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Abstract

Due to an increasing ozone depletion, the amounts of UV-b reaching the Earth and the

sea are also increasing. This is a cause of concern since the DNA molecules have a strong

absorption within the UV-B range, and therefore, exposure to this type of radiation can lead to

the formation of several photoproducts such as thvmine dimers and (6-4) photoproducts. For

this reason, the aim of this project was to study the induction and repair efficiency of thymine

dimers and (6-4) photoproducts in the red alga Pa/maria palmata, and also, the influence of

temperature in these processes.

In the present study, the alga Pa/maria palmata proved to be able to repair the two

major photoproducts induced in the DNA by UV-B radiation thvmine dimers and (6-4)

photoproducts. This plant eliminates more efficiently thymine dimers than (6-4) photoproducts

in the presence of UV-A and PAR, which contradicts experiments previously done by van Vugt

(1998). Also, it is evident that this isolate maintain its repair capacity at extreme temperatures.

o and 25° C. The repair efficiency of the two studied photoproducts presented distinct patterns

throughout the experiments; photorepair of thymine dimers is more efficient towards higher

temperatures. especially at 25° C, while the (6-4) photoproducts were more efficiently

eliminated at the optimal temperature, 12° C. More repair efficiency of both photoproducts was

observed in the absence of UV-B, though some repair activity is possible in its presence. The

induction of damage was shown to be temperature independent.



1- Introduction

1.1- Solar radiation

Radiation of wavelengths between 100 and 400 nm is called ultraviolet light. This range

is somewhat arbitrarily subdivided into four radiation bands: Vacuum UV (100-200 nm); UV-C

(200-280 nm); UV-B (280-320 rim) and UV-A (320-400 nm) (Karentz, 1994) (Fig.!).
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Fig. 1- Distribution range of ultraviolet radiation in the electromagnetic spectrum

(Beckman, 1998).

The type of radiation that reaches the Earth and the sea strongly depends on the

presence of ozone in the stratosphere. The ozone levels in the stratosphere are regulated by a

seasonal cycle. However, due to the anthropogenic release of certain organic halide-containing

compounds into the troposphere, the ozone cycle has been disrupted, leading to some

depletion of this gas (Pearce, 1997). This depletion was first observed in Antartida in the 80's.

but nowadays, it is already extended to a great part of the Northern Hemisphere, and other

regions.

The problem of the ozone depletion carries many questions and concerns. One of the

most serious effects that the decrease of ozone in the stratosphere can have is the increased

amounts of Ultraviolet-B radiation (UV-B) reaching the Earth's surface (Madronich el a!.,

1995). Due to the high molar absorption coefficient of ozone in the UV-B radiation region

(280-3 20 nm), reductions in the thickness of the ozone column increase the amount of UV-B

radiation at the Earth's surface and shifts the solar spectral distribution to shorter wavelengths

(Franklin & Forster, 1997). The UV-C does not represent a danger because even though these

are highly energetic, they are absorbed in the upper atmosphere, and therefore, they do not



reach the ozone layer of the stratosphere (Stapleton, 1997). UV-A and PAR levels are also

relatively insensitive to alterations of the ozone levels.

1.2- UV-B induced DNA lesions

UV radiation directly alters the structure of DNA, in addition to damaging both

proteins and membranes (Takeuchi el a!., 1996). The DNA molecule is one of the major

targets of UV-B radiation. These macromolecules have an absorption maximum at 260 nm, in

the IJV-C range. However, because no biologically significant UV-C (X< 280 nm) radiation is

present at the Earth's surface, the small amount of UV-B and much greater flux of UV-A

present in sunlight are the most important sources of DNA damage in plants and animals

(Britt, 1996).

The damage induced by UV-B in DNA molecules can be broadly classified into three

types of lesions: mismatched bases, double strand breaks and chemically modified bases (Britt,

1996). AJso, several types of photoproducts can be formed after irradiation with UV-B

radiation, such as cyclobutyl pyrimidine dimers, and the pyrimidine- pyrimidone (6-4)

photoproducts, comprising 75% and 25 % of the damage, respectively (Britt, 1996).

The cisyn cyclobutane pyrimidine dimers or more

cyclobutane ring connecting the 5, 6 positions of the two

1997) (Fig.2). These lesions can occur at DNA sequences

5'CC dipyrimidine sequences. However, the 5'-TT is

formation (Friedberg et a!., 1995).
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Fig.2- Formation of a thymine dimer induced by ultraviolet radiation (Adapted from

Gardner et al., 1991).
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The (6,4) photoproducts are formed when, after irradiation with energetic wavelengths

within the UV range, the ring spontaneously breaks, and a stable bond between positions 6 and

4 of the two adjacent pyrimidines is established (Friedberg et al., 1995). Irradiation of DNA

with 310-340 nm UV radiation, with a peak in 320 nni, or with simulated sunlight produces the

Dewar valence isomer of the (6-4) photoproducts (Takeuchi et a!., 1996). Following

irradiation with natural sunlight, the majority of the (6-4) photoproducts formed may indeed be

converted into their Dewar valence isomers (Pfeifer, 1997) (Fig.3). These lesions can be

frequently found at DNA sequences containing 5'-TC and 5'-CC combinations (Friedberg et

a!., 1995).
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Fig.3- Example of the structure of (6-4) photoproducts and its Dewar isomer (Kim et

a!., 1994).

1.3- Repair mechanisms

UV-induced lesions block both the transcription and the replication of DNA (Takeuchi

ci a!., 1996), and although the other major cellular macromolecules, such as RNA and proteins,

can be replaced by new synthesis, DNA has to be repaired with high fidelity in order to avoid

the accumulation of mutations and also to maintain a functional genome (Taylor et a!., 1996).

Therefore, living organisms have developed specialized mechanisms for the repair of these

photolesions (for reviews see Sancar & Sancar, 1988, Friedberg, 1995; Pfeifer, 1997). Repair

mechanisms include photoreactivation and excision repair, which are the mechanisms of more

interest in this work.
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1.3.1- Photoreactivation

Photoreactivation is the prevention of the deleterious effects of far-UV light (200-3 00

nm) by concurrent or subsequent exposure to near UV-visible light (300-500 nm) (Hearst,

1995). This photoreactivating effect of visible light usually reflects the actions of photolyase

enzymes (Bntt, 1996). Enzymatic photoreactivation by photolyases is a mechanism in which

the enzymes recognize the lesion, form a enzyme-substrate (ES) complex (in a light

independent step: E + S * ES) and after exposure to light, the lesion is repaired and the

compound is regenerated to its original bases (ES* —* E+ Pyrimidine; * absorption of photons

from light) (Sancar & Sancar, 1988; Pfeifer, 1997).

Depending on the damage, there are two types of DNA photolyases. One of them

specifically exerts the activity on CPDs whereas another repairs only (6-4) photoproducts

(Kanai, eta!., 1997).

The CPD photolyase has been studied for a few decades now and it is known to be very

tolerant to high temperatures and high pH values (Friedberg el al., 1995). The (6-4) photolyase

is not yet as well characterized as it has only been discovered recently by Todo et a!. (1993) in

Drosophila melanogaster. The composition of this photolyase is still not confirmed, even

though there are indications that it has a similar composition to the CPDs photolyase (see Todo

et al. 1997). The precise photoreactivating mechanism is also still not well known. However,

according to Chen et a!. (1996), one of the big differences between these enzymes is that the

(6-4) photoproducts' enzyme does not seem to require induction by prior exposure to visible

light like the CPD photolyase, and therefore, its specific activity is constitutively expressed.

1.3.2- Excision repair

In contrast to photoreactivation, dark repair pathways do not directly reverse DNA

damage but instead replace the damaged DNA with new, undamaged nucleotides. In this repair

pathway, a group of enzymes work together to remove a broad variety of lesions, including

CPDs and (6-4) photoproducts (Pang & Hays, 1991).

This repair pathway is poorly characterized in plants, despite being a repair mechanism

broadly demonstrated in plant species (Taylor ci a!., 1996). Both CPDs and (6-4)

photoproducts can be repaired via nucleotide excision repair pathway.



1.4- UV-B induced DNA damage versus temperature

1.4.1- Higher plants

Temperature is one of the physical parameters that could be expected to affect repair

processes. This is due to the fact that both photoreactivation and excision repair are

mechanisms that involve the action of specific enzymes which are known (enzymes in general)

to be temperature dependent.

Yet, few work has been done on the induction and repair of DNA photolesions in

plants in relation to temperature. Takeuchi et a!. (1996) studied the effects of temperature and

white light on the induction and repair of CPDs and (6-4) photoproducts in cucumber

cotyledons. They found that both induction and repair in the presence of white light were

temperature dependent. In cucumber cotyledons grown at 250 C, the induction of both types of

lesions increased with increasing temperature (above the optimal temperature- 250 C). Both

photorepair processes appeared to be faster at 253O0 C than at 15-20° C and at higher
temperatures (35° C).

Pang & Hays (1991) studied the induction and photorepair of CPDs, along with its

relation to temperature in Arabidopsis thaliana. In this species, photoreactivation of CPDs was

markedly temperature- sensitive. Plants cultured at 22° C showed a decrease in the

photoreactivating efficiency of CPDs when exposed to temperatures between 22-37° C.

1.4.2- Algae

Unlike higher plants, few studies have been done on the induction and repair of DNA in

algae, and the ones done are limited to few species of microalgae.

Karentz et a! (1991) studied the induction and repair of CPDs and (6-4) photoproducts

in several species of diatoms. They found that both lesion could be induced with a BED 2500

J.m2. Also, they found that the CPDs and (6-4) photoproducts can be eliminated in the

presence of PAR, even though there were a few species that could not repair either one or the

other lesion.

In Cyclotella sp (Buma ci a/.,1995 a) and in Emiliania huxievi (Gieskes & Buma,

1997), the acumulation of thymine dimers was shown to be dependent on the amount of UV-B.

Also, it was shown that in Cyc/ote/la sp. (Buma et a!., 1995 a, b, Gieskes & Buma, 1997),



thymine dimers were apparently repaired rapidly in the presence of PAR, although it was not

clear whether the damage was repaired by photoreactivation or excision repair.

There are not, however, any studies on the effect of temperature on the induction and

repair of either thymine dimers or (6-4) photoproducts in microalgae. Moreover, there is no

data on this subject in macroalgae, besides some unpublished reports done on few red algae

(see van Vugt, 1998; Beckman, 1998).

1.5- Ecology of the algae

Temperature is very important in the survival of all species of algae since in nature, they

do not live under constant temperature, but within a certain range of temperatures throughout

the year. For some algae, these temperatures can even be considerably increased when they

are emerged at low tides, and when they are exposed to extremely high temperatures. Also,

during these emerged periods, algae loose the protection that the water column provides from

some atmospheric parameters, namely high irradiation.

An example of an alga that go through emerged periods is the red alga Pa/maria

palmata (Lirmaeus) (Fig.4). This alga can be broadly found in the littoral and sub littoral to

depths of 20 m, in both sheltered and moderately exposed areas on North Atlantic coasts

(Fig.5), and therefore is frequently emerged.

Fig.4- Illustrating scheme of the red algae Pa/maria pa/niata (Hiscock, 1986).
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Fig. 5- Distribution of Pa/maria palmala (adapted from Luning, 1990).

Because Pa/maria palmata is frequently exposed to high temperatures and irradiation,

(namely UV-B) simultaneously, it is important to determine if, during these periods, the plants

are able to maintain its capacity to repair the photolesions induced to the DNA by UV-B.

Also, because it is expected an increase of temperatures at a global scale (due to greenhouse

effect), algae (in general) may have to live under higher temperatures than they are usually

exposed to in a nearer future, emphasizing even more the importance that temperature may

have in the induction and repair of damaged DNA.

Based on these facts, the aim of this project is to determine whether or not the induction and

repair of the two major photoproducts induced by UV-B in DNA, thymine dimers and (6-4)

photoproducts, is dependent on temperature, in the red alga Pa/maria pa/mata.

2- Material and Methods

2.1- Culturing of the algae

The alga used in this project is the red alga Pa/maria palmata. The isolate used in this

project came from Brittany (France), where the water temperatures vary between 10120 C and

7
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16-18° C (winter and summer, respectively).

Field collected plants were cultured as unialgal isolates in autoclaved seawater with a

half strength Provasoli enrichment, following the same procedure as Pakker et a!. (1995).

Stock cultures were maintained under controlled conditions, with a photoperiod of 16 hours (in

the presence of Osram L36 W/72 lamps, with a photon fluence rate of 30 p.Em2s4) and a

constant temperature of 12° C. The cultures were under constant aeration and were refreshed

every 7 days with new enriched seawater.

2.2- Pilot tolerance experiments

The tolerance limits for this alga were assessed at the temperatures 0, 4, 8,12,16, 20,

23, 250 C, in climate chambers kept at constant temperature and constant irradiation, in a long

day regime (14:10 h LD) (for irradiances, see appendix 1). Three plants were incubated in 100

ml Erlenmeyers sea water medium (1/2 strength Provasoli), and gradually transferred to the

experimental temperatures in steps of no more than 50 C/ 5 days. After incubation for two

weeks, the plants were gradually brought back to the optimal growth temperature (12° C),

where the health of the plants was described (criteria: bleached or not).

Tolerance experiments were also performed without acclimation, i.e., some individuals

were transferred immediately from 120 C to the same range of temperatures, as mentioned

above.

2.3- UV irradiation

The setup used in this experiment consisted of a water bath (with demineralized water

and ethyleneglycol, which is an anti- freezing agent) kept at constant temperature by a cryostat

(Nestle RTE-1 11). Inside the water bath, glass beakers (2 1) with 1600 ml of sterile seawater

were placed under constant aeration.

Ultraviolet B irradiation to induce DNA damage in the absence of other light sources

and was provided by 2 Philips lamps TL 12/ 40 W (Holland). The repair of the DNA lesions

was assessed in the presence of: 2 Philips UVA lamps- R UVA 80 W (Performance- Holland),

2 PAR lamps Biolux L36/72 (Osram- Germany) and either with no UV-B lamps, 1 UV-B or 2

UV-B lamps (as in the induction of damage) (for lamps arrangement see appendix 2). All lamps



were placed 8 cm above the beaker (Fig.6).

Fig.6- Scheme illustrating the setup used in this project. A& F- Par lamps; B & E - UV-

A lamps; C & D- U1IB lamps; G- Cryostate; H-waterbath; I- Glass beaker; J- Filter (adapted

from Beekman, 1998).

The spectral UV flux density and light employed in these experiments was measured

with a Macam SR 991 double monochromator spectroradiometer with a cosine corrected

sensor (Macam Photometrics, UK), and the amounts of each type of radiation present during

the experiments can be seen in Table 1.

i i i
I I I ii I
I I I II I
I I 1 Ii I
I I $ I I
I I I iI
I II I I
I I I I I I
I I I I I
dM&

__

H



Treatments Experiments UV-A

(Wm)

PAR

(mo1.ms1)

CVB*

(\V.m)

BED

(J.m)

UV-B experiment 1 - - 0.35 3780

UV-B+UV-A+PAR 11.8 50 0.35 3780

UV-B experiment 2 - - 0.36 3240

UV-A+PAR 10.5 48 0.0035 37.8

UV-B experiment 3 - - 0.30 3240

UV-B+UV-A+PAR 11.0 51.5 0.158 1706

UV-B experiment 4 1.77 7.5 0.23 3241

UV-A+PAR 6 57 0.0003 4.3

Table 1- Fluence conditions during the experiments. (* the IJV-B dosis is the weighted

dosis, using the Setlow action spectra for DNA damage as a reference, normalized at 300 nm).

In all experiments, a 400 nm filter (UVR Ultraphan, UV-farblos 0.125 mm) was used

around the beaker to avoid the passage of light through the sides, as well as a 295 thin filter

(Ultraphan URT 140) on top of the beaker, to filter out any incoming UV-C and low

wavelengths of UV-B, coming from the UV-B lamps.

2.3.1- Experiments

Two pilot experiments were performed initialy to determine the irradiance conditions

that would be relevant for the experiments and also to correct some faults in the setup (see

appendix 3). Based on these experiments, 3 other experiments were designed, and also, one

experiment from van Vugt (1998) was sudied more thouroughly.

The first experiment was performed in order to establish if there were any differences in

the induction of damage, in the absence and presence of UV-A and PAR:

Experiment 1- Apical parts of Pa/maria palniala (of approximately 1.5 cm in length)

were cut from the precultured material and half of them were exposed to three hours of UV-B

while the rest was subsequently exposed to 3 hours of the same amount of UV-B, but in the

presence UV-A and PAR at 0, 12 and 25° C. Experiments at each temperature were repeated



two times at different days (9 days total in a random way) and at every repeat, two samples

(consisting of 5 fragments per sample) were taken, which resulted in a total of 6 samples (n=6)

per temperature. Method used: Lumiphos.

The second experiment was designed in order to determine if the plants could repair the

damage more efficiently in the absence of UV-B:

Experiment 2- Apical parts (of approximately 1.5 cm in length) were cut from the

precultured material and exposed to 3 hours of UV-B, followed by 3 hours of UV-A + PAR.

Experiments at each temperature were repeated once (in a random order and at different times

of the day), and every repeat consisted of 3 samples with 5 fragments each (n=6). Method

used: ECL

Also, to clearify if UV-B radiation had an inhibitory effect on the photolyases's activity,

a third experiment was performed, but this time in the presence of UV-B:

Experiment 3- Similar to experiment 2 but after the 3 hours of UV-B, the plants were

exposed to IJV-A+PAR and also ½ of the BED of UV-B used for the induction of damaged

DNA. Experiments at all temperatures were also repeated once, and each repeat consisted of 3

samples with 5 fragments each (n=6). Method used: ECL

Following these experiments, an experiment performed by van Vugt (1998) was blotted

once again, but this time, only the (6-4) photoproducts were studied (using the Lumiphos

method). This experiment was performed with the intention of providing complementary

information to the data obtained for the thymine dimers by van Vugt. For details of the

experiment, see van Vugt (1998).

2.4- DNA extraction and quantification

All sampled plants were transferred to screwcap tubes with silica gel, and stored in a

cold (4° C) dark room. Once the algae were completely dried, the DNA was extracted with the

CTAB method according to the modified protocol of H. Klerk (see appendix 4) and the



amounts of DNA are quantified with picogreen (see appendix 5). Picogreen is an ultrasensitive

fluorescent nucleic acid stain for double stranded DNA, when samples with this stain are

excited by a wavelengths of 480 nm, they emit fluorescent light. This fluorescence was

measured at 520 nm using a spectrofluorometer (Victor multilabel 1420, Wallace).

2.5- Immunoslotblot

After determining the DNA concentrations, the samples were blotted according to the

technique of immunoslotblot (appendix 6). Two different procedures were used, one more

sensitive than the other; the protocol only differed on a few details. In the first method, the

samples were blotted onto a 0.45 jm filter membrane (Nytran 0.45 pm), was incubated with

two different antibodies that after it was completely dried: (1) H3 antibody (for the thymine

dimers) or 64- M2 (for the (6-4) photoproducts) and (2) Rabbit-anti-Mouse (with alkaline

phosphatase- AP).

The first antibody (for both the thymine dimers and the (6-4) photoproducts) uses the

dimers as an antigen, which serves, in its turn, as an antigen for the second antibody (Fig.7).

This second antibody contains an enzyme, alkaline phosphatase, that is able to remove

phosphorous groups. Based on this characteristic, the filter is incubated in a buffer containing a

substance called Lumiphos + (with phosphorous groups present), that binds to the second

antibody, thus, emitting certain luminescence. This luminescence is recorded on photosensitive

sheets (Kodak Scientific Imaging Film X-AR 5). As a result, all the places that contain the

complex DNA + Antibody 1 + Antibody 2 + Lumiphos will be recorded in the film as dots

with varying intensities of gray, which is an indication of the different amounts of damage

present in the bound DNA. The film is subsequently scanned and analyzed in a computer

program, ImageQuant.
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Fig. 7- Immunoslotblot method illustrated.

ImageQuant analyses the gray intensity of the dots and gives values within a gray scale

(0 to 255) which are a measure of the amount of damage. Therefore, it is possible to include in

the blot a reference line (which consists of DNA with a known amount of damage per ng), and

convert the gray scale value into ng of damaged DNA. Moreover, because the number or

thymine dimers per ng of reference DNA is known, the exact number of thymine dimers

present in the samples can also be obtained (as long as they are in the same blot). Due to the

fact that the exact amount of (6-4) photoproducts present in the reference line is not known, it

is only possible to express it in ng of damaged DNA.

The second method follows the same protocol except that: (1) the filter used has

smaller pores (0.1 p.m, Proton), (2) the AP antibody was substituted by the mouse

immunoglobulins (with horse radish peroxidase- HRP), (3) the Lumiphos was substituted by

ECL (Western blotting detection reagents- ECL) and (4) the photosensitive sheets were also

changed for the Hyperfi1mECLTh1.

All the chemicals used during the laboratory procedures can be found in appendix 7.

All results will be presented in gray scale values due to the fact that in all experiments,

the samples were either too saturated to be able to be related to a reference line (pilots,

experiment 1 and 4) or, the reference line did not give a signal in the blot (experiments 2 and

3).



2.6- Statistical treatment

The averages of replicates and their standard deviation were determined and the

differences between the averages within samples, treatments and temperatures were assessed

with the help of a SuperAnova analysis. To see if there were any significant differences

between the temperatures, t-tests (one tailed test) were performed and the critical value was

considered P=0.05 (Ho: Both temperatures are equal and, the UV-B+UV-A+PAR is

significantly lower than the UV-B treatment; H1: Both temperatures are significantly different

and the UV-B+UV-A+PAR is significantly lower than the UV-B treatment). One-way Anovas

were also done in order to determine if there were significant differences in the induction levels

between the different temperatures.

3- Results

3.1- Tolerance experiments

Acclimated plants

In this pilot tolerance experiment all plants acclimated between 0 and 200 C survived.

At 25 and 23° C the individuals only survived 1 to 3 days, respectively. In the 30° C trial, the

plants died during the acclimation time before they even reached the experimental temperature.

Non acclimated plants

The results for the non acclimated plants were similar to the acclimated plants. All

plants survived from 0 to 20° C and all individuals died when they were transferred to 23, 25

and 30° C (after 8, 6 and 2 days respectively).

3.2- Induction and repair of DNA damage in Palmaria palmata.

The DNA concentrations and gray scale values can be observed in Appendix 8.

Experiment 1

In this experiment the accumulation of thymine dimers and (6-4) photoproducts after

exposure to 3 h of UV-B or 3 h of UV-B + UV-A + PAR (both with a BED of 3780 J.m2)

was studied (Fig.8).
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Fig.8- Induction of DNA daniae by VV-B (3 hours) in the absence or presence of UV-

A and PAR (3 hours) at different temperatures 0. 2 and 25° C. (a) thymine dimers; (b) (6-4)

photoproducts. BED= 3780 J.m2. * asterisk illustrates significant differences in the

accumulation of damage, in plants exposed either to UV-B or UV-B + UV-A+ PAR.



Similar to the induction observed in the pilot experiments (see appendix 7). the

induction in the presence of UV-B was very clear and not significantly different at the

temperatures, both for the thymine dimers (ANOVA: P=O.194) and the (6-4) photoproducts

(ANOVA: P=0.358) (Fig.8). When the plants were exposed to UV-B in the presence of UV-A

and PAR, the accumulation of both lesions was somewhat lower, suggesting that some repair

was counteracting the accumulation of damage. In general, less build up of thymine dimers

(significantly different at the temperatures ANOVA: P= 0.030) than of (6-4) photoproducts

(not significantly different at the temperatures ANOVA: P= 0.441) was found in the presence

of UV-A and PAR, which seems to indicate that there is more photorepair of thymine dimers

than (6-4) photoproducts going on.

Also, it is evident that the thymine dimers are accumulated in significantly lower

amounts at higher temperatures than at 0° C (t-test: P0.04 and P= 0.004, for 12 and 25° C

respectively), in the presence of UV-A and PAR. If we compare the accumulation of thymine

dimers at each temperature, it is clear that there are si2nificant differences in the amount of this

esion between 0 and 12° C (t-test: P= 0.O06) and also between 0 and 25° C (t-test: P0.012).

The 6-4) photoproducts. on the other hand, do not present significant differences in

accumulation either in the presence or/and in the absence of LV-A and PAR at 0 and 250 C (t-

:est: P=0.09 and P=0.05, respectively), but at the optimal temperature (12° C), the build up of

lesions was significantly lower (t-test: P=0.004) in the presence of LV-A and PAR. This

suggests that there is more repair of these lesions at the optimal temperature. If the

accumulation of this lesion at each temperature is compared, than it is evident that there are no

significant differences (t-test: P= 0.05; P= 0.43 5; P=0. 134, for the comparison between 0/12°

C, 12/25° C and 0/25° C, respectively).

Experiment 2

In this experiment, the plants were exposed to similar BED as in the first experiment. (3

hours of UV-B), but this time, the plants were also subsequently exposed to 3 hours of UV-

A+PAR (Fig.9).
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There was a clear induction of thymine dimers after 3 h of CV-B at all temperatures

(not significantly different from each other ANOVA: P= 0.05, Fig.9). When the plants were

exposed to 3 h of UV-A +PA.R, all damage was completely eliminated at 12 and 25° C, and

also almost totally eliminated at 00 C; still, there were significant differences in the amount of

thymine dimers at 0° C comparing to 12 and 25° C (t-test: P=O.026, for both temperatures).

The (6-4) photoproducts presented a clear signal of accumulation after exposure to 3

hours of UV-B, but not significantly different between temperatures (ANOVA: P 0.90). After

3 h of UV-A + PAR, this lesion was found in lower amounts at all temperatures, although not

sinificantly different from each other (ANOVA: P 0.15). The highest repair rates were

observed at 120 C (t-test: P=0.00005), eventhough at extreme temperatures there was also

significant repair going on (t-test: (0° C) P=0.04; (25° C) P=0.0005). Comparing the amount

of damage in each temperature, after exposure to UV-A + PAR, it is evident that there are only

si2nificant differences between 0 and 25° C (t-test: P0.03).

Experiment 3

Using the same setup and BED (in the induction) used in the second experiment, a third

experiment was performed but this time, was studied in the presence of UV-A and PAR, as

well as UV-B, with a biological effective dose of 1706 JIm2.
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The accumulation of thymine dimers after exposure to 3h of LV-B was very clear in

this experiment and not significantly different at the temperatures (ANOVA: P0.466). After

exposure to 3h of UV-A + UV-B + PAR, the plants showed significant differences of

accumulation of this lesion between the temperatures (ANOVA: P=0.00014), there was

significant repair at higher temperatures ((12° C ) t-test: P= 0.001 and (25° C) t-test: P

0.000039), but not at 0° C (ANOVA: P 0.429). When compared the amounts of damage

present at each temperature, after irradiation with UV-B ±UV-A ± PAR, it evident that there

are only significant differences in the repair of thymine dimers between 0 and 12° C (t-test:

P0.0014) and 0 and 250 C (ANOVA: P=0.000012).

The accumulation of (6-4) photoproducts after exposure to UV-B was not different at

the temperatures (ANOVA: P=0.912), nor after exposure to 3 h of CV-A — UV-B ± PAR

(ANOVA: P= 0.1192). As in the previous experiment, there was only significant repair of(6-4)

photoproducts at 12° C (t-test: P= 0.0.0004). When compared the amounts of damage present

at each temperature after irradiation with UV-B+ UV-A PAR, it is evident that there are only

significant differences between the 0 and 12° C (t-test: P= 0.03).

When the repair activity found in Experiment 2 and 3 are expressed in terms of the

percentage repair, the consistent patterns that are observed throughout these experiments

become clear (Fig. 11).
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Through the analysis of these figures it is patent that the thymine dimers present a

consistent pattern troughout the experiments. That is, the repair efficiency of thymine dimers in

Palmaria palniata presents a trend towards higher repair at higher temperatures. In the

absence of UV-B, the repair is very effective at all temperatures (100% of damage repaired at

12 and 25° C and 87% of damage repaired at 00 C). Also, it is clear that for this lesion, there is

a more pronounced effect of temperature on the repair mechanism, in the presence of UV-B.

This is patent in the fact that after 3 h of UV-B + U1/A + PAR, the highest amount of damage

repaired was observed at 25° C (77%), followed by 12° C (45 %) and almost no repair took

place at 00 C (1.5%).

The (6-4) photoproducts also present a consistent pattern throughout the experiments.

The highest repair rates were observed at the optimal temperature (12° C), both in the presence

and in the absence of UV-B. Similar to the thymine dimers. the (6-4) photoproducts were more

efficiently repaired in the absence of UV-B (3 6%, 78% and 60% of damage repaired at 0, 12

and 25° C, repectively). When the repair took place in the presence of UV-B, the elimination of

this lesion was very low, only approximately 11, 27 and 19% of the total damage was repaired

after 3 hours.

Experiment 4 (van Vugt. 1998)

As it was previously said, this experiment was performed by van Vugt (1998) but the

time that it was performed, only the thymine dimers were studied (Fig. 12).
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As it can be observed in Fig. 12, the repair of both thvmine dimers and (6-4)

photoproducts is much faster in the presence of UV-A and PAR than in the dark. The (6-4)

photoproducts appear to be more efficiently eliminated than the thymine dimers in the dark,

which is clear from the fact that after 18.5 h, the thymine dimers are not completely eliminated

but the (6-4) photoproducts are.

Surprisingly, the same pattern was observed in the presence of light. Even though both

lesions are completely repaired (or almost completely repaired in the case of the thymine

dimers) after 18.5 h, this repair mechanism is much more efficient in eliminating the (6-4)

photoproducts since after 2-4 hours, almost all the (6-4) photoproducts were repaired and only

approximately 20 % of the initial amount of thymine dimers was repaired.

4- Discussion

DNA damage: Induction and repair

The induction of thymine dimers and (6-4) photoproducts in Pa/maria pa/mala, was

shown to be temperature independent. Similar results were also obtained in Rhodnwi,,a

pseudopa/inata (grown at 12 C) by Beekman (1998), who found that the accumulation of

thymine dimers at different temperatures was not significantly different, though it presented an

increasing accumulation of damage towards higher temperatures. These results are in

contradiction with the results of Takeuchi ci a!. (1996), who found that in cucumber

cotyledons (grown at 25° C), the accumulation of both CPDs and (6-4) photoproducts

increased slightly at higher temperatures, up to 350
C.

The difference between the amount of photoproducts formed under UV-B only and

under simultaneous irradiation with UV-A + PAR, which probably reflects the activity of the

photorepair process, was higher at 25° C for the thymine dimers, but not for the (6-4)

photoproducts, which presented a maximum at the optimal temperature (12° C). Both

photoproducts were able to be repaired at temperatures as low as 00 C. Nevertheless, the

efficiency of the repair mechanism at this temperature was very low. Similar results have also

been obtained for Rhodymenia pseiidopalmata by Beekman (1998), where the thymine

dimers were more efficiently repaired at higher temperatures (16° C) and less efficiently at

lower temperatures (60 C). These results are in agreement with the work of Takeuchi et a!.

(1996), who found that cucumber cotyledons showed more efficient repair at higher



temperatures (253O0 C) and low efficiency at extreme temperatures (15-35 ° C), even thou2h

in this case, both photoproducts presented the same pattern, with a maximum at the same

temperature.

This temperature effect cannot be generalized for all organisms since it has been found

that Arabidopsis thaliana is able to repair CPDs less efficiently at temperatures higher than the

temperature at which they were cultured (22° C) (Pang & Hays, 1991). These results seem to

point out that maybe, depending on the species under study, the same repair mechanism can be

differently influenced by temperature.

The fact that there seems to be a temperature dependency for the repair of photolesions

could be questioned, since we do not know if it is the photolyases that are influenced by

different temperatures or if it is in fact the gene's expression that is altered at different

temperatures. It seems, however, more likely that it is the enzymatic activity of the photolyases

that are influenced by temperature, since it is well demonstrated that enzymes are temperature

dependent.

The repair activity present at high temperatures for both photoproducts was expected

since it is known that photolyases for CPDs are extremely resistant to high temperatures and

pH values (Friedberg et a!., 1995) and, as Pang & Hays (1991) found for Arabidopsis

I/ia/lana, the damaged DNA can serve as a shield for avoiding the photolyase's heat

inactivation. This means that when the photolyase binds the damaged DNA, the enzyme is to a

certain extent protected from becoming inactive due to extreme heat, which is a protective

feature that allows the enzyme to work at high temperatures. This could also be the reason why

there is considerable photorepair capacity at high temperatures (25° C) for both photoproducts

(regardeless the differences in the repair efficiencies in both photoproducts), in Pa/maria

palmata.

Repair of (6-4) photoproducts at 12° C is comparable in both van Vugt's experiment

and the experiments presented here, but the same is not true for the thymine dimers. In van

Vugt's experiment, the repair of(6-4) photoproducts was much faster than the thymine dimers,

which is opposite to what was found at 12° C in the experiments presented in this report. One

probable explanation for this inverted pattern is that the culture used in van Vugt's experiment

had different irradiance conditions from the one used in this experiments. That is, the algae

used in the other experiment were cultured under three times more light than the ones used by



van Vugt. According to Chen el a!. (1994) in Arabidopsis Ihaliana, the expression of the CPD

photolyase is induced by blue light (with 435 nm) previous to induction of damage. while the

expression of the (6-4) photolyase is independent of the previous light treatment. If this is also

true for Pa/maria palmata, then, it could be that, due to the fact that the algae used by Vugt

were cultured under 3 times less light (and consequently to less light with 435nm) than the

others used in this report, the expression of photolyase for the CPD did not work as promptly

as those for the (6-4) photoproducts, leading to the contradicting results between the

experiments.

Also in van Vugt's experiment, the (6-4) photoproducts were repaired more rapidly

than thymine dimers in the light. These results were unexpected since it has been frequently

described (especially in higher plants) that in the presence of UV-A and/or PAR. the CPDs are

faster eliminated than the (6-4) photoproducts (see Takeuchi et al., 1996, Taylor ci a!., 1996).

However, because sudden exposure of the plants to high levels of UV-A and PAR might

induce an increase in the rate of DNA replication, it is conceivable that the decrease in

concentration of the (6-4) photoproducts was not only the result of photoreactivation but also

a result of their dilution by newly replicated DNA rather than their elimination from DNA.

Nevertheless, it does not explain why the same situation was not also observed for the thymine

dimers.

There is also the possibility that part of the elimination of (6-4) photoproducts through

photorepair in the experiment performed by van Vugt (1998) is being overestimated due to the

fact that the plants were exposed to high amounts of light within the range of 310-340 nm, at

which the (6-4) photoproducts can be converted into Dewar isomers (Chen ci a!., 1994;

Takeuchi et a!., 1996), which are not recognized by the antibody for the (6-4) photoproducts.

But if this is the case, it is probable that the faster elimination observed at 12° C in the

experiments presented in this report are also due to this convertion.

According to the experiment performed by van Vugt (1998) in Pa/maria palmata,

photorepair appeared to be much faster than excision repair, for both photoproducts (thymine

dimers and (6-4) photoproducts), which was observed in Rhodjineiiia pseudopa/mata

(Beekman, 1998). This differential response could reflect an efficient and beneficial UV

strategy: at low levels of damage, the plants employ primarily photorepair, which requires only

external energy, visible light, which is abundant. At higher damage levels at which the capacity



of photorepair is saturated (either because of limiting photoreactivating light levels or limited

numbers of photolyase molecules), these plants also use excision repair. which requires cellular

energy in the form of ATP. This overall strategy would represent an efficient use of IJV-

induced damage (Pang & Hays, 1991; Quaite et a!., 1994).

Moreover, plants respond to irradiation by delaying cell division and because they are

exposed to low levels of LIV continuously during the day, repair by excision might initiate

responses that could depress plant growth, whereas photorepair would permit CPD

photoreversal and thus bypass interruption of growth (Quaite ci a!., 1994). For these reasons it

seems likely that, also in Pa/maria palmata, photorepair will be more important than excision

repair.

It is not known to what extent the repair observed in the presence of light in Pa/maria

!.'((//?;ala is the result of photoreactivation and excision repair happening simultaneously. In the

experiments presented in this report (including the experiment by van Vugt, 1998), it is not

possible to distinguish if only photoreactivation occurs. However, looking at van Vugt's

results, it is clear that within the first 3 hours of repair, dark repair does not eliminate

significant amounts of lesions, which cou!d mean that the contribution of' this repair pathway in

all the experiments presented in this report is very small and maybe even negligible.

Tolerance experiments

Pa/maria pa!mata's upper lethal temperature between 23° C and 300 C and survival at

00 C is consistent with its absence from the tropics and extension into the Attic. The fact that

this isolate survived such a broad range of temperatures is not unusual in algae from this area;

once it has been observed that some species, for example: the red alga Lomeniciria arriczilata

(Yarish ci a!., 1984), with a Amphi-Atlantic-Temperate distribution, survive between 00 C to
-0i5C.

In this report, tolerance experiments were only performed with an isolate from Brittany.

Therefore, it would be most interesting and important to repeat the same experiments with

isolates from other areas, with different localtemperature ranges. Differences in tolerance to

high or low temperatures between these two isolates could indicate that we are dealing with

different thermal ecotypes (Breeman, 1988). If this is true, it can be that the response to UV-B

radiation of these isolates is different in individuals inhabiting different areas and therefore, the



ecological importance of UV-B radiation can differ within the same species.

Furthermore, if the temperature of the water rises and the amount of UV-B increases

(due to the greenhouse effect and ozone depletion, respectively), we should expect that these

isolates from Brittany would, within time, move their southern limits ftirther to the north.

Discussion of the method

In nature, organisms are exposed simultaneously to radiation at all wavelengths in the

entire solar spectrum reaching the Earth's surface, and the radiation in the UV-A and visible

wavebands is orders of magnitude more intense than in the UV-B. In the experiments reported

here, the ratio UV-B: UV-A was very different from the one observed in nature (proportions

of each waveband in nature: PAR-100 %; UV-A-8 %; UV-B- 0.2 %). Furthermore, these high

dose experiments only help to define the range of tolerances for only parts of the organisms

and are not necessarily relevant to the whole plant in the field situation. Results may be

particularly misleading when plants grown under low PAR irradiances are challenged suddenly

with high UVR, or when UVRB treatments were not accompanied by sufficient background

irradiances of PAR and UVAR (Franidin and Forster, 1997).

The setup used in these experiments seems to be working well. However, a few

problems arose when more than one beaker was used during the exposures or when the

different temperature treatments were given on different days. In the second pilot experiment,

two beakers were used with the intention of shortening the time needed to perform the

experiment, without loosing the statistical power of the experiments. However, the variance of

the data between the two beakers in this pilot experiment was very high, which may have been

caused by different aeration or irradiance conditions reaching each beaker. Another possibility

is that the DNA was not well dissolved, and therefore, the DNA concentrations were

underestimated and consequently, the damage may have been misjudged.

As previously stated, there were some problems with the reference lines used in the

blot. Due to the fact that there was no reference line present in experiment 2 and 3 and also

because the samples from experiment 1 and 4 were too saturated to be able to be related to the

reference line, the conversion from gray scale values to thymine dimers or ng of DNA was not

possible. This leads to problems because, without the reference line, it is not possible to

compare the values from two blots, only the rates and patternswithin each blot can be



compared. Moreover, because only a limited number of samples can be blotted simultaneously

in a blot, the planning of an experiment is conditioned.

5- Conclusions

The red alga Pa/maria palmata, from Brittany (France) is able to survive in a broad

range of temperatures from 0200 C, which is a relatively large range for an alga that usually

lives within the range of 10-18° C, locally.

Pa/maria palmata seems to possess DNA repair mechanisms that are able to function

in the presence of UV-B+UV-A+PAR, showing no evidence that the repair mechanisms are

inhibited by the presence of UV-B, even at the high BED of 3780 J.m2.

This isolate is also able to repair the 2 major photoproducts induced by UV-B, thymine

dimers and (6-4) photoproducts; the thymine dimers are the more easily repaired, which

contradicts previous experiments performed by van Vugt (1998).

The induction of both photoproducts is temperature independent. However the rate of

repair of the studied photoproducts is strongly influenced by temperature. In the case of the

thymine dimers, the maximum repair efficiency was observed at the highest temperatures,

while for the (6-4) photoproducts, it seems to be at the optimal temperature, 12° C.

Nevertheless, Palmaria pa/mara is able to repair damage induced by UV-B at temperatures as

low as 00 C, even though the rate of repair is significantly lower than at the other temperatures.

6- Further investigation

Following this work, it seems important to perfom the same set of experiments but

narrowing the range of temperatures, in order to have enough temperatures to draw a

response curve.

Another suggestion would be to perform some experiments with different isolates of

this species, to establish if they are equally tolerant to high irradiances and temperature.

Moreover, it would be interesting to do some experiments with acclimated plants (at

temperatures where acclimation is possible).

Furthermore, it seems also neccessary to establish if different irradiation conditions

29



during preculturing can lead to different responses of the photolvases.



References:

• Beekman, C. (1998). Effects of UV-radiation on growth rates and induction of thymine
dimers in several macroalgae. Interaction between UVB and temperature. Honors project at
the Department of Marine Biology. University of Groningen. 49 p. (unpublished report)

• Breeman, A.M. (1988). Relative importance of temperature and other factors in
determining geographic boundaries of seaweeds experimental and phenological evidence.
Helgolander Meeresunters. 42: 189-192.

• Breeman, A.M.(1990). Expected effects of changing seawater temperatures on the
geographic distribution of seaweeds species. In: Expected Effects of Climatic Change on
Marine Coastal Ecosystems. ii. Beukema et a!. (eds.). 69-76.

• Britt, A.B. (1996). DNA damage and repair in plants. Annzi. Rev. P/au! Physiol. Plant Mo!.
Biol. 47: 75-100.

• Buma, AG.J,; van Hannen, E.J.; Veidhuis, M.J.W.; Roza, L.;Gieskes, W.W.C. (1995
a). Monitoring UV-B induced DNA damage in individual diatom cells by
immunofluorescent thymine dimer detection.. In: Effects of ozone related UV-B
enhancement on aquatic ecosystems. University of Groningen. National Institute of Public
Health and the Environnment. 76-88.

• Buma, A.G.J.; van Hannen, E.J.; Veldhuis, M.J.W.; Gieskes, W.W.C. (1995 b). UV-B
induces DNA damage and DNA synthesis delay in the marine diatom Cyc!ote/la sp. In:
Effects of ozone related UV-B enhancement on aquatic ecosystems. University of
Groningen. National Institute of Public Health and the Environnment.89-96

• Chen, J.; Mitchell, D.L. and Britt, A.B. (1994). A light dependent pathway for the
elimination of UV-induced Pyrimidine (6-4) Pyrimidone photoproducts in Arabidopsis. The
Plant Cell. 6: 1311-1317.

• Chen, J.; Jiang, C.Z. and Britt, A.B. (1996). Little or no repair of cyclobutyl pyrimidine
dimers is observed in the organellar genomes of the young Arabidopsis seedlings. P!ant
Physiology. 111: 19-25.

• Franklin, L.A. & Forster, R.M. (1997). The changing irradiance environment:
consequences for marine macrophyte physiology, productivity and ecology. Review.
European Journal of Phycology. 32: 207- 232.



• Friedberg, E.C.; Walker, G.C.; Siede, W. (1995). DNA repair and muta2enesis. USA.

• Gardner; Simmons; Snustad (1991). Priciples of Genetics. John Wiley and Sons, Inc.
Canada. 649p.

• Gieskes, W.W.C. & Buma, A.G.J. (1997). UV damage to plant life in a photobiologically
dynamic environment: the case of marine phytoplankion. P/ant Ecology 128: 16-25.

• Hearst, J.E. (1995). The structure of photolyase: using photon energy for DNA repair.
Science. 268: 1858-1859.

• Hiscock, S. (1986). A field key to the British Red Seaweeds. Field Studies Council.
AIDGAP.1O1 p.

• Kanai, S.; Kikuno, R.; Tohn, H.; Ryo, H.; Todo, T (1997). Molecular evolution of the
photolyase- blue-light receptor family. Molecular evolution. 45: 535-548.

• Karentz, D.; Cleaver, J.E. and Mitchell, D.L. (1991). Cell survival characteristics and
molecular responses of Antartic phytoplancton to ultraviolet-B radiation. Journal of
Phycology. 27: 326-341.

• Karentz, D. (1994). Ultraviolet tolerance mechanisms in Antartic marine organisms. In:
Ultraviolet radiation in Antartica: Measurements and biological effects. Aniartic Research
Serie. 62: 93-1 10.

• Kim, S.T; Malhotra, K.; Smith, C.A.; Taylor, J.S.; Sancar, A. (1994). Characterization
of(6-4) Photoproduct DNA Photolyase. the Journal of Biological Chemistry. 269 (11):
8535-8540.

• Luning, K. (1990). Seaweeds. Their Environment, Bioeographv and Ecophysiology. John
Wiley and Sons, New York.

• Madronich. S.; McKenzie, R.L.; Caidwell, M.M. and Bjorn, L.O. (1995). Changes in
ultraviolet radiation reaching the Earth's surface. Ambio. 24 (3): 143-152.

• Pakker, H.; Breeman, A.; Prud'homnie van Reine, W.& van den Hock, C. A (1995).
A comparative study of temperature responses of Caribbean seaweeds from different
biogeographic groups. Journal of Phvcology. 31: 497-5 55.



• Pang, Q. & Hays, J.B. (1991). UV-B inducible and temperature sensitive
photoreactivation of Cyclobutane Pyrimidine Dimers in Arabidopsis ihaliana. Pkini
Physiology. 95:536-543.

• Pearce, F. (1997). Dawn raid on the ozone layer. New Scientist. 2067:14.

• Pfeifer, G.P. (1997). Formation and processing of UV photoproducts: Effects of DNA
sequence and chromatin environment. Invited Review. Photochemisrrv and Photobiologj'.
65 (2): 270-283.

• Quaite, F.E.; Sutherland, J.C. and Sutherland, B.M. (1994). Isolation of high molecular
weight plant DNA for DNA damage quantification: relative effects of solar 297 nm UV-B
and 365 nm radiation. Plant Molecular Biology. 24: 475-483.

• Sancar, A.: Sancar, G.B. (1988). DNA repair enzymes. Ann.Rev. (?fBlochenhistly. 57: 29-
67.

• Setlow, R.B. (1974). The wavelength in sunlight effective in producing skin cancer: A
Theoretical Analysis. Proceedings of the Natural Academic of Sciences of the USA. 71:

• Stapleton, A.E.; Thornber, C.S. & Walbot, V. (1997). UV-B component of sunlight
causes measurable damage in filed-grown maize (Zea mays L.): developmental and cellular
heterogeneity of damage and repair. Plant, Cell and Environment. 20: 279-290.

• Takeuchi, Y.; Murakami, NI.; Nakajima, N.; Kondo, N. and Nikaido, 0. (1996).
Induction and repair of damage to DNA in Cucumber cotyledons irradiated with UV- B.
Plant Cell Physiology. 37 (2): 18 1-187.

• Taylor, R.M.: Nikaido. 0.; Jordan, B.R.; Rosamond, J.; Bray, C.M. & Tobin, A.K.
(1996). Ultraviolet-B- induced lesions and their removal in wheat (Triticuni aestivum)
leaves. Plant Cell and Environment. 19: 171-181.

• Todo, T.: Takemori, H.; Ryo, H.; lihara, NI.; Matsunaga, T.; Nikaido. 0.: Sato, K. &
Noamura. T. (1993). A new photoreactivating enzyme that specifically repairs ultraviolet
light induced (6-4) photoproducts. Nature. 361: 37 1-374.



• Todo, T.; Kim, S.-T.; Hitomi, K.; Otoshi, E.; Inui, T.; Morioka, H.; Kobayashi, H.;
Otsuka, E.; Tohn, H. and Ikenaga, M. (1997). Flavin adenine dinucleotide as a
chromophore of the Xenopns (6-4) photolyase. Nucleic Acids Research. 25 (4): 764-768.

• van Vugt, H. (1998). Repair of Ultraviolet-B-induced DNA damage in Pa/maria palmata
and Po/yneurcz hiliae (Rhodophyta). Honors project at the Department of Marine Biology.
University of Groningen. 50 p.(unpublished report)

• Weaver, R.F. & Hendrik, P.W. (1997). Genetics. McGraw Hill Publishers inc. USA.

• Yarish, C. Breeman, A.M. & van den Hock, C. (1984). Temperature, light and
photoperiod responses of some Northeast American and West European endemic
Rhodophytes in relation to their geographic distribution. Helgolander Meeresunters. 38:
273- 304.



Appendix

I



Appendix 1

Temperatures (0 C) 0 4 8 12 16 20 23 25

Irradiance (j.mo1.m.s 3.37 5.54 9.8 12.68 15.40 17.50 18.20 22.64

Temperature ranges and respective irradiances used in the tolerance experiments. * all
irradiances measured with a Quantum/Radiometer/Photometer, LI-COR, model LI-250 light
Meter.



Appendix 2

PAR UV-A

Lamps positions

UV-B UV-B UV-A PAR

Experiment

1

induction - - " ,_ - -

induction (UV-
A+UV-B+PAR)

I I I I I I
Experiment

2

induction - - I I -

induction (UV-
A+UV-B+PAR)

1 1 1 1

Experiment

3

induction - - I 1
induction (UV-
A+UV-B+PAR)

I 1 1 1 1

Experiment (see van vugt,
1998)

4

Irradiance source during the experiments: combinations of the lamps used in each experiment
and its exact positioning within the setup.

-'



Appendix 3

Pilot experiments

• Experiment 1- subapical parts of the algae were cut and exposed to either 3 hours of

UV-B or 3 hours of UV-B+UV-A+PAR at 0, 12 and 25° C, without replication (n=3).

• Experiment 2- subapical parts of the algae were exposed simultaneously in two beakers,
at different temperatures 0, 12 and 250 C, to either 3 hours of UV-B or 3 hours of UV-B+UV-
A—PAR, until all temperatures were performed at each beaker. Each temperature perfomed in
each beaker consisted of 2 samples (with 7 fragments per sample), achieving a total n4.

The tluence conditions present in both experiments can be observed in the following
table:

UVB* UV-A PAR BED
(W.rn) -, .--1 -,

(Wnr) (tmo1.ms ) (J.m)

Pilot Experiments [uv-B

-B—UV-PR

0.471 - - 1697

').471 1 8 5.2 1697

Table 5- Fluence conditions present in the in both pilot experiments (*weighted dosis,
weighted with the action spectrum of Setlow, 1974).
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Appendix 4

DNA Extraction with CTAB (2 ml eppendorf)

Protocol after H.Klerk.

1- Take approximately 0.2-0.4 g of fresh alga and put in blue screwcap bottle partly filled with
Silica Gel. Store in a dark and cool place (4° C).

2- Homogenize approximately 20 mg (or 30 mg) of the dried alga fragments in 2 ml eppendorf
tubes, using liquid nitrogen.

3- Add 0.6 (or 0.9) ml of CTAB buffer + 1.2.il (or 1.8tl) of 2-mercaptoethanol (M=78.13
g/mol). Take the samples to the vortex and incubate for 2 hours in the RT on turntable.

4- Add CIA (24:1) in an equal volume of 0.6 ml (or 0.9 ml), mix well and centrifuge for 10
mm. at maximum speed.

5- Repeat previous step (at least 1-2 times) until no interphase is visible.

6- Take the waterfase to clean tubes and add cold (-20 °C ) isopropanol (2/3 of the volume of
sample existing in the tube), mix and put for 1 hour at 4° C (or 30 mm at -20° C).

7- Centrifuge for 30 mm. at 4° C and maximum speed.

8-Wash pellet twice with 0.3 ml (or 0.5 ml) of cold (-20 °C) 80% ethanol and dry under
vacuum for 5 minutes.

9- Dissolve in 0.3 ml (or 0.5 ml) lx TE.

10- Add 7 p.! of RNAse (or 11 p.1) from the stock of 200p.L/ml and incubate 30 minutes at 0

C.

11- Store in dark at 4 °C (few days) otherwise at -20°C for a longer time.



Appendix 5

Picogreen assay

1- Prepare a DNA reference line in 1.Ox TE. Take a standard DNA solution (10.tI/ml calf

thymus DNA solution) and dilute this to a concentration of 1 tg/ml then, apply 10 different

concentrations in the wells: 0, 10, 20, 30, 60, 100, 200, 300, 600, 900 nglml.

2- Pipette 100 tl of this reference line in the wells two times so you can have two lines of

DNA reference.

3- Dilute the samples 10 times with lOx TE (10 tl of solution : 90 tl of I Ox TE). vortex well

and apply in the wells in two different concentrations (ex: 20.il sol. :80 tl TE; 50 iii sol.: 50 .tl

TE).

4- Prepare the PicoGreen solution (dsDNA Molecular Probes P-758 1) by diluting it 1:200 with

1 .OxTE (50 p.! of PicoGreen and 10 ml of 1.Ox TE is enough for one microtraywell with 96
wells). Protect from the light.

5- Apply 100 p.! of PicoGreen in each well and put the microtraywell plate in the Victor 1420

to measure the DNA concentrations.



Appendix 6

Immunoslotbiot

Alternative steps when using the ECL methodare underlined.

1- Prepare 1.5 ml Eppendorf tubes with 100 or 200 .tl of sample and of reference DNA (all in
1 .OxTE).

2- Boil the samples in oventray with water for 10 mm. and put immediately on ice (and keep it
there).

3- Soak membrane filter (Nytran® 0.45.tm- Neutral nylon Transfer membrane for
DNA/RNAiproteins or the Proton® 0.1 m- mtrocellulose Transfer Membrane*) in sterile
Milli-Q (preferably a few hours), and soak in PBS prior to use.

4- Soak blotting paper (GB 003 Gel-blotting pappier) in PBS.

5-Put the Vacu-Gene pump on and put first the blotting papper and then the membrane filter
on the Dotbiotter (Dotbiotter SRC 96 D, S&S Minifold I). Remove air bubbles with sterile
glass pipet.

6- Put Vacu-Gene pump on 40 mb and apply the samples in the wells. Rinse 2x with 100 .tl
PBS.

7- Put the filter in the oven at 80 °C for 1-2 hours.

8- Add 0.1% v/v Tween (= 0.1 % polyoxyethylenesorbitan monolaurate) to PBS (PBS-T= 0.9
ml Tween : 900m1 PBS).

9- Incubate membrane filter in oven-tray (in a shaker) with 5% milkpowder (Elk) + PBS-I
(2.5 g in 50 ml) for 30 mm. at room temperature.

10- Wash 3x, 10 mm each with PBS-T.

'it



11- For CPDs: Incubate with first antibody (H3) for 2 hours at room temperature or overnight
at 4 °C (5 .tl H3 in 25 ml PBS-I with 0.5 % milkpowder= 0.25g); For the (6-4)
photoproducts: 25 .ti of 64 M-2 antibody in the same concentration of milk powder solution.

12-Wash 3x, 10 mm each with PBS-T.

13- Incubate with second antibody (Rabit-anti-Mouse + A.P) for 2 hours at room temperature
(5 p.! of antibody in 25 ml PBS-T with 0.5 % milkpowder= 0.25 g) or two hours in 25 p.1
Mouse immunoglobulins- HRP (with horse radish peroxidase)*.

14- Wash 4x, 15 mm. each with PBS-I.

15- Put approximately 30 ml buffer C in oventray, put filter in it and wash immediately; prepare
(in dim light) 2 ml Lumiphos Plus (GIBCO BRL, Life Technologies) + 15 ml buffer C and take
the filter ± the prepared solution to a dark room (not necessary when using the ECL method).

17- In dim light, pour the buffer C out of the oven tray and add the buffer C with the Lumiphos
or 15 ml of western blotting detection reagentsECL* (7.5 ml of each reagent from the

detection kit) and let it stand for 1-2 mm.

18- Seal the membrane filter in development folder (Gibco BRL, Photogene development
folders) with sealing apparatus (Vacupack 2 plus). In the dark: put a photosensitive film
(Kodak Scientific Imaging Film X-AR 5 or HyperfilmTh1ECLTh' High performance
chemiluminescence film*) on the sealed membrane filter for 5-20 mm.

19- Take the film from the membrane filter, put in developer (Processing chemicals Kodak
GBX developer/Replinisher- Sigma) for 2-5 mm. , put in a stop bath for a few seconds and
finally put in fixer solution for 2-5 mm (Processing chemicals Kodak GBX Fixer, Replinisher
for autoradiography films- Sigma). Rinse well in tapwater, demi water and let dry.



Appendix 7

Solutions used during the experiments

CTAB + PVP (In 100 ml):

• 2gCTAB

• 25 ml NaC1 (from 4 M stock)

• 4 ml EDTA (from 0.5 M stock)

• 10 ml Tris-HC1 (from 1M stock, pH= 8)

• 0.2 g PVP (2% polyVinilPyrrolidone)

• add sterile milli-Q until 100 ml of solution is obtained

Tris- Hcl (1M):

• dissolve 12 ig Tris base in 800 ml milli-Q

• adjust pH by adding a volume of HCI (0.1 ml)

• add sterile milli-Q until 1000 ml

EDTA (0.5 M):

• Dissolve 186.1 g Na2EDTA.H20 in 700 ml milli-Q

• adjust pH to 8.0 with NaOH

• add H20 until the volume of 1000 ml is achieved

11 (pH=8.0):

• 10 nM Tris-HC1 (from the 1M stock, pH 8.0)

• I nM EDTA (from stock, pH 8.0)

(Chloroform: isoamyl Aichool):

• 24:1



10 x PBS:

• dissolve in 1000 ml milli-Q:

• 8OgNaCl

• 2gKcl
• 11.5 g Na2HPO4 .7 HO

2gKH2PO4

Buffer C (100 ml):

• 10 ml MgC12 (from the 0.5 M stock)

• 10 ml Tris-HC1 (from the I M stock, pH=9. 5)

• 2.5 ml NaC1 (from the 4 M stock)

• add milli-Q until 100 ml is achieved

Kci (1M):

• dissolve 74.6 g KCI in demineralized water or milli-Q untill 1L.

MgC1( 1 M):

• dissolve 20.3 g MgC12. H20 in demineralized water or milli-W until 1L

NaCI (4 M):

• dissolve 23.3 89 g NaCl in demineralized water or milli-Q until 1L.

Developer:

• dilute 218 ml of developer solution and fill with demi water until the volume of 1000 ml is
achieved

Fixer:

• dilute 218 ml of fixeer and fill with demi water until the volume of 1000 ml is achieved.



Appendix 8

A-. DNA Concentrations

(.tg/m1) pilot 1 Pilot 2 Short Term 1 Short Term 2 Short Term 3 Short Term 4
0.85
0.85
0.77
0.87
0.82
0.83
0.64
0.79
0.78
0.48
0.61
0.58
0.77
0.66

0.71
0.76
0.64
0.80
0.64
0.53
0.54
0.75
0.56
0.46
0.66
0.62

2.36
1.24

1.13

1.24

0.77
1.19

0.71

0.97
0.87
0.94
0.67
1.13

1.13

0.60
0.77
0.86
1.09

0.64
0.91

0.53
0.69
0.39
0.91

0.63

1.01

0.96
0.77
0.63
0.58
0.81

0.64
0.58
0.46
1.08

1.22

0.68

Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6
Sample 7
Sample 8
Sample 9

Sample 10
Sample 11
Sample 12
Sample 13
Sample 14
Sample 15
Sample 16
Sample 17
Sample 18
Sample 19
Sample 20
Sample 21
Sample 22
Sample 23
Sample 24
Sample 25
Sample 26
Sample 27
Sample 28
Sample 29
Sample 30
Sample 31
Sample 32
Sample 33
Sample 34
Sample 35
Sample 36
Sample 37
Sample 38
Sample 39
Sample 40
Sample 41
Sample 42
Sample 43
Sample 44
Sample 45

13.37
11.87
14.64

10.10
8.90
12.1

20.32
10.27

7.09
9.26
7.16
14.95

5.30
9.69
7.84
7.43
11.31
8.44
7.73
10.07
10.63

5.17

11.9

8.34
6.33

5.42
7.80
6.97
11.88

10.37

11.21

4.96
4.99
4.86
11.41

4.28
10.29

8.95
7.64

8.69
5.28
5.38
4.31

6.15
6.61

9.38

6.20
9.67
5.84

8.07
7.11

3.82
10.96

7.29
6.37
6.05
7.84
4.12
8.82
5.05

9.61

5.86
7.88
10.65

5.70
6.20
8.01

8.06
8.08
6.00
2.7

10.38

5.93
7.86
7.99
6.24
12.08
8.42

4.99
5.31

4.44
8.18
5.40
9.68
7.64
9.72
10.50

8.08
5.20
7.34
6.31
6.27
10.58
11.74
11.24
8.70
9.87
10.73

7.50
9.16
8.01
7.22
4.43
7.78
8.82
7.30
5.92
4.75
6.34
7.49
9.32
7.75

8.33

13.46

7.43

11.21

6.27
9.96
8.47
12.68

10.90

12.63

10.95

12.49

15.49

13.76

15.64

9.82

13.28

14.35

9.22

15.16

10.15

9.44

15.05

11.17

15.07

10.54

10.87

7.80

9.65

11.46

11.63

16.96

11.72

14.19

15.73

16.54

19.01

17.53

25.86
14.97

14.95

14.65

15.03

13.T2

13.84

xi



(cont.) iHlOt 1 Pilot 2 Short Term 1 Short Term 2 Short Term 3 Short Term 4
Sample 46 5.63 5.68 10.71

Sample 47 8.27 8.12 7.18
Sample 48 10.55 5.51 11.71

Sample 49 3.63 7.67 17.56

Sample 50 7.69 6.37 20.78
Sample 51 10.18 7.89 10.80

Sample 52 8.18 1.11 19.61

Sample 53 8.06 3.91 18.89

Sample 54 6.37 6.21 15.24

B- Gray scale values

Pilot 1 Pilot 2 Exp I Exp 2 Exp 3 Exp 4

T-T T-T T-T (6-4)PP T-T (6-4)PP 1-1 (6-4)PP 1-1 (6-4)PP
jig DNA 0.2 0.2 0.1 0.2 0.1 0.2 0.1 0.2 0.2 0.2

used
sample 1 181.6 171.9 0 0 0 0 0 0 52.2 8.9
sample2 183.6 184.2 0 0 0 0 0 0 52.1 18.6

sample3 155.1 156.5 115.8 180.1 0 0 0 0 56.1 19.3

sample4 25.8 11.5 110.5 173.3 18.6 67.0 227.5 194.8 124.8 143.7
sampleS 146.6 120.5 109.6 169.9 133.7 216.3 243.5 205.3 123.7 131.3

sample6 35.3 137.7 114.3 175.3 89.3 155.8 225.2 169.9 99.6 128.3

sample7 171.0 188.4 0 0 0.8 113.0 207.4 146.6 121.6 116.5
sample8 112.6 131.8 0 0 1.8 59.4 203.6 133.1 141.6 141.3

sample9 - 150.7 194.8 195.5 3 68.9 226.0 176.4 - -

samplelO 34.8 146.1 129.2 184.7 0 0 0 0 - -

samplell 65.1 160.1 111.4 175.3 0 0 0 0 -

samplel2 1.3 10.7 91.0 178.8 0 0 0 0
samplel3 0 60.7 0 0 197.9 225.3 210.9 217 -

samplel4 190.8 21.5 0 0 168.5 211.8 234.2 220.5
samplel5 155.3 0 191.1 202.5 221.5 193.1 226.7 208.9
samplel6 31.2 57.1 200.1 197.7 0 81.9 207.4 161.6 -

samplel7 0.1 196.4 45.8 159.8 0.13 124.0 203.6 142 - -

samplel8 9.7 145.6 111.9 68.2 0.04 16.9 226.0 172.9 - -

samplel9 168.5 0 0 0 0 - 0 129.7 26.5
sample2o 59.6 0 0 0 0 - 0 107.8 25.9
sample2l 0 159.8 178.2 0 0 - 0 117.9 29.1
sample22 69.7 173.1 201.4 235.2 213.0 - 169.3 85.7 12.8
sample23 117.5 134.5 186.5 194.3 149.3 - 214.3 100.8 23.3
sample24 123.2 155.2 191.4 232.7 187.7 - 237.2 101.2 25.6
sample25 0 0 0 77.3 - 169.6 141.2 107.6

sample26 0 0 0 150.8 - 150.9 149.2 125.1

sample27 144.3 192.7 0 5.6 - 185.2 63.27 6.5
sample28 177.9 196.6 0 0 0 0 67.2 4.4
sample29 105.4 147 0 0 0 0 59.9 0

sample30 32.4 101.7 0 0 0 0 115.5 5.0
sample3l 0 0 234.7 231.0 177.1 223.8 103.0 7.3

sample32 0 0 226.6 224.0 203.5 236.8 105.5 14.4

sample33 119.8 6.4 0 - 153.3 201.9

______
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Key for the samples:

(6-4)PP T-T (6-4) PP T-T (6-4)PPT-T 1-1 T-T (6-4)PP 1-i
sample34 194.8 169.3 20 106.4 162.5 214.7

sample35 55.7 201.4 35.6 75.0 196.4 227.1
sample36 111.5 144.4 50.3 201.2 216.1 202.9
sample37 0 0 0 0 0 0

sample38 0 0 0 0 0 0
sample39 163.9 186.3 0 0 0 0

sample4O 189.4 200.5 112.7 134.7 196.7 177.1

sample4l 137.1 168.9 200.2 181.3 215.5 209.1
sample42 156.8 174.6 173.9 196.8 183.2 169.8
sample43 0 0 0 24.9 162.5 139.2
sample44 0 0 0 4.5 196.4 144

ample45 163.5 202.9 0 0.4 216.1 123.7
sample46 178.8 201.5 0 0 0 0

sample47 64.4 138.9 0 0 0 0

samplc48 115.4 181.4 0 1) 1) 0

sarnple49 0 0 193.9 217.6 212.8 120.1

ample5O 0 0 224.9 It,3.8 231.1 93 6
amplc51 189.6 203.3 222.4 19.5 240.9 45 )
urnpIe2 -"c 201.6 0 5.3 61.5 15
mpIe53 135.6 188.1 0 1 1t.3 8.5 155.3

arnpk54 15.5 185.3 0 31.9 54.3 61.5

Pilot I Pilot 2 Ep. I Ep. 2 Lp.3
treit. r' C') treat. Ii' (: treat.

.aiiiple I

-.iinple2

.ainple3

anipIe.4

sainpIc
sanipleo

saniple7

sample8

sample9

sainpielO

saniplell

sainplel2

samplel3

samplel4

saniplel5

sarnplel6

sarnplel7

sarnplel8

sarnplel9

saniple2O

sarnple2 I

Th C)

()
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0

0
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12

12

12
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12

12

12

12

12

25

25

treat.

C

C

C

B

B

B

BA?
BA?
BA?

C

C

C

B

B

B

BA?
BA?
BA?

C

C

C

T( C

0

0

0

0

0

12

12

12

12

12

12

25

25

25

25

25
25
0

0

0

I real.

C

C

B

B

BAP
BA?

C

C

B

B

BA?
BA?

C

C

B

B

BA?
BA?

C

C

B

C)

0

0

0

0

0

0

12

12

12

12

12

12

25

25

25

25

25

25

0
0

0

C

C

B

B

BA?
BA?

C

C

B

B

BA?
BA?

C

C

B

B

BA?
BA?

C

C

B

U

U

(1)

U

()

0

0

0

0

12

12

12

12

12

12

12

12

12

25

25

C

C

C

B

B

B
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C

C

C

B

B

B
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C

C

C

ii

(.)

0

()

0

0

0

12

12

12

12

12

12

12

12

12

25

25

25

C

L

C

B

B

B

BA?
BA?
BA?

C

C

C

B

B

B

BA?
BA?
BA?

C

C

C

()

0

C)

4

4

4

6
6

6

treat.

C

C

C

B

B

B

B

B

B

A?
AP
A?

xiii



sample22 25 B 0 B o B 25 B 25 B 8
sample23 25 B 0 BAP 0 BAP 25 B 25 B 8 AP
sample24 25 B 0 BA? 0 BA? 25 B 25 B S A?
sample25 25 BA? 12 C 12 C 25 A? 25 BA? 8 D
sample26 25 BA? 12 C 12 C 25 A? 25 BA? 8 D
sample27 25 BA? 12 B 12 B 25 A? 25 BA? o/n A?
sample28 12 B 12 B 0 C 0 C 0/n AP
sample29 12 BA? 12 BA? 0 C 0 C o/n AP
sampleJO 12 BA? 12 BA? 0 C U C o/n D
sample3l 25 C 25 C 0 B U B 0/fl D
sample32 25 C 25 C I) B () B 0/n D
sample33 25 B 25 B U B U B

_________

25 B 25 B 0 A? U BA?
sample35 25 BA? 25 BA? 0 A? U BA?
sample36 25 BA? 25 BA? U A? U BA?
sample37 0 C 12 C 12 C
sarnpk3X () C [2 C 12 C
sample39 0 B 12 C 12 C
aflIPlC-$O

U B 1 2 B 12 B
.'ampk4l 0 BA? 12 B 2 B
ampIe42 U BA? 1 2 B 2 B
.imple43 12 C 2 P 2 BA?
'.nispk44

2 C 2 Al' 12 BA?
ainpk'4 2 B 12 Al' 1 2 BA?
'anIple46

1 2 B 5 C 25 C
ample4' 12 BP 25 C 25 C
ample4S] :2 BAP 5 C 25 C
ample49 C 5 B 25 B
sampletJ 25 C 25 B 25 B
WI)lCl 25 B 25 B B
sampk52 25 B 25 A? 25 BA?
.uiiple3 5 BA? 25 A? 25 B.\P
sample4

______ ________

25 BA? 25 A? 25 B.AP -

B- UV-B AP- UV-A+PAR
D- dark BAY- UV-B+ UV-A+ PAR
C- Controls oln- over night
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