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Efficient photoreactivation of UVBR-induced DNA damage in
the sublittoral macroalga Rhodymenia pseudopalmata

(Rhodophyta)

HANS PAKKER, CHANTAL A.C. BEEKMAN AND ANNEKE M. BREEMAN

Department of Marine Biology, University of Groningen, PO Box 14, 9750 AA Haren, The Netherlands
(Received 11 May 1999; accepted 25 January 2000)

Repair of DNA damage induced by ultraviolet-B radiation (UVBR) was investigated in the sublittoral red alga Rhodymenia pseudopalmata
at different temperatures, using immunofluorescent detection of thymine dimers. Photoreactivation of thymine dimers was completed
within about 3 h at 6, 12 and 18 °C in the presence of ultraviolet-A radiation (UVAR) and photosynthetically active radiation (PAR) but
no repair was found in dark-incubated fragments after 16—17 h. In plants previously exposed to a low UVBR dose (biologically effective
dose: BED 1500 = 1'6 k] m™?; unweighted irradiance = 0-72 W m™2 for 4 h), photoreactivation started within the first hour under
UVAR +PAR at 18 °C but repair only started after 1-2 h at 12 and 6 °C. At 6 °C, repair was more efficient after exposure to a high
UVBR dose (BED,,y 4500 = 3°9 k] m™?; unweighted irradiance = 0-78 W m™2 for 5 h) than to a lower dose (BED,, 40, = 1'6 k] m™%); no
such difference was found at 18 °C. It is concluded that R. pseudopalmata is able to repair DNA damage induced by high UVBR doses

efficiently.
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ultraviolet-B radiation

Introduction

The increase in ultraviolet-B radiation (UVBR,
280-315 nm) caused by ozone depletion has led to
increased research on the effects of UVBR on plants (for
reviews see Rozema ef al., 1997; Franklin & Forster, 1997).
Among the primary targets of UVBR is nuclear DNA.
DNA damage occurs when UVBR causes covalent bonds
between two adjacent pyrimidine dimers. Cyclobutyl
pyrimidine dimers (CPDs) are the most abundant type of
dimers formed. Of the four possible types of CPDs (TT,
TC, CT and CC), thymine dimers are the most frequent
(Friedberg ef al., 1995). One of the consequences of dimer
formation is that DNA polymerase, and thus genome
replication, is blocked. This may lead to a delay of cell
division (Buma ef al., 1996, 2000; Gieskes & Buma, 1997),
and ultimately to growth reduction.

Thymine dimers can be restored to their monomers by
photoreactivation, a light dependent process which is fast
and error-free. Although photoreactivation appears to be
a ubiquitous repair mechanism, there are several or-
ganisms, including diatoms and higher plants, in which it
has not been found (Mitchell & Karentz, 1993). A repair
mechanism which is independent of light is nucleotide
excision repair or ‘dark repair’. Several enzymes are
involved in excising the damaged oligonucleotide and in
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replacing it by a newly synthesized fragment (Mitchell &
Karentz, 1993; Karentz, 1994; Britt, 1995). Organisms
that display efficient photoenzymatic repair appear to
have a reduced capacity for excision repair; conversely,
many organisms that lack photoenzymatic repair have a
greater capacity to remove CPDs by excision repair
(Mitchell & Karentz, 1993). Photoenzymatic and excision
repair have been demonstrated in many different or-
ganisms, including microalgae (Karentz ef al., 1991; Buma
ef al., 1995), higher plants (Pang & Hays, 1991; Quaite ef
al., 1994; Taylor et al., 1996) and vertebrates (Hitomi ef al,,
1997).

The potential effects that UVBR may exert on macro-
algal DNA have been largely overlooked, in contrast with
the increasing amount of information available for higher
plants (Pang & Hays, 1991; Chen et al., 1994; Quaite et al.,
1994; Britt, 1995; Taylor et al., 1996; Takeuchi et al., 1996,
1998; Hada ef al.,, 1998; Kang ef al., 1998) and microalgae
(Karentz ef al., 1991; Mitchell & Karentz, 1993; Karentz,
1994; Buma ef al, 1995, 1996, 1997, 2000; Gieskes &
Buma, 1997). Recently, Pakker ef al. (2000) showed that
the low intertidal to upper sublittoral red alga Palmaria
palmata is able to photoreactivate UVBR-induced thymine
dimers within a few hours. Dark repair proceeded more
slowly, but after 19 h approximately 67% of thymine
dimers were removed. Photoenzymatic repair was found
to be temperature dependent in this species, with higher
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repair efficiencies of thymine dimers at higher temper-
atures.

In the present study, we investigated the repair of
UVBR-induced thymine dimers in the red alga Rhodymenia
pseudopalmata (Lamouroux) Silva from Brittany (France).
This species mainly grows in the sublittoral on rocks and
kelp stipes but it may also be found in shady pools and
crevices in the lower littoral zone (Irvine, 1983). Repair of
thymine dimers was determined after exposure to low and
to high UVBR doses, both under photoreactivating light
and in darkness, and at three temperatures (6, 12 and
18 °C), simulating local seawater temperatures at different
times of year (US Navy, 1981). Due to ozone depletion,
high UVBR levels may occur during the main growing
season in spring, at relatively low temperatures. In
summer, relatively high temperatures may coincide with
high UVBR levels due to the high solar angle.

Materials and methods

Plant material

Rhodymenia pseudopalmata was collected in August 1996
from the upper sublittoral at Pointe de Mousterlin
(Brittany, France), cleaned, and cultured in the laboratory
as a unialgal isolate in aerated 5 litre glass tanks in
autoclaved seawater with half-strength Provasoli enrich-
ment (Starr & Zeikus, 1987). The Provasoli enrichment
was modified by using Hepes as buffer (McFadden &
Melkonian, 1986) instead of Tris, to reduce bacterial
growth. Plants were grown at 12 °C under a photoperiod
of 16: 8 h L: D with a photon irradiance of 10-35 ymol

photons m™2 s7%.

Irradiance measurements

In all experiments, lamp spectra were measured with a
MACAM SR9910 double monochromator scanning spec-
troradiometer (Macam Photometrics, UK) with a cosine
corrected sensor. The biologically effective dose of UVBR
(BEDyxa300) Was calculated using the DNA action spec-
trum of Setlow (1974), normalized to 1 at 300 nm. The use
of action spectra is necessary in order to be able to
compare data obtained from different UVBR sources (for
full details see Rundel, 1983; Caldwell ef al., 1986; Cullen
& Neale, 1997). Although the action spectrum of Setlow
(1974) was obtained from various biological systems that
have no shielding in the UV range, whereas the multi-
layered structure and the presence of UVR screening/
absorbing substances affect the spectral composition of
the light reaching the target DNA in the plant (Sinha ef al,,
1998), the use of a spectral weighting function is preferable
to quantification of the dose as unweighted UVBR (Cullen
& Neale, 1997). Weighted doses were chosen based on
Bjorn & Murphy's (1985) calculations of the BED 590 at
the collection locality. The highest dose (3:9 k] m™2)
represents the maximum BED )y 40, at the sea surface in
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midsummer under a 20 % ozone reduction scenario (Bjorn
& Murphy, 1985). In fact, the actual BEDy)y 50, in the field
would be less because of tidal immersion of the plants for
all or part of the day. The lower dose (16 k] m™?) was
chosen arbitrarily and represents about 40 % of the higher
dose. The only documented data on UVBR attenuation in
the water column at this location (Franklin & Forster,
1997, table 1) give a UVBR penetration depth of 2:4 m
(depth at which irradiance (4 = 320 nm) is reduced to
10% of that immediately below the surface), which fits
well with the Jerlov (1976) water types (oceanic type III
to coastal type 1) recorded for the area (Lining, 1990).
As attenuation further increases towards shorter wave-
lengths, even the lower dose used in the experiments
(BEDyyy 4500 = 16 k] m™?) probably surpasses the UVBR
levels to which plants are often exposed in the field.

Experimental set-up

Apical fragments of 1-2 cm were used for the experi-
ments. They were incubated in large aerated 2 litre
Duralex glass beakers (Schott, Mainz, Germany) con-
taining 1:6 litres of seawater, which were placed in a
cryostat-controlled water bath (+0-2 °C). Square plastic
frames, which held the appropriate cut-off filter to remove
undesired wavelengths, were placed on top of the beakers.
Fluorescent lamps were placed immediately above the
cut-off filters at an appropriate distance. First, thymine
dimers were induced by incubating plant fragments in an
aerated 2 litre glass beaker under TL12 UVBR lamps
(Philips, The Netherlands), either with an Ultraphan
UBT 500 um or an UBT 140 um cut-off filter (Digefra,
Munich, Germany). After the UVB lamps were switched
off, repair of thymine dimers was monitored in the
light and in darkness. One half of the fragments were
placed under ultraviolet-A radiation (UVAR; provided by
QPanel 340 lamps, Cleveland, OH, USA) plus photo-
synthetically active radiation (PAR; provided by Lumilux
Deluxe Biolux lamps, Osram, Germany) in order to
monitor the time course of repair in the light. A 320 nm
filter (130 um, Folex, Dreieich, Germany) was used to
block the UVBR emitted by the QPanel lamp. The other
half of the fragments were transferred immediately after
UVBR treatment to another aerated beaker, which was
kept in darkness by wrapping it with aluminium foil, and
placed in the same water bath. Duplicate samples, each
consisting of two to six fragments, were taken at different
times during the experiment (see below). Samples were
dabbed dry, put in silica gel and stored immediately at
4 °C in the dark prior to DNA extraction (see below).

Repair of thymine dimers

Repair of UVBR-induced thymine dimers was studied at 6,
12 and 18 °C. Fragments were acclimated to the
experimental temperature for 1 week. Plants grew well
during acclimation at 12 and 18 °C but little growth took
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place at 6 °C. In the first experiment, plants were exposed
to a relatively low dose of UVBR (BED 300 = 16 kJ
m™2; unweighted irradiance = 072 W m™ for 4 h). The
UBT 500 um cut-off filter was used to block low-
wavelength UVBR. Irradiation conditions during the 17 h
repair period were: UVAR = 2:0 W m™?, and PAR =
30 umol photons m™2 s'. Samples were taken before
UVBR exposure (control), directly after UVBR exposure,
and during the light repair period at t = 1, 2, 3 and 17 h.
Dark-incubated fragments were sampled after 17 h only.

When we found efficient repair of thymine dimers after
exposure to a low UVBR dose, the experiment was
repeated at 6 and 18 °C using a much higher UVBR dose.
Fragments were irradiated for 5 h with UVBR. The UBT
140 um cut-off filter was used in order to increase the
BEDxas00 t0 39 k] m™2, while keeping the unweighted
irradiance approximately the same as in the previous
experiment (078 W m?). The irradiance conditions during
the light repair period (16 h) were the same as in the
previous experiment. Samples were taken before UVBR
exposure (control), directly after UVBR exposure, and
during the light repair period at t = 0, 0'5, 1, 1:5, 2-25, 3
and 16 h. Dark-incubated fragments were sampled after
16 h only.

DNA extraction

Silica gel-dried samples (20-30 mg) were homogenized in
liquid nitrogen in a sterile 2 ml Eppendorf tube using a
small plastic pestle. Subsequently, DNA was extracted
using the CTAB (Hexadecyltrimethyl-ammonium-
bromide) procedure (modified after Doyle & Doyle, 1987):
0:6 ml 2% CTAB extraction buffer (1-4 M NaCl; 20 mM
EDTA; 100 mM Tris HCl pH 8:0) with 2% (w/v)
polyvinylpyrrolidone (PVP) and 0-2% (v/v) 2-mercap-
toethanol was added and samples placed on a turntable for
2h at room temperature; 2/3 volume chloroform—
isoamy! alcohol (CIA; 24: 1 v/v) was added, mixed and
centrifuged (14000 rpm, 10 min). The supernatant con-
taining the DNA was removed and the previous step
repeated. DNA was precipitated with 2/3 volume
cold (—20 °C) isopropanol followed by centrifugation
(Eppendorf, 14000 rpm, 30 min). The pellet was washed
twice with 70 % cold (— 20 °C) ethanol, vacuum-dried and
dissolved in 0-3 ml Tris/EDTA buffer (TE). After RNase
treatment (30 min at 37 °C), DNA was quantified fluoro-
metrically with the PicoGreen dsDNA quantitation assay
(Molecular Probes). Samples were either processed im-
mediately or stored at —20 °C.

Detection of thymine dimers

The procedure for the immunoassay for the quantification
of thymine dimers was slightly modified after Vink ef al.
(1994) and Boelen ef al. (1999). Heat-denatured samples
containing 0-2 mg DNA in 100 or 200 ul phosphate-
buffered saline (PBS) were transferred to a nylon filter
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(Nytran, pore size 0:45 um, Schleicher & Schuell, Dassel,
Germany) using a Minifold I SRC96D slotblot apparatus
(Schleicher & Schuell). A dilution series (0-150 ng) of
standard damaged calf thymus DNA was added as a
reference. The filter was then dried for 2 h at 80 °C to
immobilize the DNA. To block non-specific sites, the filter
was incubated for 30 min in PBS-T (PBS+ 0:1% (v/v)
Tween 20, Sigma) with 5% (w/v) skimmed milk powder.
Subsequently, the filter was washed in PBS-T (3 x) and
incubated with the primary antibody, the thymine-dimer-
specific H3 (Roza et al., 1988). It has been shown (Fekete
et al., 1998) that this antibody has a high affinity for TC as
well as for TT dimers but, as the latter predominate
(Mitchell & Karentz, 1993), we will refer to them both as
‘thymine dimers” for the sake of brevity. After washing
(3 x ), the filter was incubated with the secondary antibody
(rabbit anti-mouse conjugated with alkaline phosphatase,
Dako, 1: 5000 in 0-5% skimmed milk-powder PBS-T).
After washing (4 X)), the filter was transferred to a buffer
containing a detection reagent (Lumi-Phos Plus,
Gibco BRL), which emits light during breakdown of the
alkaline phosphatase. The filter was sealed in a transparent
folder (Photogene development folder, Gibco BRL) and
exposed to a photosensitive sheet (Kodak X-AR-5) for
1-30 min, depending on the amount of damage in the
samples. The calf thymus dilution series was used to adjust
exposure time of the film in order to ensure linearity of the
signal over the relevant range. After the sheet had been
developed and fixed, it was scanned with a UMAX PS-
2400X scanner and the grey-scale values were quantified
with the software program Image QuaNT (Molecular
Dynamics). Because the BED )y 4500 is linearly correlated
with both accumulated DNA damage (Britt ef al.,, 1993)
and grey-scale values up to approximately 200 units
(Boelen et al., 1999), grey-scale values were used as a
relative measure for the amount of DNA damage. Time-
series for repair rates, together with control samples taken
before and directly after UVBR exposure, were always
processed on the same blot, to allow direct comparison.

Results

After alow UVBR dose (BED, y500: 16 k] m™3), repair of
thymine dimers under subsequent irradiation with
UVAR+PAR was found under all conditions (Fig. 1).
Sixty to one hundred per cent of thymine dimers were
repaired within 3 h, and complete repair was observed
after 16—17 h. At 18 °C repair started within the first hour
of exposure to UVAR+PAR but at 12 and 6 °C repair
started only after 1-2 h. When the UVBR dose was raised
during the second experiment (BEDy,xa300: 3°9 k] m™3),
complete repair under UVAR 4-PAR was again found at
all temperatures. In fact, repair rates at 6 °C were higher
after plants had been exposed to the high than to the
lower UVBR dose (Fig. 1A). Virtually no repair was
observed in the samples incubated in the dark for up to
16—17 h at any temperature (Fig. 1).
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Fig. 1. Time course of the removal of thymine dimers (expressed
as percentage of the damage induced) after a low dose (circles:
BED )\ 4300 = 1'6 k] m™%; unweighted irradiance = 0-72 W m™
for 4 h) and after a high dose (triangles: BED ;550 = 3°9 KJ
m™?; unweighted irradiance = 078 W m™ for 5 h) of UVBR
at 6 °C (A), 12 °C (B) and 18 °C (C). Open symbols: under
UVAR+PAR (UVAR = 2:0 W m?; PAR = 30 umol photons
m~2 s7); filled symbols, in darkness. Averages are given of two
independent DNA extractions with standard deviations. Broken
lines indicate average values of controls, taken before UVBR
exposure.

Discussion

Fast photoreactivation of thymine dimers has been shown
to occur in some higher plants (Taylor ef al, 1996;
Takeuchi ef al., 1996), and also in the lower intertidal to
upper sublittoral red alga Palmaria palmata (Pakker ef al.,
2000). In these cases, complete photoreactivation took
place within 2—4 h following UVBR exposure. Rhodymenia
pseudopalmata also showed efficient photoreactivation at
all temperatures tested. No nucleotide excision repair
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(dark repair) was detected for a period of 1617 h after
exposure to UVBR in R. pseudopalmata. In contrast, about
67% of thymine dimers were repaired after 19 h of
darkness in P. palmata. Differences in the rates of
photoenzymatic and dark repair have been found even
among closely related species of Antarctic diatoms
(Karentz et al., 1991). R. pseudopalmata evidently belongs
to the group of organisms that display efficient photo-
enzymatic repair but have a reduced capacity for excision
repair (Mitchell & Karentz, 1993). Other examples include
several species of Antarctic diatoms (Karentz ef al., 1991),
higher plants (Pang & Hays, 1991; Quaite ef al., 1994;
Taylor et al., 1996) and archaebacteria (Eker et al., 1991;
McCready, 1996).

The efficiency of photorepair of thymine dimers is
surprisingly high in Rhodymenia pseudopalmata in view of
its shaded, predominantly sublittoral habitat. Repair rates
were as high as those found in Palmaria palmata, which is
also common on rocks in the lower intertidal zone. In both
species, thymine dimers were repaired within a few hours
after exposure to a high UVBR dose (BEDj .30 ©f
3-2-3-8 kf m % in P. palmata; maximum BED,,\ 440, Of 3°9
k] m™2 in R. pseudopalmata), representing the maximum
daily dose at the sea surface in midsummer under 20%
ozone reduction (Bjérn & Murphy, 1985). In fact,
photoreactivation efficiencies in the field may be even
higher than those found in the experiments. First, the
UVAR and PAR levels used in the experiments (2:0 W
m ? and 30 umol photons m™ s, respectively) were
lower than those occurring in the field on a sunny day, and
repair efficiencies have been found to increase with
increasing PAR levels (Takeuchi ef al., 1996; Taylor ef al.,
1996; Gieskes & Buma, 1997; Kang et al., 1998). Secondly,
plants exposed to natural sunlight may be less sensitive
than those grown in the laboratory because they have
more UV-absorbing cell components (Mitchell & Karentz,
1993; Sinha et al, 1998) or because of photolyase
induction or activation. For example, Takayanagi ef al.
(1994) found that alfalfa seedlings grown under natural
sunlight sustained less damage and had higher repair rates
of dimers than plants grown under fluorescent light.

Effects of temperature on photoreactivation have been
documented for higher plants (Pang & Hays, 1991;
Takeuchi ef al., 1996), Archaea (Eker et al., 1991; Grogan,
1997) and for the red alga Palmaria palmata (Pakker ef al.,
2000). Effects of temperature were also found in Rhody-
menia pseudopalmata, although they were not very strong.
The main effect was a slower start of photoreactivation at
6 and 12 °C than at 18 °C after exposure to a low UVBR
dose. The fast onset of repair in plants grown at 18 °C
indicates that high levels of photolyases were already
present at the start of the repair period. Plants grown at
lower temperatures may have lower constitutive levels of
photolyase or cofactor concentrations (Mitchell & Kar-
entz, 1993), and may be unable to start repair until after
induction of photolyase activity, which may take at least
1 h (e.g. Pang & Hays, 1991; Chen ef al., 1994; Buma ef al.,
1996).
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At 6 °C, repair of thymine dimers started faster in
Rhodymenia pseudopalmata after exposure to a high than to
a low dose of UVBR. Quaite ef al. (1994) demonstrated
that the rate of photoreactivation and excision repair
increases with high initial levels of damage. Similarly,
Karentz ef al. (1991) found a correlation of increased repair
with increased damage among Antarctic species of
diatoms. However, in R. pseudopalmata, no dose-depen-
dent effects on repair rates were observed at 18 °C.
Varying rates of repair may be the result of complex
interactions depending on the initial amount of damage
and the temperature characteristics of the repair systems,
which are at present poorly understood and should be
investigated further.
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