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Abstract Ultraviolet-B (UV-B, 280–320 nm) radiation
may have severe negative eVects on plants including dam-
age to their genetic information. UV protection and DNA-
repair mechanisms have evolved to either avoid or repair
such damage. Since autotrophic plants are dependent on
sunlight for their energy supply, an increase in the amount
of UV-B reaching the earth’s surface may aVect the integ-
rity of their genetic information if DNA damage is not
repaired eYciently and rapidly. Here we show that overex-
pression of cyclobutane pyrimidine dimer (CPD) photoly-
ase (EC 4.1.99.3) in Arabidopsis thaliana (L.), which
catalyses the reversion of the major UV-B photoproduct in
DNA (CPDs), strongly enhances the repair of CPDs and
results in a moderate increase of biomass production under
elevated UV-B.
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(CPD) · CPD photolyase · DNA repair · Transgenic plants

Abbreviations
CPD Cyclobutane pyrimidine dimer
DIG Digoxigenin
PHR CPD photolyase
UV-A Ultraviolet A
UV-B Ultraviolet B

Introduction

Ultraviolet (UV)-radiation is one of the most damaging
agents for DNA and other biomolecules such as proteins
and lipids (Prinsze et al. 1990; SmirnoV 1995). Ultraviolet
B (UV-B) radiation reaching the earth’s surface is highly
variable and inXuenced by many factors such as season and
clouds. However, anthropogenic release of chlorine and
Xuorine-containing compounds (e.g. CFCs) probably
caused the most signiWcant depletion in stratospheric ozone
and thus the increase in UV-B radiation in the past decades
in particular in the Antartic (Anderson et al. 1991; McKenzie
et al. 1999; Solomon et al. 2007).

Since photosynthetic plants use sunlight as energy
source and thus cannot avoid UV-B exposure, sophisticated
mechanisms for UV-protection and repair of damage have
evolved (Jansen et al. 1998; Vonarx et al. 1998; Hollósy
2002; Emiliani et al. 2009). However, even subtle changes
in the morphology and secondary metabolism under ele-
vated UV-B could have important eVects on competitive
balance and susceptibility to pathogens in the long term
(Orth et al. 1990; Panagopoulos et al. 1992; McCloud and
Berenbaum 1994; Barnes et al. 1995; Ballaré et al. 1996).

Besides proteins, DNA in particular strongly absorbs
UV-B, therefore it is the most important target for UV-B
damage. Cyclobutane pyrimidine dimers (CPDs) and
(6-4) photoproducts are the major UV-B photoproducts in

G. Kaiser · O. Kleiner · C. Beisswenger · A. Batschauer (&)
FB Biologie, PXanzenphysiologie, Philipps-Universität Marburg, 
Karl-von-Frisch-Str. 8, 35032 Marburg, Germany
e-mail: batschau@staV.uni-marburg.de

Present Address:
O. Kleiner
EISAI London Research Laboratories Limited, 
University College London, Bernard Katz Building, 
Gower Street, London WC1E 6BT, UK

Present Address:
C. Beisswenger
Across Barriers GmbH, Science Park 1, 
66123 Saarbrücken, Germany
123



506 Planta (2009) 230:505–515
DNA. They distort the DNA molecule so that transcrip-
tion and replication are inhibited and induce mutations or
even cell death (Thoma 1999; Friedberg et al. 2006).
Accumulation of such photoproducts was documented for
plant species endemic in Southern Argentina (Rousseaux
et al. 1999), indicating that the mechanisms evolved for
the protection and repair of DNA cannot completely com-
pensate for increased UV-B levels. Not only can a loss of
productivity be expected (Borneman and Teramura 1993;
Jansen et al. 1998; Ballaré et al. 1999; Kumagai et al.
2001) but also an increase of recombination in the
genome, which has been described by Ries et al. (2000).
In plants, UV-B photoproducts can be removed from
DNA by nucleotide excision repair (Gallego et al. 2000;
Liu et al. 2000, 2001) or by photoreactivation (Ahmad
et al. 1997; Landry et al. 1997; Nakajima et al. 1998).
During photoreactivation, the DNA photolyases catalyse
the repair of damaged DNA using the energy from pho-
tons in the blue/UV-A region (Sancar 2003). Two types of
DNA photolyases were identiWed in plants speciWc for
either CPDs or (6-4) photoproducts (Ahmad et al. 1997;
Landry et al. 1997; Nakajima et al. 1998). It was shown
that photoreactivation is the most eYcient repair system
for CPDs in plants (Pang and Hays 1991). Teranishi et al.
(2004) and Iwamatsu et al. (2008) gave evidence that the
UV-B sensitivity of diVerent rice species and cultivars is
dependent on their CPD photolyase genotypes. Consistent
with these results, an increase of CPD photolyase activity
in rice leads to a signiWcant prevention of growth inhibition
caused by UV-B irradiation (Hidema et al. 2007). The goal
of this study was to investigate whether it is possible to
increase the UV-tolerance of the dicot model plant Arabid-
opsis by upregulating a speciWc DNA repair mechanism.
Considering that photoreactivation is very eYcient in plants
and mediated by a single enzyme, we have chosen overex-
pression of photolyase in transgenic plants in order to eval-
uate its potential to increase UV tolerance. Since CPDs are
the major UV-B photoproducts (Friedberg et al. 2006) we
took CPD photolyase for these studies, and our results
show that the increased levels of CPD photolyase strongly
promote the repair of CPD lesions in the DNA.

Materials and methods

Plant material, growth conditions, construction 
of transgenic lines and copy number analysis 
of T-DNA insertions

Arabidopsis thaliana L. wild type, the CPD photolyase
mutant uvr2-1 (Landry et al. 1997; obtained from Arabidop-
sis Biological Resource Centre, Ohio State University,
Columbus, OH, USA) and transgenic lines overexpressing

Arabidopsis CPD photolyase (Ox lines), all in the Lands-
berg erecta (Ler) background, were used. For the construc-
tion of transgenic lines, the complete coding region of the
At-PHR1 (Genbank Accession: AF053365) gene (Taylor
et al. 1996; Ahmad et al. 1997) was ampliWed by PCR using
as template pCR2.1 At-PHR1, described previously by Kle-
iner et al. (1999), and the following primers: forward
(ACCCGGGAACA ATG GCG TCG ACA GTC TCA
GTT) and reverse (AGAGCTC CTA AAC AAT AGT TAT
CTT GGG). The resulting product was subcloned into vec-
tor pCR2.1-TOPO (Invitrogen, Carlsbad, CA, USA),
sequenced and then inserted into the binary vector pPCV812
(Koncz et al. 1989) using the SmaI and SacI sites. In the
resulting construct pPCV812 2x35S::At-PHR1 the At-PHR1
gene is under control of a tandem CaMV 35S promoter
(Fang et al. 1989) (Fig. 1a). pPCV812 2x35S::At-PHR1 was
transferred into the Agrobacterium strain GV3103 (Koncz
and Schell 1986) and Arabidopsis plants were transformed
using the Xoral dip method (Clough and Bent 1998). Seeds
of the T0 plants were sown on agar plates containing MS salt
mixture (Sigma, Munich, Germany) and 50 �g ml¡1 hygro-
mycin (Duchefa, Haarlem, The Netherlands). Plates were
kept for 20 days in a growth chamber (14 h photoperiod;
white light 150 �mol m¡2 s¡1) for selection. Green, rooted
plants were transferred to soil for seed production after sel-
Wng. Seeds of the T1 generation were again selected with
hygromycin and used to test for segregation. Seeds of homo-
zygous T2 plants were used for further studies.

Plants used for the analysis of the eVects of UV-stress on
growth were grown in a growth chamber (14 h photoperiod,
300 �mol m¡2 s¡1, 60% humidity, 22°C during light phase
and 18°C during dark phase) in 8 cm pots on a 2:1 mixture
of commercially available garden soil and vermiculite.
White light Xuence rates were measured with a calibrated
LI-COR LI-185B quantum sensor (LI-COR, Lincoln,
Nebraska, USA). The plants used to analyse At-PHR1
expression and activity were cultured in a growth cabinet
under short day conditions in 8 cm pots Wlled with 1:2 ver-
miculite and garden mould. Eight weeks after sowing,
rosette leaves were harvested and used for experiments.

For the determination of copy number T-DNA inser-
tions, the Ox lines were analysed by Southern blot (Southern
1975). A DNA-probe speciWc for the T-DNA was gener-
ated by PCR ampliWcation of a 660 bp fragment of the HPT
gene between the NcoI site and the stop codon (Fig. 1a).
pPCV812 2x35S::At-PHR1 was used as template with
primer forward (GCG ATC GCT GCG GAT CT) and
reverse (CTT TGC CCT CGG ACG AGT GC). The PCR
product was DIG-labelled using the DIG DNA labelling kit
(Roche, Basel, Switzerland) according to the manufac-
turer’s instructions. For the extraction of total DNA leaves
were frozen in liquid nitrogen and ground to a Wne powder
with a mixer mill (Retsch, Haan, Germany). The powder
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was suspended in CTAB buVer (20 mM Tris/HCl, pH 8.0;
20 mM EDTA; 1.4 M NaCl; 2% CTAB; 1% polyvinylpyr-
rolidone) and incubated for 30 min at 65°C. The suspension
was extracted twice with chloroform, isoamyl alcohol
(25:1, v/v) and the DNA was precipitated by adding 2-pro-
panol. The pellets were washed with 70% ethanol, dried
and dissolved in EB (10 mM Tris/HCl, pH 8.0). Subse-
quently, the samples were treated with DNase free RNase
(Roth, Karlsruhe, Germany), and afterwards the enzyme
and RNA fragments removed by ethanol precipitation. The
resulting DNA pellets were dissolved in EB, and DNA was
digested with PstI or NcoI. The digested DNA was sepa-
rated on a 0.7% agarose gel. After electrophoresis the sepa-
rated fragments were depurinated (0.125 M HCl, 15 min),
denatured (0.5 M NaOH, 30 min), renatured (0.1 M Tris/
HCl, pH 7.5; 1.5 M NaCl) and transferred to a Hybond N+

membrane (GE Healthcare, Freiburg, Germany) by capil-

lary blotting with 20£ SSC (1£ SSC: 15 mM sodium cit-
rate, 150 mM NaCl). The DNA was Wxed to the membrane
by incubating for 2 h at 80°C and the membrane was
blocked with 35 ml Roti-Hybri-Quick (Roth) for 30 min at
62°C. The DIG-labelled probe was added to the blocking
solution and hybridized overnight at 62°C. Afterwards the
membrane was washed twice with 2£ SSC, 0.1% SDS and
0.5£ SSC, 0.1% SDS at 62°C. The bands were visualized
using a �-DIG-alkaline phosphatase antibody and CDP-Star
ready-to-use kit (both from Roche) according to the manu-
facturer’s instructions.

Analysis of At-PHR1 expression

To verify the functionality of the introduced At-PHR1 con-
struct, its expression was checked on transcript and protein
levels using real-time PCR and immunoblot analysis,
respectively. RNA was extracted from 100 mg of leaf mate-
rial cultured as described above using the RNeasy Plant Kit
(Qiagen, Hilden, Germany) and further depleted from DNA
using the Turbo DNA-free kit (Ambion, Austin, TX, USA).
RNA was reverse-transcribed to cDNA with Superscript II
(Invitrogen) using poly dT primers. Quantitative real-time
PCR was performed using a Mastercycler ep Realplex
(Eppendorf, Hamburg, Germany) PCR cycler and the
Absolute qPCR SYBR Green mix (Abgene, Epson, UK)
complemented with primers and cDNA. Both forward
primer F1 (TGG GTC CCG TCG TTT ACT GG) and
reverse primer R1 (GCG CGT TGG TTC TGT TTG CC)
bind within the Wrst exon of the At-PHR1 gene. The result-
ing PCR product has a size of 96 bp. Transcript levels of
ubiquitin (UBQ) as internal standard were determined as
well using the following oligonucleotides forward (CGG
GAA AGA CGA TTA CTC TTG AGG) and reverse (GCA
AGA GTT CTG CCA TCC TCC). The At-PHR1 signals
were normalized to the UBQ signals. A second primer pair
for At-PHR1 consisting of the F1 primer described above
and a second reverse primer R2 (ATG GGT TTG GTG
TGA GAT CG) that binds within the Wrst intron of the
At-PHR gene were used to test for contaminations with
genomic DNA.

Polyclonal antiserum against the At-PHR1 protein was
raised in rabbits (Eurogentec, Seraing, Belgium) using
recombinant At-PHR1 protein expressed and puriWed as
described by Kleiner et al. (1999). Since this antiserum
showed some unspeciWc bands in immunoblot analysis of
Landsberg erecta wild type, it was puriWed using At-PHR1
protein covalently bound to a cyanogen bromide activated
matrix (Sigma). The puriWed antibody fraction was used for
immunoblot analysis as follows: 80–120 mg of leaf mate-
rial from plants grown as described above were ground in
200 �l ice cold extraction buVer [20 mM phosphate buVer,
pH 7.4; 500 mM NaCl; 20% glycerol; complete protease

Fig. 1 Copy number analysis of T-DNA insertion in transgenic
35S::PHR1 lines. a Scheme of the T-DNA construct used for Arabid-
opsis transformation. LB left border, RB right border, 2x 35S CaMV
35S tandem promoter, At-PHR1 coding region of At-PHR1 gene, TNOS
nopaline synthase terminator, PNOS nopaline synthase promoter, HPT
hygromycin phosphotransferase, P probe used for Southern blot. b
Southern blot of wild type (WT) and photolyase overexpressor lines
(Ox 2, 4, 5, 6). Total DNA was extracted from rosette leaves and di-
gested with either NcoI or PstI. The resulting fragments were separated
by agarose gel electrophoresis and transferred to a Hybond-N+ mem-
brane. The membrane was probed with a DIG-labelled probe against
the HPT gene located on the T-DNA close to the right border. Result-
ing bands are marked by asterisks
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inhibitor cocktail EDTA-free (Roche)]. Cell debris and
insoluble compounds were removed by centrifugation
(20,000g, 5 min, 4°C) and the protein concentration in the
supernatant was determined with the Bio-Rad protein test
(Bio-Rad, Hercules, CA, USA). 15 �g of soluble total
proteins per lane was separated on a reducing 12% SDS
polyacrylamide gel (Laemmli 1970) and transferred to a
PVDF-membrane by semidry blotting (Bjerrum and Schä-
fer-Nilsen 1986). The membrane was blocked with 3%
BSA in TBS-T (20 mM Tris/HCl, pH 7.5; 150 mM NaCl;
0.1% Tween 20) overnight at 4°C and washed three times
with TBS-T. The primary �-CPD photolyase antibody (Wnal
dilution 1:1,000) was added, and the membrane was incu-
bated while shaking for 1 h at room temperature. After
three additional washings with TBS-T the secondary �-rab-
bit::HRP antibody (Sigma) diluted 1:10,000 in TBS-T was
added and incubated as described for the primary antibody.
Detection was achieved with the ECL plus kit together with
HyperWlm ECL (both from GE Healthcare). After probing
with the �-CPD photolyase antibody the membrane was
stripped by incubation at 60°C for 30 min in stripping
buVer (65.5 mM Tris/HCl, pH 6.7; 100 mM 2-mercap-
toethanol; 2% SDS) and the blot developed as described
above using �-HSC70 antiserum (Agrisera, Vanns, Swe-
den) diluted 1:4,000 in TBS-T as primary antibody.

Localisation studies

To check whether the overexpressed At-PHR1 enzyme is
located in the nucleus as expected the cellular localisation
of an At-PHR1::GFP fusion protein expressed in protop-
lasts of an Arabidopsis cell culture was studied by Confocal
Laser Scanning Microscopy. For the GFP construct the
complete coding region of At-PHR1 was ampliWed by PCR
using primers F (CCA TGG CGT CGA CAG TCT C) and
R (CCA TGG AAA CAA TAG TTA TCT TGG G) and as
template the pQE31 At-PHR1 vector (Kleiner et al. 1999).
After subcloning into vector pGEM-T (Promega, Madison,
WI, USA) the correctness of the PCR product was veriWed
by sequencing. The coding sequence of At-PHR1 was intro-
duced into the NcoI site of pAVA393 (von Arnim et al.
1998) 5� and in frame with the coding region of the GFP4/
GFP5 hybrid and 3� of the tandem CaMV 35S promoter.
Protoplasts of an Arabidopsis Landsberg erecta mesophyll
cell culture were transformed with the resulting construct
pAVA393 At-PHR1::GFP as described by (Rosenfeldt
et al. 2008). The cellular localisation of the fusion protein
was studied 16 h after transfection with a confocal micro-
scope (Leica, Wetzlar, Germany) consisting of a DMRE
stand equipped with an PL APO 63x/1.32-0.60 oil objec-
tive, a 65 nW Ar Laser and a TCS SP2 confocal scanner.
The microscope was controlled by the Leica Confocal Soft-
ware, which was used for analysis of the data as well.

Analysis of CPD formation and growth under UV-stress

To analyse the activity of the expressed At-PHR1 enzyme
in vivo the accumulation of CPDs during UV-B irradiation
was measured. Rosette leafs were placed on agar plates
(0.5 £ MS salts; 1% phytoagar) with the upper surface fac-
ing upwards. The leaves were irradiated with UV-B using
Philips TL40/W12 Xuorescent tubes (Philips, Eindhoven,
The Netherlands) with a Xuence rate of 9 �mol m¡2 s¡1.
About 50% of the Xuence rate emitted from these lamps is
in the UV-B region (280–320 nm) and the remaining emis-
sion at longer wavebands in particular UV-A region. Sam-
ples consisting of four to Wve leaves were collected during
UV-irradiation from time point 0 to time point 40 min in
10 min intervals, immediately frozen in liquid nitrogen and
stored at ¡80°C till DNA extraction was performed essen-
tially as described above for Southern analysis. After spec-
troscopic determination of DNA concentrations, the
samples were diluted to 15 ng/�l. 50 �l of the DNA solu-
tion was pipetted into the wells of an Microlon 96 K
ELISA-plate (Greiner, Frickenhausen, Germany) and the
CPD content was determined as described in Klar et al.
(2006). Each sample representing a single time point was
analysed four times on the same plate. The values were set
in relation to a reference well with a constant amount of
CPDs and mean values were calculated for each time point
(n = 5). These were plotted against time and the slope, rep-
resenting the rate of CPD accumulation, and its standard
error was calculated by a linear regression using Origin 7.5
(Origin Lab Corporation, Northampton, MA, USA). In
order to allow easier comparison of the data, the accumula-
tion rates were standardized against wild type.

Plants used for measuring rosette size, fresh and dry
mass were grown individually in pots under long-day con-
ditions in a growth chamber as described above. UV-B was
supplied by 12 UV-emitting Philips TL40W/12 tubes. UV-
irradiation was done exactly in the middle of the light
phase. UV-B doses were measured with a calibrated MCS
55 UV-NIR spectrometer (Tec5, Oberursel, Germany).
Data from measurements of rosette size and fresh mass
were treated with ANOVA and Post hoc tests (Tukeys DSD
test) using the program Statistica 6.0.

Results

Construction, selection and copy number analysis 
of photolyase-overexpressing Arabidopsis lines

The coding region of the CPD photolyase gene from Ara-
bidopsis under the control of the CaMV 35S tandem pro-
moter was placed together with a hygromycin resistance
gene on the T-DNA of a binary vector and introduced into
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Arabidopsis plants (ecotype Landsberg erecta) via Agro-
bacterium-mediated transformation. Seeds of transformed
plants were selected with hygromycin. The 15 independent
hygromycin-resistant plants of the T1 generation were
allowed to self fertilise. OVspring of the T1 generation was
again selected with hygromycin and used for seed produc-
tion and further analysis. Immunoblot analysis with anti-
bodies raised against the Arabidopsis CPD photolyase, was
used to screen transgenic lines that overexpress CPD photo-
lyase. Four lines designated Ox2, Ox4, Ox5 and Ox6
shown in immunoblot analysis signiWcantly enhanced CPD
photolyase protein levels compared to wild type (see below
Fig. 2b) and were used for further studies.

To analyse the number of insertions in transgenic
2x35S::At-PHR1 lines, Southern blot analysis was per-
formed using total DNA from overexpressor lines and WT
was digested with NcoI or PstI. The blot was probed with a
DIG-labelled fragment of the HPT gene that is positioned
close to the right border of the T-DNA (Fig. 1a). The result-
ing blot (Fig. 1b) showed no signal either for NcoI or for
PstI cut WT DNA excluding unspeciWc binding of the
probe. In the lanes containing NcoI cut DNA three bands
can be detected for Ox2, one for Ox4, four for Ox5 and one

for Ox6. In lanes containing PstI cut DNA, the number of
detectable bands is the same as those in DNA cut with NcoI
of the corresponding transgenic lines. For Ox6 an addi-
tional faint band can be found in the PstI-digested DNA.
From these data, it can be concluded that Ox2, Ox4 and
Ox5 carry three, one and four insertions of the T-DNA,
respectively, while Ox6 carries at least one but more likely
two insertions.

Photolyase expression in the overexpressor lines

To gain information about the expression of CPD photoly-
ase in the transgenic Arabidopsis lines transcript and pro-
tein levels were measured by quantitative real-time PCR
and semiquantitative immunoblot analysis, respectively.
The signals obtained for the At-PHR1 transcripts were nor-
malized against the UBQ signals and then set in relation to
the normalized At-PHR1 transcript level of the wild type.
Figure 2a shows a strong increase of At-PHR1 transcript
levels for the Ox lines. The increase in At-PHR1 transcript
levels is about 550-fold for Ox2 and at least 250-fold for
the other lines in comparison with WT. This demonstrates
that the expression of At-PHR1 can strongly be enhanced in
Arabidopsis plants when driven by a strong and constitutive
promoter such as the CaMV 35S promoter. To exclude that
the strong signals obtained for At-PHR1 could be caused in
part by contaminating genomic DNA, we performed a con-
trol PCR with the same upstream primer but used a down-
stream primer that bound within the Wrst intron. No PCR
products were detectable in these control PCR excluding
any contamination of the samples by genomic DNA (data
not shown).

We also analysed At-PHR1 protein levels by immuno-
blot analysis. As in the case of transcript measurements, the
soluble proteins were extracted out of rosette leaves from
plants that were grown for 8 weeks under short-day condi-
tions. After ECL detection of the At-PHR1 signal the blot
was stripped and developed against the housekeeping pro-
tein HSC70 to ensure equal loading and transfer of the sam-
ples. The blot against CPD photolyase (Fig. 2b) shows no
signal for WT or the uvr2-1 mutant. The Ox lines 4 and 6
show a weak although clearly visible band while for Ox2
and Ox5 a relatively strong band is detectable. The stripped
blot developed with a �-HSC70 antibody results in a clear
band with a similar intensity for all the lanes conWrming
equal loading and transfer of the samples. The mobility of
the detected proteins corresponds to their expected molecu-
lar masses.

Cellular localisation of At-PHR1

Currently it is not clear whether DNA photolyases exert
their catalytic activity only in the nucleus or whether DNA

Fig. 2 Expression of DNA photolyase. a At-PHR1 transcript levels in
wild type (WT), photolyase overexpressor lines (Ox2, 4, 5 and 6), and
the CPD photolyase mutant uvr2-1. Plants were grown under short day
conditions for eight weeks. RNA was extracted from rosette leaves.
Transcript levels were quantiWed by real time PCR and normalized to
ubiquitin (UBQ) transcript levels. The normalized transcript level of
the WT was set as 1. Bars represent standard errors. b Immunoblot
analysis of At-PHR1 protein levels. Plants were grown as in a. Total
soluble proteins were extracted from rosette leaves, separated by SDS-
PAGE, transferred to a PVDF membrane and probed with a �-At-
PHR1 antibody. Afterwards the membrane was stripped and reprobed
with a �-HSC70 antibody to check for even loading and transfer to the
membrane. The secondary antibody was labelled with horse radish per-
oxidase and ECL signals were detected by Wlm exposure. Labelling of
the lanes as in a
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in organelles is repaired as well. In order to investigate the
subcellular localization of the At-PHR1 protein a GFP
fusion of At-PHR1 (2x35S::At-PHR1::GFP) was tran-
siently transfected into green protoplasts from an Arabidop-
sis mesophyll cell culture, and the localisation of the fusion
protein was analysed by confocal laser scanning micros-
copy. As can be seen in Fig. 3a, the At-PHR1::GFP fusion
protein is exclusively within the nucleus (channel 1, 500–
522 nm, green signal). When GFP is expressed alone under
the control of the same promoter the Xuorescence can be
found in the cytoplasm and in the nucleus but it is excluded
from the nucleolus as expected (Fig. 3c). The confocal
images shown in Fig. 3 are overlays between the GFP chan-
nel 1 and channel 2 (667–743 nm). Channel 2 is shown in
red colour with emission from chlorophyll in the chloro-
plasts. The localization studies clearly demonstrate that
At-PHR1 is a nuclear protein, as expected, and that the
eVects of CPD photolyase overexpression described below
are exclusively caused by photorepair in the nucleus.

EVects of CPD photolyase overexpression on CPD 
accumulation and growth under elevated UV-B

In order to test whether overexpression of CPD photolyase
has any positive eVects on Arabidopsis plants under
enhanced UV-B, we analysed CPD accumulation as param-
eter for the protective activity of the At-PHR1 enzyme.

Furthermore, rosette size, fresh mass and dry mass of the
overexpressor lines were analysed. In order to measure the
formation and accumulation of CPDs in planta under
enhanced UV-B, individual rosette leaves were excised and
removed from the plants and Xattened on the surface of
agar plates to ensure uniform exposure to the light source.
As light source, UV-B emitting tubes were used that emit
also UV-A (see “Materials and methods”). After irradiation
CPDs were quantiWed in total DNA extracted from the
leaves by ELISA using a monoclonal antibody against CPD
(see “Materials and methods”). The accumulation of CPDs
was plotted against time and the slope was calculated. The
slope of the plot is inversely proportional to the activity of
CPD photolyase assuming that the rate of CPD formation is
the same in all analysed genotypes. The rate of CPD accu-
mulation is elevated by about 45% in the uvr2-1 mutant
compared to the wild type (Fig. 4). In the lines Ox4 and
Ox5 the rate of CPD accumulation is reduced to 60% while
in Ox2 and Ox6 the accumulation rate is about 40% of the
wild type. These data show unambiguously that compared
to the wild type the rate of CPD accumulation is increased
in the uvr2-1 mutant but decreased in the CPD photolyase
overexpressors.

To test whether the overexpression of CPD photolyase
has any positive eVect under enhanced UV-B on growth
individual plants were grown in pots in a 14 h light/10 h
dark cycle in a growth chamber. Plants were grown for the
Wrst 7 days without UV-B and then received a daily UV-B
treatment emitted from Philips TL40/W12 lamps. UV-B

Fig. 3 Cellular localization of At-PHR1. Confocal microscopic imag-
es of Arabidopsis protoplasts expressing At-PHR1::GFP (a, b) or GFP
(c, d) in each case under the control of the CaMV 35S promoter. Imag-
es a and c show channel 1 (500–552 nm) in green and channel 2 (667–
743 nm) in red as overlay. Images b and d are diVerential interference
contrast pictures of the cells shown in a or c, respectively

Fig. 4 Accumulation of CPDs during UV-B treatment of leaves.
Plants were grown under short day conditions for 8 weeks. Individual
rosette leaves were removed from the plant, Xattened on the surface of
half MS agar plates and irradiated with polychromatic UV-B/UV-A for
varying time periods. Total DNA was extracted from the leaves and the
CPD content was determined by ELISA using monoclonal antibodies
against CPDs. The accumulation of CPDs was plotted against time and
the rate of CPD formation calculated. The rate of CPD accumulation in
wild type was set as 1 arbitrary unit (a.u.). The accumulation rates of
other genotypes were normalized to wild type. WT wild type; uvr2-1
CPD photolyase mutant, Ox2, Ox4, Ox5, Ox6 photolyase overexpres-
sor lines. Bars represent standard errors (n = 5)
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treatment was done exactly in the middle of the light phase,
allowing 7 h for photoreactivation before the dark phase.
The position of the pots was rotated daily to eliminate any
diVerences in photosynthetically active radiation as well as
UV-B radiation applied to the plants. The rosette size was
measured in 21-day-old plants. The inXuence of genotype
and UV-B on plant growth was analysed by means of two-
way ANOVA (Statistica 6.0). Every ANOVA yielding sig-
niWcant results was followed by Tukey HSD Post hoc test
to evaluate signiWcant diVerences between the means.
Under conditions without UV-B, none of the transgenic
lines showed statistically signiWcant diVerences to wild
type, indicating that overexpression of photolyase does not
have any negative eVect on growth (Fig. 5). UV-B doses of
1.8 and 3.6 kJ m¡2 day¡1, applied daily for 14 days, led to a
signiWcant reduction in rosette size for all genotypes
(ANOVA, F2, ¡165 = 163.47, P < 0.001). The photolyase
mutant uvr2-1 suVered severely under these conditions
(data not shown) and did not survive the higher UV-B dose
(3.6 kJ m¡2 day¡1). The average rosette size of all CPD
overexpressors was bigger than those of wild type under
both UV-B treatments (Fig. 5b). However, statistical evalu-
ation of the data showed that these diVerences were not sig-
niWcant (Genotype £ UV-B interaction: ANOVA, F8, 161

= 0.89, P > 0.05). Besides rosette size, we measured fresh
and dry mass of wild type and photolyase overexpressing
plants. For the wild type, daily UV-B doses of 1.8 and
3.6 kJ m¡2 given over 16 days led to a reduction of the
fresh mass to 26 and 3%, respectively. The overexpressors
also showed a reduction of fresh mass under UV-B corre-
sponding to 56, 49, 56 and 45% at 1,8 kJ m¡2 day¡1 and 7,
7, 10 and 8% at 3,6 kJ m¡2 day¡1 for the lines Ox2, Ox4,
Ox5 and Ox6, respectively (Fig. 5a). As for rosette size, the
UV-B eVect was highly signiWcant for all genotypes
(ANOVA, F2, ¡165 = 273.59, P < 0.001). The eVect of UV-
B on fresh mass diVered signiWcantly between genotypes
(Genotype £ UV-B interaction: ANOVA, F 8, 165 = 2.00,
P = 0.049) with higher fresh mass of photolyase overex-
pressors compared to wild type under elevated UV-B. The
dry mass strictly correlated with the fresh mass (dry mass
about 10% of fresh mass) for both the wild type and the
photolyase overexpressors (data not shown).

Discussion

UV-B causes damage to nearly all biomolecules either
direct via absorption or indirectly via the formation of reac-
tive oxygen species (Apel and Hirt 2004; Friedberg et al.
2006). DNA is a very potent absorber of UV-B. In DNA,
UV-B causes mainly two photoproducts, the cyclobutane
pyrimidine dimers (CPDs) and the (6-4) photoproduct
whereby CPDs are the major DNA photoproduct represent-

ing about 60–70% of the total damage. These DNA lesions
disturb eYcient and error-free transcription and replication,
thus potentially leading to mutations and cytotoxic eVects
(Thoma 1999; Friedberg et al. 2006). In plants, UV-B
induces several defence mechanisms such as the formation
of UV-shielding pigments, thickening of cell walls, reduc-
tion of leaf and stem growth, leaf curling, and formation of
UV-shielding structures such as trichomes. In general, UV-
B treatment of plants causes loss of biomass production
either indirectly through the induced changes in physiology
towards UV-defence or directly through damage of proteins
such as those of the photosynthetic apparatus or of nucleic
acids (Jansen et al. 1998; Hollósy 2002;). Since UV-B can
damage nearly every biomolecule, it is hard to predict
which type of damage is most detrimental for the whole
plant. However, studies on mutants that are hampered in

Fig. 5 UV-B eVects on plant growth. a Fresh mass of wild type (WT)
and photolyase overexpressor lines (Ox2, 4, 5, 6). Plants were grown
under long day conditions in a growth cabinet without UV-B for
7 days and then further cultivated for 16 days under the same condi-
tions either without (-UV-B) or with a daily UV-B dose of 1.8 or
3.6 kJ m¡2. The results present the average fresh mass of a plant. Er-
ror bars represent standard deviation of ten measured plants. b Rosette
size of the various genotypes. Plants were grown under long day con-
ditions in a growth cabinet without UV-B for 7 days and then further
cultivated for 14 days under the same conditions either without (-UV-
B) or with a daily UV-B dose of 1.8 or 3.6 kJ m¡2. The results present
the average rosette size of a plant. Error bars represent standard devi-
ation of ten measured plants
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repairing UV-lesions in DNA clearly show that this speciWc
damage has quite a severe eVect on the whole plant (Britt
et al. 1993; Landry et al. 1997). Dark repair mechanisms
such as nucleotide excision repair (Gallego et al. 2000; Liu
et al. 2000, 2001) and photorepair mechanism for the
removal of CPDs (Ahmad et al. 1997; Landry et al. 1997)
and (6-4) photoproducts (Nakajima et al. 1998) exist in
plants. It was shown that the dark repair mechanisms in
plants are less eVective for the repair of CPDs than the
repair of this UV-lesion by DNA photolyase (Pang and
Hays 1991). Studies on mutants defective in a deWned DNA
repair mechanism do not allow deWnitive conclusions about
the eVectiveness of the speciWc repair mechanism since dis-
ruption of one pathway could be compensated at least in
part by another one. However, the approach used here of
increasing one repair process for a speciWc photoproduct
allows predictions of whether the UV-tolerance of plants
can be enhanced or not. We have chosen the CPD photoly-
ase for the following reasons: (i) DNA repair through pho-
tolyase is, in contrast to nucleotide excision repair,
mediated by a single enzyme that does not require addi-
tional proteins or factors apart from the catalytic FAD and
the 5,10-methenyl tetrahydrofolate antenna cofactor
(Sancar 2003). SpeciWcally, Arabidopsis CPD photolyase
has been shown to fully complement photolyase-deWcient
E. coli cells (Ahmad et al. 1997). Thus, DNA photolyase
does not depend on other plant-speciWc factors and allows a
straightforward strategy to construct transgenic plants that
express this enzyme under the control of a strong and con-
stitutive promoter. (ii) The majority of UV-B photoprod-
ucts in DNA are CPDs, which are repaired speciWcally by
this enzyme. (iii) Mutant studies have shown that accumu-
lation of CPDs has an adverse eVect on plant growth and
health. (iv) CPD photolyase has already been shown to be a
very eVective enzyme for the removal of CPDs in the plant
genome. (v) Repair by photolyase is a direct reversal of the
damage and is therefore error-free. (vi) In contrast to exci-
sion repair photolyase uses light for catalysis and therefore
operates without further energy costs.

The transgenic lines we have constructed and used here
carry one (Ox4), two (Ox6), three (Ox2) and four (Ox5)
copies of the T-DNA based on the Southern blot analysis
shown in Fig. 1. The CaMV 35S promoter leads to a strong
increase in At-PHR1 transcript levels in all transgenic lines
that is about 250-fold (in Ox4 and Ox5), 300-fold (in Ox6)
and 550-fold (in Ox2) higher than in wild type (Fig. 2a).
However, we did not observe a clear correlation between
the copy number and the expression levels of both mRNA
and protein. For example line Ox5 with four T-DNA inser-
tions has lower At-PHR1 transcript and protein levels than
line Ox2 with three insertions. Likewise the protein levels
of At-PHR1 analysed by immunoblot (Fig. 2b) do not per-
fectly reXect the transcript levels although some correlation

does exist. For the wild type and the uvr2-1 mutant no sig-
nals were detected by immunoblot. This indicates that the
amount of CPD photolyase in wild type is below the detec-
tion limit. The uvr2-1 mutant carries a 1 bp deletion in
codon 28 resulting in a frameshift and premature termina-
tion (Ahmad et al. 1997). Thus, no full-length protein can
be formed. This mutation also seems to have an adverse
eVect on the At-PHR1 transcript level since it is only about
1/3 of that from wild type (Fig. 2a). Closer examination of
the overexpressor lines shows that Ox2 has the highest tran-
script and protein levels. The lower protein levels found for
Ox4 and Ox6 correspond with lower transcript levels
although Ox6 has more At-PHR1 transcripts than Ox4. The
relatively high At-PHR1 protein level found in Ox5 com-
pared to Ox4 and Ox6 is not consistent with its transcript
level. We assume that the essentially non-existing correla-
tion between copy number and expression levels could be
caused by positioning eVects on the chromosome or to
homology-dependent gene silencing (Matzke and Matzke
1995). Since the amount of DNA photolyase protein in wild
type plants was below the detection limit of immunoblot
analysis, we cannot specify the fold-induction of photoly-
ase protein levels in the overexpressor lines compared to
wild type. Likewise, the induction rates given above for
photolyase transcript levels most likely do not reXect the
actual increase in photolyase protein levels due to possible
instability of the protein or limited synthesis.

Our localisation studies demonstrate that the At-
PHR1::GFP fusion protein is found exclusively in the
nucleus (Fig. 3). Because GFP alone is evenly distributed
in the cytosol and the nucleus but unlike At-PHR1::GFP
excluded from the nucleolus, the observed localisation of
the At-PHR1::GFP fusion protein is speciWcally mediated
by At-PHR1. Since At-PHR1 does not contain a known or
predicted nuclear localisation signal it remains unclear by
which mechanism it enters the nucleus. If native At-PHR1
protein entered the nucleus by diVusion its aYnity to DNA
could retain and trap it there. Anacystis nidulans photolyase
is active in human skin (Stege et al. 2000) suggesting that
this enzyme can enter the nucleus although its prokaryotic
origin most likely excludes the existence of a nuclear local-
isation signal. The At-PHR1::GFP fusion protein with a
molecular mass of 84.1 kDa is almost certainly too large to
diVuse passively through the nuclear pores. We therefore
conclude that At-PHR1 is actively transported into the
nucleus despite the lack of a consensus nuclear localisation
signal. Our observation that At-PHR1 is not transported
into chloroplasts is consistent with the data presented by
Hada et al. (2000) who could not detect any photorepair in
isolated chloroplasts. This is in contrast to a report by
Draper and Hays (2000) where they describe a light and
photolyase-dependent repair of DNA in chloroplasts and
mitochondria suggesting access of this enzyme to the
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organelles. Considering our localisation data for At-PHR1
it is very unlikely that this photolyase is able to repair
directly CPD lesions in organelles. We assume as a more
likely eVect of CPD photolyase eYcient repair of the
nuclear DNA and as a consequence of this suYcient
expression of nuclear genes encoding proteins that are tar-
geted to the organelles.

Under UV stress the photolyase-overexpressors showed a
reduced accumulation of CPDs (Fig. 4). Irradiation conditions
were used in these experiments that allowed simultaneous for-
mation and repair of CPDs (UV-B given together with broad
band UV-A). Thus, the measured CPD levels in the genomic
DNA reXect the equilibrium between both processes and not
the rate of repair in the various lines. The rate of repair could
only be determined if the CPD substrate would be present in
large excess, a scenario that we considered as very unlikely
under natural conditions. The CPD photolyase overexpressor
lines have better growth as can be seen by the higher fresh
masses of the photolyase overexpressing lines in comparison
to wild type plants (Fig. 5a). Thus, we conclude that increased
photolyase levels can to some extent reduce the harmful
eVects of UV-B. Since the transgenic plants did not show any
signiWcant diVerences in growth from wild type when kept in
the absence of UV-B, the increased photolyase levels do not
seem to have any side eVects on plant growth and develop-
ment. The photolyase overexpressors showed strong reduction
of growth under UV-B even though they accumulate much
less CPDs than the wild type (Fig. 4). This is not unexpected
since UV-B damages not only DNA, and CPDs are not the
only UV-B photoproducts in DNA. (6-4) photoproducts prob-
ably have similar deleterious eVects on replication and tran-
scription as CPDs (Thoma 1999). Therefore, our approach to
overexpress CPD photolyase, which can only enhance the
repair of one speciWc UV-B photoproduct, cannot prevent all
negative eVects of UV-B on plant growth. Tanaka et al.
(2002) described an Arabidopsis mutant, uvi1 that shows
enhanced repair of CPDs and (6-4) photoproducts. Although
the UV-B treatments and growth conditions these authors
used are diYcult to compare with our experimental setup, it
seems that this mutant shows less reduction in growth than the
CPD photolyase overexpressors analysed in our study. The
data presented by Hidema et al. (2007) who overexpressed
CPD photolyase in rice and our data presented here for Ara-
bidopsis are consistent since in both cases the negative eVects
of UV-B on plant growth were diminished by elevated levels
of CPD photolyase. Therefore, both studies together clearly
demonstrate that even in distantly related species of higher
plants that are model organisms for dicots (Arabidopsis) or
monocots (rice) the level of endogenous photolyase is not
suYcient to cope up with the harmful eVects of increased
UV-B.

Mammals have neither CPD photolyase nor (6-4) photo-
lyase and thus depend on nucleotide excision repair to

remove these UV lesions (Sancar 2003). Transgenic mice
that express CPD photolyase, (6-4) photolyase, or both
have strongly reduced stress responses and mutation induc-
tion in the UV-exposed skin through the more eYcient
repair of pyrimidine dimers (Schul et al. 2002; Jans et al.
2005) showing that the repair of these UV-lesions can be
enhanced even in organisms that otherwise do not possess
DNA photolyase. The diVerences we observed in UV-B
induced growth inhibition between wild type and CPD pho-
tolyase overexpressing plants were signiWcant. We assume
that the much faster repair of CPDs in the photolyase over-
expressors reduces the probability of mutation formation
similar to the eVect observed in mice. This could have
major eVects on the integrity of the genome when plants are
exposed to elevated UV-B over several generations, and
this topic is currently being investigated in our laboratory.
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