopsis thaliana carrying a recombination sub-
strate and a cross of this line with the CPD-specific photolyase
mutant uvr2-1 (16). By using transmission filter glasses with
specific wavelength cut-offs, different UV-wavelength ranges
were tested for their influence on recombination. Whereas
UV-A radiation showed only a marginal influence both on the
recombination frequency and on the CPD formation, radiation
in the UV-B wavelength range drastically increased homologous
recombination. Over the entire UV-B wavelength range, the rate
of recombination correlated with the level of DNA damage,
measured as CPD concentration. Although the UV-C contain-
ing radiation, as used here, induced high levels of damage into
the genome of plants, it caused only a small increase in the
recombination frequency. The low number of recombination
events detected in plants exposed to UV-C containing radiation
may result from the severe damage of UV-C radiation to plants,
such as leaf necrosis, inhibited leaf growth, etc. (data not shown).
Moreover, other primary UV-mediated effects, such as destruc-
tion of proteins involved in house-keeping functions including
photosynthesis or DNA repair (28) may negatively affect the
recombination machinery as well. In contrast, when plants are
irradiated with low levels of UV-C, which do not cause lesions
on leaves, the number of recombination events is strongly
increased (24).

It has been suggested that homologous recombination is
involved in repairing UV-B-induced DNA damage, such as
CPDs, in plants (25). Using a more quantitative approach, we
document here a linear correlation between the concentration of
CPDs and the recombination frequency. This interrelationship
strongly suggests that the level of CPDs in the genome of
irradiated plants represents a main factor determining the
activity of recombination after UV-B irradiation. Therefore,
homologous recombination processes may be involved in repair-
ing DNA lesions directly at damaged loci. Elimination of CPDs
or other types of UV-B-induced DNA lesions via various DNA
repair pathways, such as nucleotide excision repair, may create
recombinogenic intermediates. Alternatively, or in addition,
UV-B-promoted signaling pathways partially mediated by an
UV-B photoreceptor (29, 30) may activate recombination pro-
cesses by stimulating, e.g., transcription of DNA repair genes.

Other types of DNA damage not determined in our experi-
ments may play an important role in the UV-B-mediated
induction of recombination as well. The formation of (6—4) PPs
in UV-irradiated DNA, for example, shows an identical action
spectrum as that for the formation of CPDs (33). To test the role
of CPDs as the major UV-B-induced DNA damage in the
induction of recombination, we analyzed the CPD-specific pho-
toreactivation mutant uvr2—1. Recombination events in this line
increased with a similar linear relationship with the UV-B
fluence as in the isogenic wild-type plant but were enhanced
~4-fold under all UV-B conditions. This suggests that lack of
photoreactivation may stimulate recombination processes via
prolonged presence of CPDs in the genome (Fig. 3). Indeed, the
prolonged presence of UV-induced DNA damage increased the
recombination frequency in human excision repair deficient cells
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pointing to a network-like interplay of various DNA repair
pathways (32).

Like nucleotide and base excision repair, recombination, up to
now, has been classified as DNA “dark” repair pathway. After
UV-B irradiation of wild-type plants, we found recombination
only slightly increased in dark and in light (UV-A/R; Fig. 4)
compared with non-UV-B-irradiated control plants. In the
photolyase-deficient line, however, this increase was much more
pronounced. If nonphotoreactivating red light was applied,
recombination frequencies were enhanced in both lines. In
contrast, far-red-irradiated or dark-incubated plants showed low
levels of recombination frequencies. These findings point to a
special role for PAR for efficient recombination repair after
damaging UV-B irradiation. In dark or in far red light, plants
may run short of energy because the repair of cellular structures
may necessitate energy levels that cannot be replenished by
photosynthetic activity. The lack of energy may affect the cellular
metabolism, including cell cycle, transcription, replication, and
recombination and may, therefore, influence recombination
activity.

Interestingly, PAR leads to increased numbers of recombina-
tion events only after UV-irradiation but not after methyl
methanesulfonate treatment. The 100 ppm methyl methanesul-
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fonate increased recombination in UVR2-1/GUS and uvir2-1/
GUS homozygous plants similarly by a factor of ~9.6-10,
irrespective of the presence or absence of light (unpublished
data). This result suggests that the light dependence of recom-
bination repair is restricted to UV-induced DNA damage,
indicating that besides PAR additional factors regulated in a
light- or energy-dependent manner may promote recombination.
These factors, however, have yet to be determined.

In this study, we analyzed the interaction between recombi-
nation and photoreactivation repair in plants. The lack of
photolyase or the inhibition of photoreactivation have a strong
stimulatory effect on homologous recombination processes in
the presence of PAR. We show that the regulation of UV-
induced recombination is clearly correlated with the number of
CPD lesions in the genomic DNA and that interactions with
photoreactivation of this damage exists in plants.
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