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ABSTRACT 

UV resistance mechanisms have been extensively studied in bacteria, 

fungi, and mammalian cells, but little is known about these mechanisms in plant 

cells. We have developed a genetic screen to help identify mutant Arabidopsis 

plants that are hypersensitive to the damaging effects of UV light. Six mutants, 

designated uvhl through uvh6, were isolated by this screening procedure. The 

uvh mutants, which behave as single recessive traits, form six complementation 

groups. Although isolated as hypersensitive to UV-C light wavelengths, all of 

the uvh mutants are also hypersensitive to small fluences of UV-B wavelengths 

that do not affect wild type plants. UV -induced damage in the uvh mutants 

could be reduced or eliminated by subsequent exposure to light containing 

photoreactivating wavelengths, suggesting that the damage is pyrimidine 

dimers. 

One of the mutants, uvhl, was shown not to be defective in protection of 

chloroplast and nuclear DNA from UV-induced damage, suggesting that the 

defect in uvhl may be in repair or toleration of UV-induced damage. Further 

analysis revealed that levels of UV-induced DNA damage removal were the 

same in chloroplast and nuclear DNA of uvhl and wild type plants. uvhl was 

more sensitive than wild type to the rosette-inhibiting effects of ionizing 

radiation, suggesting a possible defect in recombinational repair in uvhl, 

however, the frequency of meiotic recombination was normal in uvhl. In a 

collaborative study with Dr. E. Signer, Department of Biology, Massachusetts 

Institute of Technology, uvhl was shown to be defective in T-DNA integration, 

suggesting a defect in non-homologous genetic recombination. 
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As a first step in isolating the gene by map-based cloning, genetic and 

RFLP mapping techniques were used to localize the uvhl mutation to a region of 

chromosome 3. 
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Chapter 1 

INTRODUcnON 

Si&nificance of Studying UV Resistance in Higher Plants 

Exposure of DNA to UV light produces cyclobutyl pyrimidine dimers 

(CPO's) and 6-4 pyrimidine-pyrimidinone products between adjacent 

pyrimidines in a DNA strand and other less frequent types of damage. The 

CPO's appear to produce the major biological effects; they are lethal and 

mutagenic to cells and must be removed. All organisms appear to have 

developed similar mechanisms for removing or coping with UV -induced 

pyrimidine dimers. These mechanisms include photoreactivation, excision repair 

and post replication repair, as illustrated below. UV-C (ultraviolet wavelengths 

<280 nm) produces CPO's very efficiently since it is absorbed well by 

pyrimidines. UV-B (280-320 nm) is absorbed less well by pyrimidines but still 

produces significant amounts of CPO's (Quaite et al., 1992). 

Models for Repair from Other Organisms and Evidence for Their Existence in 

Plants 

Figure 1.1 shows the major DNA repair mechanisms known to operate in 

the bacterium E. coli. There is biochemical evidence that each of these 

mechanisms exists in plants [see (McLennan, 1988) for an extensive review]. 

Very little is known about the genetics or genes involved in UV resistance in 
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higher plants; the only genetic analysis of repair in plants has been done with 

Chlamydomonas reinhardi , a single-celled green alga (Davies, 1967). The work 

described here is one of the first genetic studies of UV-resistance in higher plants. 

We chose to work with higher plants because; 1) plants are exposed to high 

chronic levels of UV present in sunlight, 2) plants have specific receptors to UV 

light such that they should have mechanisms for a rapid response to changes in 

UV intensity; and 3) they show specific physiological and morphological changes 

in response to UV exposure. 

In photoreactivation (I) an enzyme, photolyase, binds to a CPD and in the 

presence of light breaks the dimer and restores the correct DNA sequence. The 

light dependent removal of CPD's has been demonstrated for a wide variety of 

higher plant species including tobacco (Trosko and Mansour, 1968), Gingko 

(Trosko and Mansour, 1969), carrot (Howland, 1975), maize (Ikenaga and 

Mabuchi, 1966), barley (Cieminis et al., 1987), and Arabidopsis (Pang and Hayes, 

1991). The action spectra for photolyase activity has been determined for a 

number of plant species as well. The action spectrum for the maize enzyme 

shows a peak around 385-405 nm, bean photolyase at 405 nm (Saito and Werbin, 

1969), Gingko is at 420 nm (Trosko and Mansour, 1969), and Arabidopsis shows 

photolyase activity optimally at 375 nm (Pang and Hayes, 1991). The photolyase 

of E. coli shows maximum activity at 375 nm (Sancar et al., 1987) which suggests 

evolutionary conservation of this important enzyme. Cox and Small (Cox and 

Small, 1985) isolated a mutant of Chlamydomonas, Phr1, that is deficient in 

photorepair of nuclear DNA but appears to be proficient in photorepair of 

chloroplast DNA suggesting that there may be distinct mechanisms for repairing 

nuclear and organelle DNA in this alga and possibly in higher plants as well. 
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In excision repair (II), a protein complex binds to and excises the 

pyrimidine dimer; the residual gap is then filled in by DNA polymerase using 

the undamaged DNA strand as template. Evidence for excision repair has been 

shown for carrot protoplasts, tobacco, Haplopappus, petunia , and grass pea 

(Howland, 1975; Howland and Hart, 1977, Soyfer and Cieminis, 1977). 

Endonucleases that make single stranded incisions on UV-irradiated DNA have 

been partially purified from carrot (McLennan and Eastwood, 1986) and spinach 

(Doetsch et al., 1989). The UVS1 mutant of Chlamydomonas is deficient in 

excision repair of nuclear DNA but is proficient for excision repair of chloroplast 

DNA. This observation suggested the presence of separate mechanisms for 

nuclear and organelle DNA repair. 

In post replication repair (m), the DNA replication machinery of the cell 

leaves a gap opposite the pyrimidine dimer which is subsequently filled by 

genetic recombination between the two newly formed sister chromosomes. 

Conclusive evidence for DNA strand exchange as a UV -damage tolerance 

mechanism in plants does not exist; although DNA strand breaks caused by "(

irradiation or X-rays, which are thought to be repaired by recombinational 

mechanisms, have been shown to be rapidly repaired in carrot (Howland et aI., 

1975) and Tradescantia (Veleminsky and Van't Hof, 1975). The uvsEl mutant of 

Chlamydomonas has been shown to be partially defective in nuclear gene 

recombination frequency (Rosen and Ebersold, 1972). 

In E. coli, the recA gene is important for post replication repair (West et aI., 

1981; Moreau, 1983). Two apparent analogs of E. coli RecA protein have been 

isolated from Arabidopsis. Cerruti et al isolated an Arabidopsis cDNA clone which 

encodes a protein with strong sequence similarity to bacterial RecA proteins 
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(Cerruti et aI., 1992). Pang et al isolated an Arabidopsis cDNA that can partially 

complement the phage A. recombination defect of certain E. coli recA mutations 

but shows little sequence similarity to bacterial recA genes in sequences outside 

of the nucleotide-binding region (Pang et aI., 1992). Both of these Arabidopsis 

cDNA's contain probable chloroplast transit peptide sequences at the NH2-

terminus. 

In replication bypass (IV), a modified DNA polymerase inserts bases 

opposite the dimer, with a high frequency of errors. Although the dimer is not 

removed, plant cells are able to replicate dimer-containing DNA by this 

mechanism of damage toleration (McLennan, 1987; McLennan, 1988). One study 

gave indirect evidence that barley cells can perform replication bypass 

(Veleminsky et al., 1980) but additional information on this type of damage 

toleration in plants is lacking. 

In addition to these mechanisms, plants synthesize protective pigments 

which shield the DNA from UV light. Products of the flavonoid biosynthetic 

pathway which are known to be induced by UV-B (Wellmann et aI., 1976) (Kuhn 

et al., 1984) have been shown to reduce the amount of UV-B induced DNA 

damage (Takahashi et aI., 1991) and photosynthetic damage (Tevini et aI., 1991) 

when induced in plant cells. Plant mutants defective for flavonoid biosynthesis 

have been shown to have increased sensitivity to UV damage (U et aI., 1993). 

Objectives and Rationale of this Study 

The long term goal of this research is to analyze genetic control of 

resistance to ultraviolet light in plants. In bacteria, yeast and humans, a large 
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number of genes are required for repair of DNA damage. The identification of 

these genes and their products has played a major role in elucidating the 

mechanisms of UV-repair in these organisms. The primary focus of this study 

was to isolate UV-hypersensitive plant mutants to learn what protective and 

repair mechanisms are important for resistance to ultraviolet radiation. We 

expect that such mutants will be defective in these repair or protective 

mechanisms, or in their regulation. With these mutants and the tools of 

molecular genetics and biochemistry, it should be possible to identify the 

mechanisms and pathways of DNA repair and UV protection in plants, and the 

genes which specify and regulate these functions. 

Arabidopsis has been chosen for this analysis because this plant is being 

subjected to exhaustive genomic studies, which will greatly facilitate the 

mapping of mutants and cloning of genes. Arabidopsis is a small plant with a 

small, uncomplicated genome (100,000 kb pairs, several-fold larger than that of 

the yeast S. cerevisiae, with very little repetitive DNA) and a short generation time 

of about 7 weeks in the laboratory (Meyerowitz, 1989; Meyerowitz, 1990). Many 

informative physiological and regulatory mutants of Arabidopsis have been 

isolated, and two RFLP (restriction fragment length polymorphism) maps are 

available (Chang et al., 1988; Nam et al., 1989). Using these maps, we can rapidly 

map mutants to a region of a particular chromosome. A physical map of 

overlapping contigs is rapidly being assembled for Arabidopsis so that in the near 

future it should be possible to obtain a set of clones that map to any particular 

region of interest. Arabidopsis is readily transformable with derivatives of the Ti 

plasmid engineered to carry cloned Arabidopsis DNA fragments, so that clones 

from the physical map could be used to test for complementation of mutant 
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plants, allowing gene identification. A recent example of this technology was the 

map-based cloning of a gene for fatty acid metabolism (Arondel et aI., 1992). 

In addition to a genetic analysis and preliminary characterization of 

several of the mutants, one of the most hypersensitive mutants has been 

analyzed in greater detail. To this end, a sensitive method for detection of DNA 

damage, called the Dra I assay, has been developed. Using this assay we were 

able to measure UV-induction of DNA damage in the chloroplasts and nuclei of 

mutant and wild type plant tissues. The assay was also used to measure the 

ability of wild type and mutant tissues to remove UV-induced DNA damage. 

RFLP markers were used to map one of the mutations and to measure the 

frequency of chromosome recombination during meiosis. 
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Chapter 2 

MATERIAlS AND MErnODS 

Growth Conditions 

Arabidopsis thaliana (ecotype Columbia) seed was obtained from Dr. Fred 

Lehle, University of Arizona. This strain is homozygous for gil on chromosome 

3, which confers a glabrous (lack of trichomes) phenotype on the leaves and 

stems of the plant. Seed from this stock showed a great deal of variation in 

germination and growth rate, which could interfere with screening of uv
sensitive mutants, because detection depended upon our ability to determine the 

influence of UV light on plant growth. To control this variability, we first 

generated a non-varying derivative of ecotype Columbia, called CIO. CIO was 

made by first generating a purified stock by single seed descent, i.e. by 

successively amplifying seed from a single parent plant, one that genninated and 

grew reliably under our conditions, over several generations. 

Plants were grown at ambient room temperature and humidity in soil 

(Sunshine All Purpose Potting Mix Plus, Fisons) with 24-hour illumination from 

two 4o-watt cool white fluorescent bulbs set 35 em above the plants (2000 Lux 

intensity), and watered as needed with tap water. 
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Ultraviolet Lisht Sources 

UV -C radiation (predominant wavelength = 254 run) was supplied by a 

germicidal UV lamp (Sylvania G8TS) at a rate of S J/m2/sec. UV-C levels were 

measured using a UVX Digital Radiometer equipped with a recently calibrated 

UVX-25 UV-C sensor (UVP, Inc.). For the higher UV-C fluences needed for the 

Dra I assay, UV-C irradiation was performed in a recently calibrated UV 

crosslinker (Stratalinker 2400, Stratagene) by selecting the particular energy 

setting desired. UV-B was supplied by two UV-B lamps (UBL FS40T12-UVB, 

National Biological Supply) at a rate of 2.7 MED/hr. UV-B light was filtered 

through two layers of 0.127-mm cellulose acetate (ProArt Supply, Beaverton, 

OR). The ultraviolet transmission properties of cellulose acetate were measured 

in a scanning spectrophotometer (Beckman, model DU-62). This thickness of 

cellulose acetate strongly absorbed all wavelengths less than 290 nm. (0.5, 2, 7, 

and 20 percent transmittance at 280,285,290,295 nm respectively). UV-B levels 

were measured using a Model2D Erythema UV Intensity Meter (Solar Light Co., 

Inc.) and are expressed in Minimum Erythemal Dose (ME D) units. Minimum 

Erythemal Dose is defined as the dose causing fair Caucasian skin to barely 

redden. UV-B was also measured with the UVX Digital Radiometer· equipped 

with a UVX-31 sensor (UVP, Inc.). One MED corresponds apprOximately to 210 

J/m2 UV-B. 

Following UV irradiation, plants were either incubated under normal growth 

conditions (see above), allowing photoreactivation, or were incubated under gold 

lights (Sylvania Gold, F4OGO), which are deficient in wavelengths necessary for 

photoreactivation (Pang and Hayes, 1991), under the same growth conditions. 
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Mutasenesis 

Mutagenesis was carried out by soaking approximately 15,000 C-I0 seeds 

(Ml seed) in 0.3% ethyl-methanesulfonate (EMS, Sigma) for 15 hours, rinsing the 

seeds extensively in distilled water, and planting the seeds in soil (Estelle and 

Somerville, 1987). Seed from approximately 12,000 plants (M2 seed) was 

collected in bulk after the plants had thoroughly dried. It has been estimated 

[Estelle, 1986 #41) that, using this mutagenesis protocol, loss of function mutants 

can be recovered for many loci by screening approximately 2000 plants. 

We tested the efficiency of the mutagenesis treatment by plating an aliquot of 

the EM5-mutagenized M2 seed on allyl alcohol plates. Seeds homozygous for a 

recessive loss of function mutation in the alcohol dehydrogenase (Adh) gene 

[Chang, 1986 #33~ will survive in the presence of allyl alcohol because they can 

not convert it into the more toxic compound acrolein, high concentrations of 

which are toxic to cells. We screened 12,312 EM5-M2 seeds for resistance to allyl 

alcohol and recovered 7 resistant plants. Thus, homozygous Adh- mutants were 

recovered from the EM5-mutagenized seed population at a frequency of 1 per 

1758 plants (7/12,312). We therefore expected homozygous recessive mutants of 

other nonessential loci within this seed population to be recoverable at a similar 

frequency. 
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Genetic Screen for UV -H~rsensitive Mutants 

Three-week-old EM5-mutagenized M2 plants growing in soil were 

screened for UV-hypersensitivity by applying a UV-absorbing foam solution 

over the center of the rosette. This foam covered the inner half of the mature 

leaves and also protected the primary meristem of the plant. The foam solution 

consisted of 0.5% para-amino-benzoic acid (PABA, Sodium Salt, Grade I-S, 

Sigma) and 10% bovine serum albumin (BSA, fraction V powder, Sigma) in 

water. PABA was selected as the UV-filtering compound since it absorbs UV 

strongly (absorption max. in H20 = 266 nm, El'JD1an=1070) and is not toxic to 

Arabidopsis. After experimenting with several different carriers for the UV

absorbing PABA compound, we settled on a viscous BSA solution that when 

whipped with a wire whisk would produce a foam that was light enough not to 

bend the plant parts and that would dry and flake off well enough not to affect 

growth and development of the plant following UV irradiation. When whipped, 

this solution allowed only 0.2% UV (260 nm.) transmittance in a 1-cm quartz 

spectrophotometer cuvette. 

Putative UV-Hypersensitive mutants were identified by the presence of 

yellowed and shriveled outer leaf portions. These plants were removed and 

grown to produce seed (M3 seed). In most cases (23/31), these plants 

successfully produced seed. M3 plants were retested for hypersensitivity to UV

e and also UV-B, as described above. 

Genetic crosses for complementation tests were performed by hand 

emasculating the recipient flower prior to pollen maturation and hand 
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pollinating with the mature pollen of the donor strain. The resulting Fl progeny 

were tested for UV-hypersensitivity. 

Assays Used for Measurement of UV Sensitivity 

UV-B survival curves for wild type and mutant strains were created by 

irradiating 9 day old seedlings with various fluences of light from two UV-B 

bulbs shielded with 2 layers of acetate film. The acetate film removes essentially 

all UV wavelengths shorter than 28S nm. Plants of this age showed cotyledons 

and the first true leaves. Prior to irradiation, plants were carefully counted and 

represent the total number of plants treated for each UV-B fluence tested. 

Following irradiation, plants were incubated in cool white fluorescent light, 

which provides photoreactivating wavelengths, or gold light, lacking such 

wavelengths, for an additional 11 days before determining the number of plants 

that remained green and viable (survivors). The ratio of survivors/total 

provided a quantitative measure of the UV sensitivity of the strain. 

,,(:Irradiation of Seeds in Water (Procedure used by Mike Jenkins, Univ. of 
Arizona) 

For each "tray dose, 110 seeds were presoaked in 200 IJ.l water for 24 hours 

in a single well of a flat-bottomed 96 well microtiter dish. Imbibition of 

Arabidopsis seeds has been shown to increase the mutagenic effectiveness of 

ionizing radiation 12 fold (Robbelen, 1964). The seeds were irradiated in the 

microtiter dish and immediately planted in soil. The ability to form the first two 

true leaves was scored 14 days after irradiation. 
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RFLP Mapping 

F3 plants were screened for UV -hypersensitivity by irradiating the plants 

growing in soil with 50 J/m2 UV-C, then incubating the plants under gold light 

(lacking the wavelengths required for photoreactivation of UV damage) for three 

days. The F3 pools were scored as being homozygous for uvhl (all plants of the 

pool UV-hypersensitive), heterozygous for uvhl (approximately 1/4 of the plants 

UV-hypersensitive), or homozygous for UVHl (all plants UV-resistant). 

DNA from F3 pools was made by a CTAB extraction procedure (Doyle 

and Doyle, 1990). One half of each DNA sample was digested with Hind ill (to 

detect polymorphism with the g2440 RFLP probe); the other half of the sample 

was digested with CIa I (for g6220 RFLP detection). Restriction enzyme 

digestions were allowed to incubate overnight in IX KGB (100 mM potassium 

glutamate, 25 mM Tris-acetate (pH 7.6), 10 mM magnesium acetate, 50 Jlg/ml 

bovine serum albumin 0.5 mM 2 mercaptoethanol) (McClelland et al., 1988), 

electrophoresed in 0.8% agarose in Ix TBE, and Southern blotted to nylon 

membranes. A. RFLP clones (Chang et al., 1988) were obtained from Elliot 

Meyerowitz, California Institute of Technology. Phage DNA was prepared from 

high titer lysates essentially by the method of Asundi et al (Asundi et al., 1990). 

Cosmid RFLP markers [Nam, 1989 #1303 were obtained from the Arabidopsis 

Biological Resource Center, Ohio State University, Columbus, Ohio. Cosmid 

DNA was prepared using QIAGEN-tip 100 columns as per the manufacturers 

protocol. Phage and cosmid DNA was labeled by nick translation using the BRL 

Nick Translation Kit and 800 Ci/mmol a 32P-dCTP (NEG-013A, NEN). 
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Prehybridization, hybridization and wash treatments of the nylon membranes 

was as described above. Recombination fractions and relative log-likelihood's 

were calculated by two point analysis using Mapmaker v1.0 (provided by S. 

Tingey, DuPont Corp, Wilmington, DE). 

Genetic Mapping 

We obtained the strain CS7, which is homozygous for the visible 

chromosome m genetic markers hy2 (long hypocotyl), gil (glabrous leaves) and 

tt5 (transparent testa), from the Arabidopsis Biological Resource Center at Ohio 

State University. CS7 was crossed to a strain that was homozygous for the uvhl 

mutation and homozygous wild-type for HY2, GL1, and TT5. The resulting F1 

generation was allowed to self-fertilize, producing the F2 generation. To analyze 

the F2 generation directly, three week-old F2 plants growing in soil were 

irradiated with 50 J/m2 UV-C, incubated under gold light for three days, then 

scored for UV-hypersensitivity. At that time each F2 plant was scored for 

homozygosity for hy2 and gl1 by visual inspection. Homozygosity for tt5 was 

determined by placing the plant in acidic methanol (1 % HCI in methanol) for 5 to 

10 minutes. This solution degrades chlorophyll and reveals the presence or 

absence of anthocyanins (appearing as red pigmentation) in the center of the 

rosette. Direct analysis of the F2 can reveal homozygosity for recessive 

mutations but plants that do not display the recessive mutant phenotype could 

be either homozygous or heterozygous wild type at that locus. By analyzing the 

F3 progeny from individual F2 plants, a more informative data set was obtained. 
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Segregation data from 226 F2 individuals (data not shown) was combined with 

the F3 data shown in Table 5.3 to derive the LOD scores listed in Table 5.4. 

DNA Damase Induction Assays 

Six Leaves were used for each DNA extraction. Mature leaves from 3- to 

4-week-old plants were excised, laid flat on aluminum foil with the petiole 

sandwiched between layers of paper towels moistened with tap water, and 

irradiated with UV-C. 

Plant nuclear plus organelle DNA was prepared by a modified CTAB 

procedure (Doyle and Doyle, 1990). Plant material was frozen in liquid nitrogen 

and ground to a fine powder in a cold mortar and pestle then transferred to a 30 

ml Teflon-coated oak ridge tube. Isolation buffer [2% 

hexadecyltrimethylammonium bromide (CrAB, Sigma), 1.4 M NaCI, 0.2% 2-

mercaptoethanol, 20 mM EDTA, 100 mM Tris-HCI (pH 8.0)] was then added (5 

mL/0.5g) and incubated at 55°C for 30 minutes. Samples were extracted with 

chloroform:isoamyl alcohol (24:1) and then precipitated with 2/3 volume of 

isopropanol. The nucleic acid pellet was resuspended in 200 J.l.L of isolation 

buffer and incubated for 5-30 minutes at 55°C, re-extracted with 

chIoroform:isoamyl alcohol (24:1) and precipitated with 2/3 volume isopropanol. 

DNA pellets were then rinsed with 70% ethanol, dried, and resuspended in 

water. Digestions with 20 Units of the restriction enzyme Dra I (Boehringer

Mannheim) were incubated overnight in the buffer supplied. The possibility that 

contaminants in the DNA preparation were the cause of incomplete DNA 
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digestion was eliminated by demonstrating that exogenous A. DNA, when added 

to duplicate plant DNA samples, was cut to completion. 

The nuclear gene probe was a 1526-bp 18S rRNA gene fragment created 

by the polymerase chain reaction (PCR) using primers 5'

GTGTAAGTATGAACGAATTC-3' and 5'-GGAATTCCTCGTTGAAGACC-3', 

which correspond to positions 144-163 and 1651-1670 respectively (Unfried et al., 

1989). Amplification reactions were performed in 100 J1L using 5 ng of 

Arabidopsis genomic DNA (ecotype Columbia) in 10 mM Tris-HCI, pH 8.3, 50 mM 

KCI, 1.5 mM MgCI2, 0.01 % gelatin, 0.2 mM each dATP, dCTP, dGTP and dTTP 

and 0.5 U of Taq polymerase (Promega) final concentrations. PCR was 

performed using a thermal cycler (model 480, Perkin-Elmer-Cetus). After a 3-

min hold at 94·C samples were cycled 30 times through 1 minute at 94 ·C, 1 

minute at 42·C, and 2 minutes at 72·C. After a 4-min extension at 72·C, the 

amplified product was held at 4·C then purified by centrifugation in a 

microconcentrator (Centricon-30, Amicon). The chloroplast DNA probe was a 

1458-bp Bam In-Pst I fragment of the rbeL gene from Amaranthus hypoehondriacus 

(Michalowski et al., 1990). Probes were radio-labeled by random priming 

(Prime-It Kit, Stratagene) using a32P-dCTP. Pre-hybridization and hybridization 

were performed in 0.25 M Na2HP04 (pH 7.2), 7% SOS at 68°C. Washes were 

performed twice in 20 mM Na2HP04 (pH 7.2), 5% SOS for 15 minutes at 68°C 

and twice in 20 mM Na2HP04 (pH 7.2), 1 % SOS for 15 minutes at 68°C. 

Individual bands on radioactive Southern blots were quantified using a 

Molecular Dynamics Phosphor Imager model 425. 
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DNA Damage Repair Assays 

Dra I assays were performed as described above. T4 endonuclease assays 

were performed as follows. crAB extracted DNA samples (10 J,1g) were digested 

for 18 hours with IOU Pst I in 40 J,111X KGB buffer (McClelland et al., 1988). The 

digested DNA sample was then split into two equal aliquots. One aliquot was 

treated with 2 J.1l T4 endonuclease V (Stephen lloyd, Vanderbilt University) (1 J.1l 

incises 10 J,1g of pBR322 DNA containing 25 thymine dimers per molecule to 

completion in 30 minutes at 3J70C); the other sample was mock-treated with T4 

endonuclease V dilution buffer only (100 mM NaCI, 1 mM EDTA, 100 J.lg/ml 

BSA, 10 mM Na2HP04 (pH 6.5» for 45 minutes at 37°C. 4 J.1l alkaline loading 

dye (0.5 N NaOH, 25% glycerol) was then added and the samples were loaded 

onto 0.4% alkaline agarose gels (50 mM NaCI, 4 mM EDTA, 0.4% agarose) and 

electrophoresed in 30 mM NaOH, 2 mM EDTA essentially as described (Freeman 

et al., 1986). The nuclear- and chloroplast-specific gene probes, pre

hybridization, hybridization and phsophor imager analysis were as described 

above. 

Meiotic Recombination Measurement 

To construct strains that were heterozygous for both g2440 and g6220 and 

homozygous mutant or homozygous wild type at the uvhl locus, the Columbia 

strain homozygous for uvhl was crossed to the Landsberg ecotype. Fl plants 

were allowed to self-fertilize to produce the F2 generation. Seed (F3 seed pools) 
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from individual F2 plants was collected and screened for UV-hypersensitivity. 

DNA from F3 pools that were either homozygous wild type or homozygous 

mutant for uvhl was analyzed by probing separate Southern blots with the two 

RFLP markers to identify the strains that were heterozygous for both markers. 

The most likely configuration for the RFLP markers was in cis-configuration (i.e. 

both Columbia markers on one chromosome, both Landsberg markers on the 

other chromosome); the data were consistent with this assumption. 
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Chapter 3 

MUTANT ISOLATION AND GENETIC CHARACTERIZATION 

Introduction 

The ultraviolet spectrum is commonly divided into three ranges; UV-C 

«280 nm), UV-B (280-320 nm) and UV-A (320-400 nm). No significant ultraviolet 

radiation of wavelength less than 295 nm reaches the earth's surface (Green, 

1983). Stratospheric ozone shields the earth's surface from excess levels of 

harmful UV-B radiation (Harm, 1980). Plants are likely to be subjected in the 

future to increased UV radiation from sunlight due to depletion of stratospheric 

ozone levels by chemical pollution. Recent reports indicate that ozone levels are 

declining over the Antarctic continent and periodically over the middle and high 

latitudes of both the Northern and Southern Hemispheres (Madronich, 1992; 

Stolarski et al., 1992). The effects that such increased UV-B exposure might have 

on plant life are largely unknown. Although field studies using levels of 

supplemental UV-B that correspond to various levels of ozone depletion have 

shown that some crop plants would be adversely affected by increased UV-B 

(Teramura et al., 1990; Teramura et al., 1991), there is still very little known about 

the mechanisms of UV resistance in higher plants. UV-B light has been reported 

to have a variety of effects on plants, including induction of DNA damage 

(McLennan, 1988; Pang and Hayes, 1991; Quaite et aL, 1992) and several 

physiological responses. The best documented of the physiological responses 

include photomorphogenesis, auxin inactivation, plasma membrane ATPase 
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inactivation through oxygen damage, damage to Photosystem IT, and flavonoid 

induction [see Stapleton (1992) for a review]. 

The primary goal of this study was to analyze the resistance mechanisms 

of plants to ultraviolet damage using a combination of genetic and biochemical 

techniques. UV-C and UV-B wavelengths damage DNA primarily through the 

production of 2 photoproducts, cyclobutyl pyrimidine dimers (CPOs) and the 

pyrimidine(6,4)pyrimidone product, although at a lower efficiency at UV-B 

wavelengths (Quaite et al., 1992). The damage is removed or bypassed by 

several mechanisms (e.g. excision repair, photoreactivation, recombinational 

repair, and replication bypass) (Davis et al, 1980). Since UV repair mechanisms 

are highly conserved across species, we anticipated that these same mechanisms 

should occur in plants also. Indeed, there is biochemical evidence for the 

existence of these types of repair mechanisms in plants [Chapter 1 or see 

McLennan (1988) for an extensive review]. In addition, the response of plants to 

UV should be unique in several ways: 1) they are exposed continuously to UV-B 

light, 2) they have UV-B receptors that influence metabolic responses, and 3) they 

have molecules that filter UV -B light wavelengths from incident sunlight. 

Characterization of the UV -resistance mechanisms of bacteria and yeast 

has been facilitated greatly by genetic analysis [for reviews see Hanawalt et al. 

(1979) and Friedberg (1988)]. In this work, we have used Arabidopsis thaliana as a 

model organism in a genetic study of the UV resistance mechanisms of higher 

plants. The screening procedure that we developed for isolating UV

hypersensitive mutants was adapted for the multicellular nature of whole plants. 

The strategy was to expose test areas of leaf tissues to a low fluence of UV while 

shielding the meristem, which produces new leaves and the inflorescence, with a 
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UV-protective foam. We first determined the minimum UV-C fluence that 

caused detectable wilting and chlorosis of mature leaves of wild-type plants. We 

then screened plants grown from a mutagenized seed stock for mutants that 

showed similar types of damage after exposure to a UV-C fluence below this 

minimum. Using this screen, we were able to isolate a set of mutants (uvh 

mutants) that are hypersensitive to acute fluences of UV-B and UV-C light. This 

chapter describes a preliminary characterization of six uvh mutants. 

Results 

Genetic Screening Strategy 

Our objective was to develop a method to screen for Arabidopsis mutants 

that are hypersensitive to the damaging effects of ultraviolet light. To avoid 

killing the UV-hypersensitive mutants during the screening process, we used the 

protective foam described in Materials and Methods and illustrated in Figure 

3.1(A). In this technique, cells of the meristem destined to produce new leaves 

and the inflorescence remained unirradiated. FollOwing UV -irradiation of the 

foam-protected plants, the plants were grown in either the presence or absence of 

photoreactivating light (Pang and Hayes, 1991). Those mutants hypersensitive in 

the presence of photoreactivating light could potentially be photoreactivation 

mutants. Others that are hypersensitive in the absence of photoreactivating light 

could be defective in a repair or protective mechanism other than 

photoreactivation. 
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Figure 3.1 Genetic Screening Method for Identifying UV-hypersensitive Mutants. 

(A) Appearance of some of the PABA foam-protected EM5-mutagenized M2 
plants prior to UV-C irradiation. 
(B) Phenotype of uvhl in the genetic screening assay. uvhl is the plant in the top 
left of the photo. Two leaves on uvhl are partially green due to PABA foam 
protection. The inflorescence (slightly out of focus) of uvhl was not protected by 
the PABA foam and subsequently died, however, secondary inflorescences 
developed from the foam-protected meristem and produced seed. 
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To screen for such mutants, a UV-C dose that produced visible effects on 

normal plants in either the presence or absence of photoreactivating light was 

first determined. These doses were 600 J/m2 and 200 J/m2, respectively. We 

reasoned that hypersensitive mutants should be affected by doses several-fold 

lower than these values. Since it was necessary to screen a large number of 

individual plants for UV -hypersensitivity, we used plants grown from an EMS

mutagenized seed stock to increase the yield of potential mutants. The resulting 

plants were then screened for two classes of mutants: 1) a class hypersensitive 

when grown in the presence of photoreactivating light following the UV test 

treatment, or 2) a class hypersensitive in the absence of photoreactivating light 

(i.e. grown under gold light following UV-irradiation). To screen in the presence 

of photoreactivating light, M2 plants were irradiated with 200 J/m2 UV-C, and 

then incubated under white light (cool white fluorescent lamps). The irradiated 

population was visually scanned three days later for mutants that had yellowed 

or shriveled outer leaf segments, presumably due to UV damage. By this 

method, approximately 40,000 plants were screened and 24 putative mutants 

were isolated. To screen for mutants hypersensitive to UV in the absence of 

photoreactivating light, another set of plants were partially protected with foam, 

irradiated with 50 J/m2 UV-C, and then incubated under gold light for three 

days. Approximately 18,000 plants were screened and 7 putative mutants were 

isolated. UV -hypersensitive mutants identified by this screening method were 

transplanted, and in most cases (23/31) the putative mutants successfully 

produced M3 seed. The plant in the upper left of Figure 3.1 (B) is one of the uvh 

mutants as it appeared in the screening procedure. This mutant plant showed 

extensive damage except on two leaves that were partially covered with UV-
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protective foam. The other M2 plants in the photo were unaffected by this low 

fluence of UV. 

After collecting seed from the putative mutants, progeny M3 plants were 

re-tested for UV-C hypersensitivity. Of the 31 original putative mutants, 6 

(designated uvhl-uvh6), which showed varying degrees of UV-hypersensitivity 

were chosen for further study. Five mutants, uvh2-uvh6, were isolated under 

photoreactivating conditions and one, uvh1, under non-photoreactivating 

conditions. 

uvh Mutant Phenof;)l>es are Due to Single Recessive Mutations 

The mutants were initially backcrossed to wild-type (ecotype Columbia, 

strain CI0), and the Fl progeny were allowed to self-fertilize, and the resulting 

F2 progeny were scored for hypersensitivity to a sublethal fluence of UV-C (50 

J/m2) under non-photoreactivating conditions. This level of UV has no visible 

effect on wild-type plants but has a dramatic effect on uvh strains. The results of 

these crosses are listed in Table 3.1. The Fl progeny, in crosses with each uvh 

mutant, were UV-resistant. The F2 progeny displayed segregation of the UV

hypersensitivity phenotype consistent with a 3:1 (UVf:UVS) ratio indicating that 

the hypersensitive phenotype of these strains is probably due, in each case, to a 

single recessive mutation. We call these genes UVHI-UVH6 and the mutations 

in the UV-hypersensitive strains uvhl-uvh6 respectively, to indicate that the 

mutants carry recessive alleles. Pairwise crosses between the uvh mutants 

indicated that they constitute six complementation groups, and probably 

represent mutations in six independent loci (G. Harlow, unpublished 

observations). The most UV-hypersensitive mutant, u vh 1, was 



Table 3.1 Segregation of the uvh Phenotype in F2 Progeny. 

Phenotypeb 

Crossa uvr UVS X2 P 

uvh1xWT 79 22 0.57 0.5-0.75 

uvh2xWT 89 37 1.28 0.25-0.5 

uvh3xWT 71 30 1.19 0.1-0.25 

uvh4xWT 79 30 0.37 0.5-0.75 

uvh5xWT 99 39 0.78 0.25-0.5 

uvh6xWT 71 25 0.06 0.75-0.9 

The chi-square values were calculated to test the fit to the 3:1 (UVl':UVS) 

hypothesis. 
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a WT, C10 strain of Columbia; uvhl-6, UV-hypersensitive strains homozygous for 
the mutation. 
b Sensitivity to 50 J/m2 UV-C under nonphoto-reactivating conditions. uvr, 
number of plants that were resistant; UVS, number of plants that were sensitive. 
(Mark Shotwell, Dept. of Biology, Slippery Rock University, provided some of 
the information in this table). 
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closely linked to ttS and g2728 on chromosome 3 (see Chapter 5). 

uvh Mutants are also H)l'ersensitive to UV-B Wavelengths 

For convenience, UV-C light was used to screen for the uvh mutants. 

However, plants are usually exposed to the longer UV-B wavelengths present in 

sunlight. A more detailed analysis of their sensitivity to UV-B light was therefore 

performed. All of the uvh strains were also hypersensitive to UV-B light. Figure 

3.2 illustrates the phenotype of wild type and uvhl plants following exposure to 

increasing fluences of UV-B light and subsequent incubation in the presence or 

absence of photoreactivating light. When photoreactivating light was supplied 

after UV -B irradiation, wild-type plants were resistant to even the highest test 

UV-B fluence (2.7 MED) used, while uvhl showed visible effects after UV-B 

fluences of 1.8 MED or more. In the absence of photoreactivating light, wild-type 

plants showed slight damage at the highest test UV-B fluence (2.7 MED) used, 

while uvhl showed visible effects after the lowest fluence of UV-B (0.2 MED) and 

extreme effects at fluences of 0.4 MED or more. The remaining 5 uvh mutants 

were also hypersensitive to UV-B to varying degrees. Table 3.2 summarizes the 

sensitivities of the six mutants to UV-B. These mutants are probably defective in 

one or more mechanisms that plants normally use to protect against, repair, or 

tolerate the adverse effects of the UV-B light present in sunlight. 

The UV-B sensitivity of the most UV-hypersensitive uvh mutant, uvhl, was 

measured by a more quantitative method. Percent survival has been used to 

gauge the sensitivity of bacterial (Hill, 1958) and yeast (Cox and Parry, 1968) UV-



Table 3.2 Summary of uvh Mutant Characteristics. 

WT 
uvh1 
uvh2 
uvh3 
uvh4 
uvh5 

UV-B 
r 

sss 
ss 
sss 
s 
ss 

Photoreversal C 

+ 
+ 
+ 
+ 
+ 
+ 

y-rayd 
r 
s 
s 
s 
r 
s 

uvh6 ss + s 
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a WT, wild type; uvh1-6, UV-hypersensitive mutant strains homozygous for the 
uvh mutation. 
b Resistance (r) or sensitivity (s=slight damage, ss=extensive damage, or 
sss=extreme damage) to 4.2 MED UV-B following three days of post-UV 
incubation under gold light. 
C + indicates that visible damage was reduced by exposure to photoreactivating 
light following UV. 
d Resistance (r) or sensitivity (s) to the rosette inhibiting effects of 80 krad 60Co "t
rays. 
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Figure 3.2 UV-B Sensitivities of Wild Type and uvhl Mutant Plant Strains. 

Three week-old plants growing in soil were irradiated with increasing fluences of 

acetate-filtered UV-B as indicated. Following UV-irradiation, plants were either 

photoreactivated (exposed to cool white fluorescent light, 2000 LUX), or non

photoreactivated (exposed to gold fluorescent light, 2000 LUX). One MED 

(minimum erythemal dose) unit is approximately 210 J 1m2 UV-B. 
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hypersensitive mutants. To measure plant survival, large numbers of young 

seedlings were grown so that their leaves did not overlap and irradiated from 

above with various fluences of UV-B. The fraction of the irradiated plants that 

survived the treatment was then measured 11 days later. A survivor was scored 

as any plant that had residual green, non-wilted tissue remaining after the 11 day 

incubation. 

Using this assay, survivals with and without photoreactivating light were 

measured for both uvhl and wild-type plants and the results are illustrated in 

Figure 3.3. Without photoreactivation (using gold light), the uvhl strain was 

approximately 8.5-fold more sensitive than the wild-type strain (50% survival 

occurred at 2 MEDs for uvhl and at 17 MEDs for wild-type). Photoreactivating 

light increased survival for both mutant and wild-type plants. Wild-type was 

virtually unaffected by even the highest UV-B fluence given. However, uvhl 

showed a higher degree of sensitivity. Photoreactivation increased survival of 

uvhl by a factor of approximately 9 (50% survival at 2 MEDs without 

photoreactivation compared to 18 MEDs with photoreactivation). Photolyase 

enzyme in E. coli is specific for CPDs (Sancar and Sancar, 1988). If we assume 

that the same is true in Arabidopsis, these results suggest that a significant portion 

of the lethal damage produced in plants by UV-B is CPDs. In addition, uvhl is 

not likely to be a photoreactivation mutant since survivals are higher under 

photoreactivation conditions. 
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UV-B survival curves were created by irradiating 9 day-old seedlings with an 
acute fluence of UV -B. Plants of this age showed cotyledons and the first true 
leaves. Prior to irradiation, the number of plants in each treatment group was 
determined (total). Following irradiation, plants were grown under either 
photoreactivating (white) or nonphotoreactivating (gold) conditions for an 
additional 11 days before determining the number of plants that remained green 
and viable (survivors). The ratio of survivors/total for any given UV-B fluence 
provided a quantitative value termed percent survival. (A) Wild type plants. (B) 
uvhl plants. 
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Measurement of UV Damage Induction in Nuclear and Chloroplast DNA of uvhl 

We developed an assay (Dra I assay) for detection of UV damage in plant 

leaf tissue with which to compare induction of DNA damage in uvhl and wild

type plants. The basis for this assay is the finding (Whittaker and Southern, 

1986) that restriction enzyme activity can be inhibited by the presence of DNA 

damage at the recognition sequence. Partial DNA digests result when UV

irradiated DNA is digested with enzymes whose recognition sequences contain 

adjacent thymidines (Hall and Larcom, 1982). The recognition sequence 

TITAAA for the restriction enzyme DraI contains four potential sites for 

induction of thymidine dimers, two on each strand. Since CPDs are the major 

type of damage caused by UV-irradiation of DNA, we reasoned that the cutting 

ability of DraI would be very sensitive to inhibition by UV-damage. To enhance 

the detection of partial digest products, the nuclear and chloroplast gene 

segments used as hybridization probes were designed to give strong signals on 

genomic Southern blots. The nuclear gene probe was a fragment of the 185 

rRNA gene, which is present in many copies arranged as tandem repeats. The 

chloroplast gene probe, a fragment of the rbcL gene, was a single-copy gene. 

However, since chloroplast DNA makes up a significant proportion of our DNA 

preparations, this single-copy gene is more abundant than single-copy nuclear 

genes. The extent of DNA damage in a DNA sample was estimated by the ratio 

of counts in one partial digest band to the complete digest band within a single 

DNA sample. 

The Dra I assay allowed us to compare the DNA damage produced 

in nuclear DNA of wild-type and uvhl plants. Wild-type ~d uvhl plants were 
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irradiated with the same fluences of UV -C light; their DNA was extracted, 

Southern blotted, and probed with the 185 rRNA nuclear gene fragment. The 

results are shown in Figure 3.4(A). UV -C irradiation led to the appearance of a 

partial digest band (B in Figure 3.4A). The number of counts in the partial digest 

band (B band) was divided by the number of counts in the complete digest band 

(A band) and this ratio is plotted as a function ofUV-C fluence (Figure 3.4B). 

The partial/complete digest band ratio was linear with respect to UV fluence 

over the range of UV fluences used in these experiments. A direct correlation 

thus probably exists between the amount of UV fluence absorbed by the plants 

and extent of DNA damage in nuclear DNA. Our results indicate that the 

amount of DNA damage induced by UV-C in the nucleus of wild-type and uvhl 

plants was the same for each of the fluences used in this experiment. 

The Dra I assay was also performed using a chloroplast gene probe. 

Figure 3.5A shows the Southern blot that resulted when the Dra I-restricted DNA 

was probed with the rbcL gene. The degree of DNA damage was determined 

from the number of counts in the larger partial digest band (B band) divided by 

the number of counts in the complete digest band (A band). The results (Figure 

3.5B) indicate that DNA damage induction in the chloroplast genome, like that of 

nuclear DNA, is linear with respect to UV fluence over the range of UV fluences 

used. The amount of DNA damage induced in chloroplast DNA per incident uv 
fluence was also the same in wild-type and uvhl plants. From these experiments, 

we conclude that uvhl is not defective in shielding either nuclear or chloroplast 

DNA from UV-C. Therefore, uvhl is probably not defective in production of a 

UV -filtering compound. 
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Figure 3.4 Induction of UV-damage in Nuclear DNA. 

(A) Autoradiograph from the Dral assay. Wild type and uvhl plants were 
irradiated with increasing fluences of UV-C. DNA was extracted immediately 
after irradiation, digested overnight with the restriction enzyme Dral, 
electrophoresed, and Southern blotted. Complete digestion of the DNA sample 
results in the band labeled Ai inhibition of Dral activity at any of the enzyme 
recognition sites in the tandemly repeated 185 gene cluster resulted in a partially 
digested fragment, B. The band that appears between A and B is most likely a 
restriction fragment that results from polymorphic Dral recognition sites within 
the tandemly repeated 185 rRNA gene array. 
(B) The ratio of the radioactivity in the partial digest band to the complete digest 
band (partial/complete xlOO) was used as a measure of induction of UV-induced 
DNA damage. 
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Figure 3.S Induction of UV-damage in Chloroplast DNA. 

(A) Autoradiograph from the Oral assay as in Figure 3.4A. A is the complete 
digest band, Bl and B2 are the two partial digest bands that result when UV -C
induced DNA damage inhibits Oral activity at either of the two Oral sites that 
flank the rbeL gene. The band that appears between 81 and 82 is most likely a 
restriction fragment that cross-hybridizes with rbeL. 
(B) The ratio of the radioactivity in the 82 partial digest band to the complete 
digest band per incident UV-C fluence. 
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DNA from UV-C. Therefore, uvhl is probably not defective in production of a 

UV-filtering compound. 

Effects of Ionizing Radiation on uvh Mutants 

Since ionizing radiation produces very different types of DNA damage 

than UV-C light, sensitivity to ionizing radiation can help distinguish different 

types of DNA repair mutants. To characterize the uvh mutants on this basis, we 

tested them for hypersensitivity to ionizing radiation. Mutants of yeast and 

bacteria that are hypersensitive to UV light but not ionizing radiation are 

defective in repair mechanisms specific for UV light, such as excision repair or 

photoreactivation. In plants, such a class of mutants could also represent a defect 

in synthesis of a UV-protective pigment. In contrast, hypersensitivity of a 

mutant to both UV and ionizing radiation implies a defect in a repair or 

toleration mechanism acting on many types of DNA damage, such as 

recombinational repair. 

In a preliminary screen of ionizing radiation resistance characteristics of 

uvh strains, seeds were exposed to a single dose of 80 krads of 60Co 'trays. This 

dose did not significantly affect the germination rate of either C10 or any of the 

uvh mutants. The germinated seeds were examined for evidence of DNA 

damage through inhibition of growth of the first true leaves, creating an 

abnormal rosette. Table 3.2 illustrates the results of this analysis. By this assay, 5 

of the 6 uvh strains showed substantially more damage compared to wild type 

controls. uvh4 did not appear to be hypersensitive to this dose of "trays. These 

results have to be considered preliminary since only one dose of y-rays was used 

and the dosimetry may not have been uniform. 
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Figure 3.6 Sensitivity of Wild Type and uvhl Strains to Ionizing 
Radiation. 

Imbibed seeds were irradiated with increasing doses of 60Co "trays and 
immediately planted in soil. The number of leaves visible, and the total 
number of germinated seedlings were determined 14 days after planting. 
The ratio of these two values is expressed as an average number of leaves 
per plant. (This experiment was perfomed by Mike Jenkins, Dept. Molec. 
Cell. Bio1., University of Arizona). 
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Gamma-irradiation of uvhl seeds produced a particularly dramatic 

phenotype in the germinated seedlings. Many of the uvhl seedlings showed a 

complete failure to form any type of rosette. To quantify the increased sensitivity 

of uvhl to gamma radiation, wild type and uvhl seeds were exposed to 

increasing levels of radiation. Dosimetry in this experiment was controlled by 

imbibing the seeds for 24 hours, immersing them under 0.5 an of water during 

irradiation and irradiating them from above. The appearance of the first true 

leaves was scored 14 days after planting and was used as the measure of the 

sensitivity of the two strains to "trays. Figure 3.6 illustrates the results of this 

analysis. uvhl is approximately 4 times more sensitive to gamma irradiation 

than the wild type strain as judged by rosette inhibition. 

Discussion 

We have isolated six mutants of Arabidopsis thaliana, designated uvhl-uvh6, 

that are hypersensitive to both UV-B and UV-C light. These mutants showed 

chlorosis, wilting, and extensive cell death following exposure to small, acute 

fluences of UV light that do not affect wild-type plants. A summary of the 

properties of the uvh mutants is shown in Table 3.2. All mutants showed 

photoreactivation of UV damage, i.e. increased survival following UV -irradiation 

when grown in the presence of light wavelengths that promote pyrimidine dimer 

splitting by photoreactivating enzyme. With one exception, mutant uvh4, the 

mutants were also hypersensitive to "tirradiation, suggesting that the majority 

may not be defective in a UV-specific protective or repair mechanism. 

Conversely, uvh4 could be defective in such a UV-specific mechanism. It has 

been shown that mutants of Arabidopsis that lack anthocyanins and sinapic acid 
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esters are sensitive to a chronic exposure of high-fluence UV-B (Li et al., 1993). In 

contrast, uvh mutants were sensitive to an acute exposure of relatively low

fluence UV-B or UV-C. We conclude that uvhl is defective in a repair or 

tolerance mechanism for damage caused by several types of DNA-damaging 

agents, including UV light and y-rays. 

uvhl grew as well as wild-type plants when grown in full-intensity 

sunlight ( 3.2 MED/hr UV-B max.) outdoors over a period of four weeks (G. 

Harlow, unpublished result), a dose rate comparable to that used in laboratory 

UV-B irradiations (2.7 MED/hr). The lack of hypersensity of uvhl plants to 

chronic solar UV-B exposure could be due to induction of UV-protective 

compounds, such as anthocyanins, or to efficient photoreactivation of induced 

damage. In agreement with this expectation, both wild-type and uvhl plants 

showed very efficient light-dependent removal of damage from both chloroplast 

and nuclear DNA by the Dra I assay (G. Harlow, unpublished result). It has been 

shown that E. coli excision repair mutants are much more resistant to the killing 

effects of sunlight when they possess a functional photolyase gene (Harm, 1969). 

The Dra I assays (Figures 3.4 and 3.5) demonstrated that uvhl does not 

receive more DNA damage per incident UV fluence than the wild-type parent 

strain, suggesting that the defect in uvhl is probably not in production of a UV

filtering molecule. These assays also demonstrated that UV-C induces DNA 

damage in both the chloroplast and nuclear genome. 

Although isolated using the UV-C hypersensitive screen, all of the uvh 

mutants were also hypersensitive to UV-B. UV-B has been shown to induce 

DNA damage in plants (Pang and Hayes, 1991; Quaite et al., 1992). UV damage 

to DNA is known to cause blockage of DNA replicati~n (Moore et al., 1982; 
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Shwartz and Livneh, 1987; Griffiths and Ling, 1989) and transcription (Sauerbier 

and Hercules, 1978). Studies on plants have shown that UV-irradiation can block 

nuclear DNA and RNA synthesis (Ohyama et al., 1974) and can decrease the 

steady-state levels of RNA transcripts in both the nucleus and chloroplast 

Gordan et al., 1991). DNA damage is the probable cause of the visible damage in 

our experiments. This conclusion is supported by the observation that the 

damaging effects of UV-irradiation could be be lessened by exposing the 

irradiated plants to light containing photoreactivating wavelengths. Thus, these 

uvh mutants are probably defective in some aspect of DNA damage protection, 

repair (other than photoreactivation), or tolerance. 

Five of the six uvh mutants were also hypersensitive to "trays as shown by 

the rosette formation assay. Formation of the rosette leaves of Arabidopsis has 

been shown to be inhibited in seedlings grown from -y-irradiated seeds in a dose 

dependent manner (Fershtat and Stepanenko, 1973). The increased sensitivity of 

the uvh mutants may be due to a defect in processing or tolerating the damage. 

y-rays have been shown to cause double-strand breaks in plant nuclear and 

mitochondrial DNA (Hall et al., 1992). Ionizing radiation can also cause base 

damage and single-strand breaks in DNA (Dizdaroglu and Bergtold, 1986; 

Teoule, 1987; McLennan, 1988). In mammalian cells, base damage is rapidly 

repaired (Fomace et al., 1986; van Loon et al., 1991). Some of the enzymes and 

genes responsible for base damage repair have been identified (Teoule, 1987). 

In plants, ionizing radiation has been shown to induce somatic 

recombination of chromosomal repeats by both reciprocal homologous 

recombination and by non-reciprocal gene conversion (Tovar and Lichtenstein, 

1992; Lebel et al., 1993). Detailed molecular analysis of two ionizing radiation-
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induced mutations in Arabidopsis indicated that the mechanism of repair of the 

damaged loci was probably by nonhomologous recombination (Shirley et al., 

1992). H uvhl is defective in such a mechanism, such events might be altered in 

either type or quantity. 

The hypersensitivity of uvhl to UV, "trays, and bleomycin is consistent 

with a deficiency in a recombination mechanism such as meiotic or mitotic 

homologous recombination, or non-homologous recombination. A meiotic 

defect is unlikely, since such a mutation would likely be lethal. Further, uvhl 

shows approximately normal levels of meiotic recombination (G. Harlow, 

unpublished observations). In yeast, mutations in at least two of the genes in the 

RAD3 excision repair pathway, RADl and RAD10, make cells extremely UV

sensitive and also partially defective in mitotic recombination (Schiestl and 

Prakash, 1988; Schiestl and Prakash, 1990). Homologs of RADl and RADlO have 

been identified in Schizosaccharomyces pombe and in human cells suggesting 

evolutionary conservation of function within eukaryotes [see Hoeijmakers, (1993) 

for a recent review). A precedent exists, therefore, for single gene mutations in 

other organisms causing inactivation of normal UV-resistance (excision repair) 

and mitotic recombination mechanisms. 

uvhl has been shown to be approximately ten times more resistant to 

Agrobacterium-mediated T-DNA transformation than the wild-type parent (R. 

Sonti and E. Signer, personal communication). The defect appears to be in T

DNA integration into the genome and not in T-DNA transfer to the plant cell. 

The integration of T-DNA of Agrobacterium into the plant genome has been 

shown to occur primarily by nonhomologous recombination (Gheysen et al., 

1991; Mayerhofer et al., 1991). Interestingly, UV light has been shown to increase 
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the frequency of nonhomologous recombination in bacteria (Schwartz and 

Beckwith, 1969; Hoffmann, 1985). Fungi and bacteria are very efficient at 

homologous recombination but very inefficient at nonhomologous 

recombination (Yi et aI., 1988; Schiestl and Petes, 1991). In mammalian cells, the 

ratio of homologous integration events to nonhomologous integration events is 

approximately 1:1000 (Thomas and Capecchi, 1987). In plant cells, this frequency 

is 1x10-4 to 1x10-5 (Paszkowski et aI., 1988; Lee et aI., 1990; Offringa et al., 1990; 

Halfter et al., 1992). 

AnalYSis of uvhl and the some of other uvh mutants may help to elucidate 

genetic recombination mechanisms, and possibly even suggest methods for more 

efficient gene targeting in plants. At the time of writing, we learned of two other 

successful attempts to isolate radiation-sensitive mutants of Arabidopsis. A UV

hypersensitive mutant was isolated using a root bending assay (Britt et al. 1993), 

and "tray hypersensitive mutants were identified among the progeny of 

mutagenized seed stocks (C. Davies, personal communication). 
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Chapter 4 

REMOVAL OF DNA DAMAGE PRODUCED BY UV LIGHT IN Arabidopsis 

Introduction 

Exposure of DNA to UV light produces CPDs and 6-4 pyo products, and 

other less frequent types of DNA damage. These products appear to produce the 

major biological effects; they are lethal and mutagenic to cells and must be 

removed. All organisms, including plants, appear to have developed similar 

mechanisms for removing or coping with UV-induced DNA damage. These 

mechanisms include photoreactivation, excision repair, and post replication 

repair (see Walker, 1984; Mclennan, 1987; Sancar and Sancar, 1988). 

The removal of CPDs in the chloroplasts of the unicellular green alga 

Chlamydomonas has been previously studied (Swinton and Hanawalt, 1973a; 

Swinton and Hanawalt, 1973b) and mutants of Chlamydomonas have been isolated 

that are specifically defective for repair of nuclear DNA (Small and Greimann, 

1977; Cox and Small, 1985). Unrepaired DNA damage that persists in the 

absence of photoreactivation in bacterial and mammalian cells is removed from 

various segments of the genome at different rates (Mellon et al., 1986; Leadon 

and Snowden, 1988; Mellon and Hanawalt, 1989). DNA damage is removed 

more efficiently from transcriptionally active regions of the chromosome than 

from the genome as a whole (Bohr et al., 1985; Mellon et al., 1986). 

In this study, we report efficient removal of UV-induced nuclear and 

chloroplast DNA damage by photoreactivation. The ability of plants to 

preferentially repair transcribed genes and the extent of DNA repair in strains 
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homozygous for the uvhl mutation (Harlow et al., 1993), which makes Arabidopsis 

hypersensitive to UV damage, were also investigated. 

Results 

Based on the observation that DNA repair in chloroplast and nuclear 

DNA of Chlamydomonas is under separate genetic regulation (Small and 

Greimann, 1977; Cox and Small, 1985), we expected that repair of the nuclear and 

chloroplast genomes of higher plants might also be under separate genetic 

control. Two methods were used to assess repair of UV damage in both 

Arabidopsis chloroplast and nuclear DNA. High molecular weight DNA was first 

isolated from UV-irradiated mature leaves following UV irradiation. In the Dral 

assay, Dral-digested plant DNA was electrophoresed, blotted and hybridized to 

32P-Iabeled DNA probes carrying chloroplast rbcL or nuclear 18S rRNA gene 

fragments. UV damage at the recognition site for Dral (TTTAAA) inhibits the 

ability of the enzyme to cut DNA, thus producing partially digested restriction 

fragments larger than the fully digested fragments. In the T4 endonuclease V 

assay, Pstl-digested plant DNA was divided into two equal samples, one treated 

with T4 endonuclease V, which makes a specific single strand break at CPOs 

(Morikawa et al., 1992), and the other left untreated. Both samples were 

electrophoresed on an alkaline gel, blotted and hybridized with a 32P-Iabeled 

RNA probe specific for the transcribed strand of actin. UV damage reduces the 

signal in a resulting 15 Kb DNA fragment. Radioactive signal intensities in both 

repair assays were quantified by phosphor-imaging analysis. 

-- .-- ------------
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In these experiments, plants were exposed to large acute doses of UV-C 

light. Although plants growing in sunlight are exposed to UV-B, not UV-C, both 

wavelengths damage DNA by producing CPOs and 6-4 pyo products. However, 

since UV-B produces damage at a much reduced efficiency, a much longer UV-B 

exposure dose is required to produce the same amount of damage (Quaite et al., 

1992). For detection of damage by the biochemical assays, large amounts of 

damage produced by acute exposures were necessary. These requirements were 

met by using acute UV-C fluences that produced significant wilting of wild type 

plant leaves within 48 hr. Plants to be exposed to photoreactivating conditions 

following irradiation were irradiated with 1000 J/m2. Plants not exposed to 

photoreactivating light were irradiated with a lower dose of 200 J/m2 because 

they were much more UV sensitive. Natural sunlight was used as the source of 

photoreactivating light since an action spectrum for chloroplast-specific 

photoreactivation has not been determined. Leaves were exposed to direct 

sunlight for the time indicated (Figure 4.1). Non-photoreactivating conditions 

were incubation of irradiated leaves under gold fluorescent lamps for these same 

times. uvhl mutant plants were given these same exposure doses. 

Repair of UV -damaged Chloroplast DNA 

The kinetics of repair of chloroplast DNA was first measured with the 

Dral assay, using as a probe the Amaranthus hypoehondriaeus chloroplast gene 

fragment of rbeL, which encodes the large subunit of ribulose-l,5-bisphosphate 

carboxylase/ oxygenase. Repair of chloroplast DNA was nearly complete after 40 

min. with less than 10% of the damage remaining. UV d~age is thus rapidly 



Figure 4.1 Chloroplast DNA Damage Repair Under Photoreactivating 
Conditions. 

60 

(A) Autoradiograph from the DraI assay as in Figure 3.4A. A is the complete 
digest band, Bl and B2 are the two partial digest bands that result when UV-C
induced DNA damage inhibits DraI activity at either of the two DraI sites that 
flank the rbeL gene. Following exposure to 1000 J/m2 UV-C, leaf tissue was 
incubated under direct sunlight for the indicated times. 
(B) The ratio of the radioactivity in the B2 partial digest band to the complete 
digest band A (% damage remaining) plotted against the time of incubation 
under direct sunlight. 
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removed from chloroplast DNA under photoreactivating conditions (Figure 4.1), 

probably by the action of a photolyase enzyme. In contrast, repair of chloroplast 

UV damage in the absence of photoreactivating light was slower and less 

complete (Figure 4.2). After 48 hr., 23% of the damage was still present. These 

results demonstrate that plant tissues remove chloroplast DNA damage much 

more rapidly when treated with photoreactivating light. In the above 

experiments, repair of UV damage in the UV hypersensitive mutant uvhl of 

Arabidopsis was also measured (Figures 4.1 and 4.2) but no abnormality was 

found. 

Repair of UV-damaged Nuclear DNA 

Repair of nuclear DNA was next investigated with the DraI assay, using as 

a probe a 1526-bp 185 rRNA gene fragment. Under photoreactivation conditions, 

removal of UV damage was slower from nuclear DNA than from chloroplast 

DNA (Figure 4.3). After 40 min., roughly 80% of the damage still remained. In 

the absence of photoreactivation, very little repair was evident within the first 48 

hr. following irradiation (Figure 4.4). After 72 hr., a small amount of repair 

seemed to occur (-20%), but the amount was clearly less than that seen in 

chloroplast DNA. 

No significant difference was seen between wild type and uvhl strains 

under photoreactivation conditions. Interestingly, uvhl did show somewhat less 

repair than wild type in the absence of photoreactivation. However, uvhl plants 

showed evidence of far greater damage than wild type plants at this time, i.e. the 

leaves were extremely yellowed and wilted. Thus, this decrease could be a result 
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Figure 4.2 Chloroplast DNA Damage Repair in the Absence of Photoreactivation. 

(A) Autoradiograph from the DraI assay as in Figure 4.1A. A, Bt, and B2 are as 
in Figure 4.1A. Following exposure to 200 J/m2 UV-C,leaf tissue was incubated 
in the dark for the indicated times. 
(B) The ratio of the radioactivity in the B2 partial digest band to the complete 
digest band A (% damage remaining) plotted against the time of incubation in 
the dark. 
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Figure 4.3 Nuclear DNA Damage Repair Under Photoreactivating Conditions. 

(A) Autoradiograph from the Dral assay as in Figure 3.4A. A is the complete 
digest band, B is the partial digest band that results when UV-C-induced DNA 
damage inhibits DraI activity at either of the two DraI sites that flank the 185 
rRNA gene. Following exposure to 1000 Jlm2 UV-C, leaf tissue was incubated 
under direct sunlight for the indicated times. 
(B) The ratio of the radioactivity in the B partial digest band to the complete 
digest band A (% damage remaining) plotted against the time of incubation 
under direct sunlight. 
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Figure 4.4 Nuclear DNA Damage Repair in the Absence of Photoreactivation. 

(A) Autoradiograph from the Dral assay as in Figure 4.3A. Following exposure 
to 200 J / m2 UV -C, leaf tissue was incubated in the dark for the indicated times. 
(D) The ratio of the radioactivity in the B partial digest band to the complete 
digest band A (% damage remaining) plotted against the time of incubation in 
the dark. 
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of tissue deterioration in uvh1. 

Repair of RNA Polymerase IT Transcribed Nuclear Gene 

In yeast and animal cells, excision of CPDs occurs preferentially in genes 

transcribed by RNAPII (Bohr et a1., 1985; Mellon et al., 1986; Sweder and 

Hanawalt, 1992). To measure repair of a plant gene transcribed by RNAPIT, we 

used as a probe a 1760 bp RNA fragment corresponding to the transcribed strand 

of the single copy actin gene (Nairn et al., 1988). In these experiments, plants 

were not exposed to photoreactivating light in order to enhance detection of 

excision repair. Partial Oral digest bands produced in the Oral assay were too 

weak to quantify (G. Harlow, unpublished observations). Therefore, the more 

sensitive T4 endonuclease V assay was used. This assay detected removal of 

damage from a 15 Kb Pst! DNA fragment which included the 1760 bp actin 

coding sequence. After 24 hr., approximately 60% of the damage remained 

(Figure 4.5), whereas most of the damage remained in nuclear 185 rRNA at this 

time under similar conditions (Figure 4.3). Although a different assay was used 

for each gene, this large difference strongly suggests that the RNAPIT transcribed 

gene is being more actively repaired. Assuming that the damage was removed 

more slowly from the rest of the 15 Kb Pst! fragment than from the 1760 bp actin 

coding region, this rate represents a lower limit to the rate of repair of the actin 

gene itself. 



Figure 4.5 Nuclear Dark Repair of the Actin Gene by Alkaline Agarose Gel 
Electrophoresis. 
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A) Autoradiograph representing wild type (WT) and mutant (uvhl) DNA 
samples extracted prior to 200 J/m2 UV-C irradiation (cI» UV), immediately after 
UV-C irradiation (cI» Hr), and 24 Hrs after irradiation (24 Hr). DNA samples were 
divided in half and either treated with T4 endonuclease V (+T4), or were mock 
treated (-T4). 
B) The number of counts in the + T4 band divided by the number of counts in the 
-T4 band from the autoradiograph shown in 4.SA above. 
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Discussion 

We have made three observations concerning the extent of removal of UV 

damage from plant DNA: (1) UV damage was removed more rapidly from 

chloroplast DNA than from nuclear DNA, (2) removal of chloroplast damage 

was particularly rapid when irradiated tissues were photoreactivated by 

exposure to sunlight, (3) UV damage was more rapidly removed from the coding 

DNA strand of actin, which is transcribed by RNAPII, than from the 185 rRNA 

gene cluster, which is transcribed by RNAP!. These results suggest that (1) a 

highly active photoreactivation system and other repair systems function in the 

chloroplast, and (2) nuclear genes transcribed by RNAPII are preferentially 

repaired. 

To our knowledge, this is the first report of photoreactivation of 

chloroplast DNA damage in a higher plant. Previous studies have shown that 

UV-induced DNA damage is very efficiently removed from bulk plant DNA 

under photoreactivating conditions (Cieminis et al., 1987; Pang and Hayes, 1991; 

Britt et al., 1993). In contrast, removal of damage from bulk plant DNA in the 

absence of photoreactivation has been shown to be inefficient and incomplete 

(Howland, 1975; Soyfer and Cieminis, 1977; Degani et aI., 1980; Eastwood and 

McLennan, 1985; McLennan, 1987; Pang and Hayes, 1991). Since bulk DNA 

preparations usually contain a mixture of chloroplast, mitochondrial, and nuclear 

DNA with nuclear DNA comprising most of the DNA, these experiments 

measure the repair of all DNAs in these same proportions. 

Our results suggest that photoreactivation enzyme should be found in 

chloroplasts and that other proteins such as excision repair enzymes should also 



73 

be found. The presence of a photoreactivation enzyme within the chloroplast 

could" greatly enhance the rate of excision repair as it does in bacteria (Sancar et 

aI., 1987; Sancar and Sancar, 1988). It is also of interest to note that a bacterial 

RecA protein homologue is present in chloroplasts (Cerutti et aI., 1992). E. coli 

RecA protein is thought to promote DNA strand exchanges which enable the cell 

to bypass UV damage during DNA replication (Walker, 1984). Since genetic 

recombination has been shown to occur in tobacco chloroplasts (Fejes et aI., 

1990), the chloroplast RecA protein could promote strand exchanges between 

damaged chloroplast DNAs, and thereby increase tolerance to UV damage. 

Our results also suggest that plants have a mechanism for coupling 

transcription and DNA damage removal from genes transcribed by RNAPll, 

similar to that found previously in other organisms. In E. coli, MFD protein 

directs the excision repair complex UvrA2B to the site of DNA damage marked 

by an RNA polymerase which is unable to transcribe past the damaged site 

(Selby and Sancar, 1993). In human cells, three proteins with helicase activity, 

ERCC-2, ERCC-3, and ERCC-6, may be involved in coupling DNA repair to 

transcription [see (Downes et a1., 1993) for a review]. In mammalian cells, 

analysis of two mammalian genes indicated that psoralen DNA damage removal 

from an RNAPII transcribed gene is much more efficient than from an RNAPI 

transcribed gene (Vos and Wauthier, 1991). 

We used the Dra I assay to measure removal of UV-induced DNA 

damage, which consists primarily of CPDs (McLennan, 1987; Pang and Hayes, 

1991; Quaite et a1., 1992). A less common form of UV damage is the 6-4 pyo 

product. The 6-4 pyo lesion is rapidly removed from the DNA of human cells 

(Mitchell et a1., 1990). Our Dral assay does not distinguish between repair of 
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these two types of DNA damage. A recent report described an Arabidopsis UV

hypersensitive mutant, uvrl, which is defective in ability to remove 6-4 pyo 

dimers from UV-irradiated root tissues (Britt et al., 1993). This study utilized 

damage recognizing antibodies to distinguish repair of CPDs and 6-4 pyo 

products. Comparison of uvhl and wild type strains revealed no significant 

difference in chloroplast DNA repair capacities, indicating that the UV

hypersensitive phenotype of uvhl is not a result of defective chloroplast 

photoreactivation or excision repair. A tolerance mechanism for DNA damage 

could therefore be defective in uvhl. 
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ChapterS 

MEIOTIC RECOMBINATION FREQUENCY AND MAP rosmoN OF uvhl 

Introduction 

The uvhl mutant of Arabidopsis is sensitive to levels of ultraviolet 

light that have no effect on wild type plants. Biochemical characterization of 

uvhl mutant plants described in Chapter 4 did not reveal a cause for this UV

hypersensitivity. The cloning and sequencing of the uvhl gene may lead to 

the identification of similar genes with known function in the DNA sequence 

database and possible functions of uvhl might then be inferred from these 

similarities. As a first step in cloning uvhl, we have located the approximate 

map position of the uvhl mutation. 

Many informative physiological and regulatory mutants of Arabidopsis 

have been isolated, and the mutations have been mapped to one of the 5 

Arabidopsis chromosomes. Two RFLP (restriction fragment length 

polymorphism) maps are also available (Chang et a1., 1988; Nam et al., 1989). 

Using these maps, mutants can be rapidly mapped to a region of a particular 

chromosome. A physical map with a large number of integrated genetic 

markers is rapidly being assembled for Arabidopsis; in the near future it 

should be possible to obtain a set of clones that map to any particular region of 

interest. Clones from the physical map may be used to test for 

complementation of the mutant plant phenotype. A recent example of this 

technology was the map-based cloning of a gene for fatty acid metabolism 

(Arondel et al., 1992). 
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We have used genetic and RFLP mapping techniques to map the uvhl 

mutation to a region of chromosome TIl. The goal of this research was to 

define the smallest region that could contain the uvhl mutation. Using the 

markers that define the endpoints of this region as starting points, a 

chromosomal walk to the gene may then be initiated. 

Results 

RFLP Ma~~ing of uvhl 

The uvhl mutant was isolated in a Columbia (Col) ecotype background 

that is homozygous for gl1, which makes the plants glabrous (lacking 

trichomes) and is located on chromosome 3. In order to map the uvhl 

mutation by RFLP analysis, the mutant was crossed to a Landsberg (Lan) 

ecotype that is homozygous wildtype for UVHl and GL1. As noted before, 

the F1 generation (uvhl/UVH1) was UV-resistant, showing that uvhl is a 

recessive mutation. Upon inspection of the F2 generation, it was noted that 

of 88 plants that were UV-hypersensitive, presumably because they were 

homozygous for uvhl, 35 were also homozygous for gl1. If the two genes 

were unlinked, it was expected that of 88 uvhl plants, only 22 plants (1/4 of 

the total) would also be homozygous for gl1. Chi squared analysis confirmed 

that uvhl and gil are probably linked (c2=10.94, p<O.005). Subsequent RFLP 

analysis was therefore limited to markers on chromosome 3. 

Two sets of markers are available for detecting RFLP's between 

Columbia and Landsberg ecotypes (Chang et al., 1988; Nam et al., 1989). The 
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goal of the analysis was to find one or more RFLP markers that show linkage 

to the uvhl locus. Mapping of uvhl was accomplished by making the cross 

uvhl/uvh1(Col) x UVH1/UVH1(Lan) to produce an Fl population that is 

uvhl / UVHl (Col/Lan). Each Fl plant has the Columbia RFLP markers in cis

configuration with the uvhl mutation and all of the Landsberg RFLP markers 

in trans-configuration. The Fl generation was then allowed to self-fertilize, 

producing an F2 population. Meiotic recombination can occur during 

production of the F2 gametes which can result in switching of RFLP markers 

between chromosomes. The greater the distance between the RFLP loci and 

the uvhl mutation, the greater the likelihood of a cross-over event occllring 

between them. To recover the most information from of the F2 generation 

plants, seed (F3 generation) from individual F2 plants was collected and 

planted. F3 plants were then tested for UV-hypersensitivity and used to 

isolate DNA for RFLP analysis. F2 plants that were uvhl/uvhl, uvhl/UVH1, 

or UVHl / UVHl were distinguished by analyzing the F3 progeny, and the 

genotype at each RFLP locus was determined by Southern blotting. Table 5.1 

lists the results of this analysis. 

To establish linkage of an RFLP locus to the uvhl mutation we looked 

for linkage of uvhl to the Columbia form of a chromosome III RFLP marker 

using the Mapmaker v1.0 computer program. Table 5.2 shows that the 

pairwise LOO value between RFLP marker g2778 and uvhl is 2.94 meaning 

that for this data set, it is approximately BOO times (1()2·94=870) more likely that 

uvhl and g2778 are linked than unlinked. RFLP analysis has thus confirmed 

that uvhl is probably on chromosome 3, and is most likely located near the 

RFLP marker g2778. 
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Strain mam1l1jWjQHjQiallm1momo 
488 H H H H H H H H L 
489 H C H H H H H H H 
491 H H H H H H C C C 
492 H H H L L H H L C 
495 H H H H H H L L L 
496 H H H H C H L L L 
497 H H C C C C L L L 
498 H H H H H H H H H 
501 C C H Y C H H H H 
502 L L H C L L L L L 
504 L L C H L C C C C 
505 C H C C C L L L L 
506 L L C C C C C C 
509 C C C C C C C C C 
511 C H H H H H H H H 
512 L L H L H H H H L 
513 H H C C C C C C C 
514 H H H H H H H 
516 C L H C H H H H H 
518 H H H H H Y 
519 H H H H H H H L L 
520 C H H C H H L L L 
521 C H H C H H C C C 
522 C H H C H H H H L 
523 H H H H H L L L L 
524 H L H H H H L 
525 H H H C H H H H H 
526 L L H C C C C H L 
527 H H H H H H H L L 
528 H H H H H H C C C 
529 H L H H L L L 
531 H C H H C C H H H 
532 H L C C C H H H H 
535 H C C C C C C L L 
536 C C C H C C C C 
537 H H H H H H H L L 

Iibl~ Si l RFLP Analysis of F2 Progeny Resulting from the cross uvhlx 
Landsberg. C = homozygous for Columbia allele, L = Homozygous 
for Landsberg allele, H = heterozygous, Y = not homozygous for 
Columbia, - = not determined. 
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2778 uvhl 4125 4014 409 gIl 4711 6220 

uvhl 

4125 0.42 
0.16 0.00 

4014 0.28 0.50 0.18 
1.03 0.00 2.93 

409 0.33 0.27 0.14 0.22 
0.67 1.24 4.07 2.61 

gIl 0.50 0.31 0.12 0.31 0.14 
0.00 0.62 4.31 0.75 4.36 

4711 0.50 0.44 0.27 0.43 0.33 0.14 
0.00 0.11 1.02 0.12 0.63 4.58 

6220 0.50 0.50 0.39 0.50 0.46 0.29 0.12 
0.00 0.00 0.19 0.00 0.03 1.28 6.44 

5970 0.48 0.44 0.50 0.50 0.50 0.41 0.20 0.12 
0.02 0.14 0.00 0.00 0.00 0.23 3.43 6.82 

Table 5.2 Pairwise Recombination Fractions (top number) and LOD 
Scores (bottom number) for Markers listed in Table 5.1. 
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Genetic Mawing of uvhl 

Mapping strains have recently become available that carry multiple 

visible markers for each of the five Arabidopsis chromosomes. We crossed a 

strain (CS7) that is homozygous for the chromosome m mutations hyZ, gl1, 

and tt5 with a strain that is homozygous wild type for each of those visible 

markers and uvhl/uvhl. The segregation pattern of these markers in the F2 

generation (Table 5.3), determined by scoring the F3 progeny of individual F2 

plants as described above, indicated probable linkage between TT5 and uvhl 

on chromosome m. Mapmaker vl.0 predicts a LOD score of 2.01 (Table 5.4) 

between TT5 and uvhl. The most likely order of markers on chromosome III 

is HYZ, GLl, IT5, uvhl. Though the order HYZ, GL1, and TT5 predicted from 

this data is consistent with the known order of these markers, the map 

positions predicted by the recombination fractions (Table 5.4) from this 

relatively small data set are not accurate. Therfore an exact map position for 

uvhl cannot be determined from this data. 

uvhl Has Little Effect on Meiotic Recombination Frequencies 

Many of the rad50 series of mutants from S. cerevisiae are 

hypersensitive to both UV and 'Y-irradiation and display defects in both 

mitotic and meiotic recombination. Since uvhl shows hypersensitivity to 

both UV and 'Y-rays, we tested the meiotic recombination frequencies in 

strains that were uvhl/uvhl and UVHl/UVHl. We started with strains that 

were heterozygous for the RFLP markers g2440 and g6220 in either a 

- -- _._--------



Strain hy2 gil tt5 uvhl Strain hy2 gil tt5 uvhl 

866 B B H A 914 H B H H 
867 H H A H 915 H H H H 
868 A A H B 916 H H H H 
869 B H H H 917 A H H B 
870 A A H B 918 H B H H 
871 H A H B 919 B B B H 
872 B B H H 920 B H H H 
873 H H A A 921 B B H H 
875 H B H H 922 B B H A 
876 A H H H 923 B B B B 
877 H H H H 924 H B H H 
878 A A H H 925 A A H H 
879 B H H H 926 B B H H 
880 H A H H 927 B B H H 
881 A A A H 928 H H H H 
885 B B H H 929 B H H B 
887 B B B B 930 A H H B 
891 H H H H 931 H A A B 
892 H H H H 932 B B B B 
894 B B B H 933 H H H H 
895 H A H H 934 A H H H 
903 A B H H 935 A H H B 
904 B H H A 936 H A A H 
906 B B B B 937 A H H H 
907 H B H H 939 A A H B 
909 H H H H 940 H A H H 
911 B H H B 941 B B A H 
912 H B H H 942 A H H ·B 
913 A A H H 

Table 5.3 Segregation of Genetic Markers in the F2 Generation from 
the Cross hy2,gll, tt5/hy2,gll, tt5 x uvhl/uvhl. 
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hy2 gIl tt5 

gIl 0.24 
12.02 

tt5 0.37 0.27 
1.68 6.85 

uvhl 0.50 0.50 0.28 
0.00 0.00 2.01 

Table 5.4 Pairwise Recombination Fractions (top number) and LOD 
Scores (bottom number) for Markers listed in Table 5.3. 
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Figure 5.1 Representation of Parental Type and Recombinant 
Progeny Used to Estimate Recombination Frequencies. 
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uvhl/uvhl or UVH1/UVHl background (Figure 5.1). The markers were 

arranged so that the Col and Lan markers were both in cis-configuration. If 

no crossovers occur during gametogenesis in the Fl plants then the F2 plants 

will resemble one of three parental-type progeny. Recombination between 

g2440 and g6220 during meiosis would result in an F2 plant with one of six 

non-parental combinations of RFLP markers. Two rare types of recombinant 

progeny would not be detectable by this assay, progeny that had received a 

recombined chromosome from each parent resulting in heterozygosity at 

both RFLP loci but with the like-ecotype markers in trans rather than cis. We 

analyzed 86 UVH1/UVHl F2 individuals (from 3 Fl' parent plants) and 58 

uvhl/uvhl individuals (from 3 Fl parent plants) for recombinant progeny. 

DNA was extracted from individual F2 plants, digested with the appropriate 

restriction enzyme, electrophoresed, Southern blotted, and hybridized with a 

32P-Iabeled RFLP marker. The data were used to estimate the recombination 

fraction and the distance between the markers in centimorgans. The results 

(Table 5.5) demonstrated that uvhl/uvhl strains show meiotic 

recombination frequencies which are not significantly different from 

UVH1/UVHl strains (13% recombination fraction for UVH1/UVHl and 15% 

recombination fraction for uvhl/uvhl ). 
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Non- Single Gamete Two Gamete Recomb. Distance 
Strain Recomb. Recombinants Recombinants . Total Fraction (eM) 

WT 
uvhl 

65 
43 

21 
13 

o 
2 

86 
58 

Table 5.S Meiotic Recombination in Wild Type and uvhl Plants. 

13.2% 
15.7% 

15.4 
18.8 
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Figure 5.2 Unified Genetic Map Showing the Approximate Location of 
uvhl on Chromosome TIl. Numbers to the left of the 
chromosome markers represent map positions in 
centimorgans. 
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Discussion 

Several laboratories are currently constucting a physical map of 

Arabidopsis. To aid this process, the genetic positions of some of the physical 

clones; RFLPs, YACs, cosmids, A clones and RAPD markers, have been 

integrated with the genetic map resulting in a hybrid map of genetic and 

physical markers (David Meinke, Dept. of Biology, Oklahoma State 

University). The results of our RFLP and genetic mapping are consistent with 

the integrated map and confirm that uvh1 is on chromosome ill (figure 5.2). 

In order to localize the uvh1 mutation more accurately, additional RFLP and 

genetic markers and larger numbers of individuals will need to be used. Use 

of the RFLP markers m339, pCIT1210, and m424, and the genetic markers cer7 

and tt6 should help to pinpoint the map position of uvh1 more precisely. 

The yeast genes in the RAD50 series control the rejoining of double 

strand breaks and are required for meiotic recombination [see Friedberg, (1988) 

for a review]. Our results suggest that the uvh1 mutation does not 

significantly inhibit meiotic recombination. This finding is not surprising, 

since mutants in the rad50 series are also defective in spore formation due to 

the inability to complete meiosis. Arabidopsis strains defective in meiosis 

would most likely be sterile and therefore would not have produced seed 

necessary for analysis of subsequent generations; interestingly, 8 of the 

original 31 UV-hypersensitive mutants isolated by our genetic screening 

method were sterile, produced no progeny, and were not studied further. 

Some of these Arabidopsis mutants could have been similar to the yeast rad50 

series of mutants. 
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The effect of uvhI on mitotic recombination frequency has not yet been 

determined. Experiments have been initiated that utilize tandem non

overlapping deletions of the neomycin phosphotransferase gene (Assaad and 

Signer, 1992) to detect mitotic inter- or intra-chromosomal recombination 

events in wild type and uvhl strains. Two genes, RADI and RADIO, which 

are required for the incision step in excision repair of UV-damaged DNA, are 

also involved in mitotic but not meiotic recombinaion (Schiestl and Prakash, 

1988; Schiestl and Prakash, 1990). The RADI gene product trims 

nonhomologous DNA ends to facilitate double-strand break rejoining 

(Fishman-Lobell and Haber, 1992). The RADIO gene product promotes the 

renaturation of complementary DNA strands (Sung et aI., 1992). 
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SUMMARY 

In this study we have 1) developed a genetic screening method to isolate 

Arabidopsis mutants that are hypersensitive to low fluences of UV light, 2) used 

this screening strategy to isolate six Arabidopsis mutants, designated uvhl-uvh6, 

and 3) extensively characterized one of these mutants (uvhl), which is sensitive to 

ionizing radiation, as well as to UV light. 

In developing the genetic screening method we started by observing the 

reaction of wild type plants to UV light. Based on these observations we 

determined the minimum fluence that was required to see visible damage on 

wild type plants in the presence or absence of photoreactivating light. The actual 

screen for mutants was performed at fluences that were 3- to 4-fold below those 

minimum levels. These doses yielded a total of 6 mutants with varying levels of 

hypersensitivity to UV light. These hypersensitivities were sufficient to allow 

mutant characterization and genetic analysis. 

None of the mutants were found to be allelic with one another, suggesting 

that our collection of mutants is not exhaustive. Using this screening strategy 

many more mutants could likely be isolated, in the form of new genes and 

additional alleles. We have chosen not to isolate additional mutants at this time, 

instead focusing on characterization of the existing mutants. To this end we 

have determined that the six uvh mutants represent six complementation groups, 

and all behave as single-gene recessive traits. The UV-hypersensitivities range 

from extreme (uvhl, uvh3 and uvh6) to moderate (uvh2 and uvh5). During the 

course of this study, two other laboratories used alternative methods to 

.- _. -.----- .. ------------- ._.-. 
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successfully isolate Arabidopsis mutants hypersensitive to DNA damaging 

treatments (Britt et al., 1993; C. Davies, personal communication). 

UV -hypersensitive plants could be defective in anyone of a number of 

different mechanisms. Plants contain many UV-absorbing compounds whose 

functions are generally not completely known. Our Dral DNA damage induction 

experiments suggest that uvhl is not defective in synthesis of a UV-filtering 

compound since similar amounts of damage were found in wild type and uvhl 

chloroplast and nuclear DNA following UV-irradiation. Some of the other uvh 

mutants may show deficiencies in UV-filtering compounds. uvh6, which 

displays a yellow-green phenotype, could be an example of such a mutant. Mike 

Jenkins has analyzed uvh6 further and shown a possible filtering defect in this 

mutant (Mike Jenkins, University of Arizona, personal communication). Plants 

which lack UV-filtering compounds could be distinguished by the Dral assay as 

plants that receive more DNA damage per incident fluence than wild type plants. 

In addition to DNA, other cellular components may be damaged by UV. 

In general, studies of various organisms have revealed that cells replace 

damaged non-genetic components rather than repair them, though the possibility 

remains that plants may differ in this regard. Potential lack of understanding of 

the important targets in plants illustrates the importance of using mutants to 

analyze plant UV-resistance mechanisms. The properties of uvhl clearly indicate 

that it is a DNA repair type mutant, showing also that DNA is an important 

target for UV damage. 

Many of the DNA repair mutants isolated from other organisms show 

sensitivities to more than one type of DNA damage. We have tested each of the 

uvh mutants for increased sensitivity to ionizing radiation- and found that five of 
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the six mutants are also more sensitive than the wild type strain to this type of 

damage. uvhl was also hypersensitive to bleomycin but not hypersensitive to 

EMS, MMS or MNNG demonstrating that the defect in uvhl is specific to certain 

forms of DNA damage, and not simply a hypersensitive response to all forms of 

DNA damage. 

Another important finding in these studies was that solar 

photoreactivation can reactivate and remove detectable damage from plant leaf 

tissue. The demonstration that exposure to phototreactivating wavelengths 

lessens the damage to the uvh mutants suggests that 1) the damage is pyrimidine 

dimers, 2) these dimers lead to leaf tissue necrosis, and 3) that photoreactivation 

plays a major role in repair of the damage. In fact, we can emphatically state that 

plants growing in sunlight would experience as much damage as done under 

laboratory conditions, but that photoreactivation would remove all this damage. 

Further, since our experiments were done with UV-B light wavelengths, which 

are the shortest in sunlight, they clearly indicate that exposure to sunlight 

probably constantly damages DNA, but that the damage is rapidly 

photoreactivated. A prediction of this work is that a photoreactivation mutant 

would not grow in sunlight due to the lethal effects ofUV-B light exposure. 

A defect in a recombinational repair mechanism could explain the 

hypersensitivity of uvhl to various DNA damaging agents. The apparent defect 

in T-DNA integration is consistent with such a recombination defect. This mitotic 

recombination pathway would most likely be separate from meiotic 

recombination since chromosomal exchange of RFLP markers appears to be 

normal in uvhl. Experiments have been initiated to measure the frequency of 

somatic inter- and intra-chromosomal recombination of a non-overlapping 
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deletion derivative of a directly repeated neomycin phosphotransferase (neor) 

construct in uvhl and wild type strains. The frequency of events which generate 

a functional neor gene is 10-4 in wild type cells so detecting a decrease in the 

frequency will require the screening of large numbers of protoplasts. 

We have mapped the approximate location of uvhl using genetic and 

RFLP markers. Additional markers of both types are available to more 

accurately map the UVHl gene. A physical map of this region will be available 

soon. Physical clones that map to this region could be used to identify 

transcripts from this region that might originate from the uvhl gene. Cloning 

and sequencing of the uvhl gene may help to identify the function of uvhl. Any 

amino acid sequence similarity to known recombination proteins would be of 

particular interest. 
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