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Abstract 

Five Arabidopsis mutants were previously identified in a genetic screen to isolate 

UV hypersensitive (uvh) mutants. In this work, these mutants were further characterized. 

Each uvh phenotype was due to a single, recessive Mendelian trait, and complementation 

analysis suggested that each mutant defined a separate locus. To examine the tissue 

specificity of UV hypersensitivity, the UV sensitivity of leaf and root tissues of the five 

uvh mutants and wild-type plants were compared. Two of the mutants, uvhl and uvh3, 

had root UV hypersensitivity comparable to that of uvr 1, another Arabidopsis mutant 

identified in a genetic screen that examined sensitivity of root tissue to UV light. 

Sensitivity to an additional treatment, ionizing radiation, which causes a different type of 

DNA damage was also compared between the five uvh mutants and wild-type plants by 

irradiating seeds. Three of the five mutants, uvhl, uvh3 and uvh5 were hypersensitive to 

both ionizing radiation and UV light. Although hypersensitivity to both DNA damaging 

agents has been observed in other organisms, such as the rad6 epistasis group of yeast, 

these are the only plant mutants described with this pattern of sensitivity. uvh6 and uvh3 

also had unique phenotypes that were observed under normal laboratory growth 

conditions. By comparing the above properties, the five uvh mutants were all 

phenotypically unique 

The uvh6 mutant had a tissue-specific UV hypersensitivity and several additional 

properties including reduced chlorophyll levels, altered chloroplast anatomy, temperature 

sensitivity and alterations in the regulation of heat shock proteins. For these reasons, the 

uvh6 mutant was selected for detailed characterization. Analysis of revertants of the uvh6 

phenotype indicated that all these properties resulted from a single mutation. The uvh6 

mutation mapped near position 27±6 on chromosome one. Several of the properties of the 

uvh6 mutant at room temperature were observed in wild-type plants grown at elevated 



temperatures. On the basis of the properties of the uvh6 mutant, a possible model of 

UVH6 function is proposed. In this model, the UVH6 protein participates in a 

developmental program that decreases cellular stress resulting from exposure to high 

temperatures. 

12 
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Chapter 1 

INTRODUCITON 

Siwificance of the Study ofUY Resistance in Plants 

Plants require sunlight to carry out photosynthesis, a process critical to life on 

earth. Sunlight at the earth's surface contains both the visible wavelengths required for 

photosynthesis and more energetic wavelengths in the UV -B portion (280-320nm) of the 

spectrum (Green 1983). Damage to mUltiple cellular targets occurs in plants and other 

organisms as a result of sensitivity of cellular targets to UV -B radiation. These targets 

include major macromolecules such as nucleic acids, proteins and membranes (reviewed in 

Stapleton 1992). It has been predicted that stratospheric ozone depletion may result in an 

increase in the proportion ofUV-B present in sunlight (Madronich 1992). This prediction 

has generated a great deal of interest in the study of plant UV resistance mechanisms. One 

ultimate goal of the study of UV resistance mechanisms in plants is the engineering of 

increased UV resistance in crop plants. Another goal is to characterize both resistance 

mechanisms shared with other organisms and those mechanisms unique to plants. The 

UV-B resistance mechanisms described to date, may be separated into three broad 

categories, UV protective mechanisms, DNA repair mechanisms, and physiological 

responses. The fIrst two processes, UV protection and DNA repair also respond to UV-C 

wavelengths of light (230-280nm) while the physiological responses (reviewed in 

Stapleton et al. 1992) respond primarily to UV-B wavelengths. 
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DNA Repair Mechanisms of Plants Compared to Other Or~anisms 

UV-B radiation causes the same types of DNA damage as UV-C light (wavelengths 

230-280 nm), producing primarily cyclobutane pyrimidine dimers and 

pyrimidine(6,4)pyrimidone dimers, although at a lower efficiency (Quaite, Sutherland, and 

Sutherland 1992). The evidence summarized below suggests that three of the major DNA 

repair mechanisms found in other species, photoreactivation, excision repair, and post

replication repair (Sancar and Sancar 1988) all occur in plants. 

Photoreactivation utilizes one or more photolyase enzymes and visible light 

wavelengths to directly reverse pyrimidine cyclobutane dimers (Sancar 1994) and also 

pyrimidine(6,4)pyrimidone dimers (Kim et al. 1994). A UV-B inducible activity has been 

isolated from Arabidopsis that can carry out photoreactivation of pyrimidine dimers (Pang 

and Hays 1991). Additionally, a plant photolyase gene was obtained by designing PCR 

primers to conseIVed domains and was shown to complement an E. coli mutant defective 

in photoreactivation (Batschauer 1993). Finally, an activity which carries out the 

photoreactivation ofUV-induced pyrimidine (6,4) pyrimidone dimers has been obseIVed 

in Arabidopsis (Chen et al., 1994). 

Excision repair proceeds in several steps, including incision on both sides of the 

damaged site, followed by removal of the damaged area and repair synthesis (Sancar and 

Sancar 1988). An endonuclease with a specificity similar to the enzyme complex which 

carries out excision repair in E. coli, the UvrABC enzyme complex, has been detected in 

plants (McLennan and Eastwood 1986). This mechanism is often differentiated from 

photoreactivation by the ability of excision repair to occur in the dark. In E. coli, excision 

repair removes both pyrimidine dimers and other types of DNA damage. An Arabidopsis 

mutant has been characterized that repairs DNA damage more slowly than wild-type plants 

in the dark (Britt et aI., 1993). This mutant, uvr 1, may be deficient in a mechanism related 

to excision repair. 
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In post replication repair, recombination is used to repair gaps left opposite UV 

lesions after replication of damaged chromosomes. In E. coli, this mechanism requires 

RecA protein. A homologous recombination system which potentially may be involved in 

DNA repair has been characterized in the chloroplasts of higher plants (Fejes, Engler and 

Maliga 1990). An Arabidopsis thaliana cDNA has been isolated which has a sequence 

similar to that of the E. coli recA gene and which encodes a chloroplast localization signal 

(Cerutti et al. 1992). Although the function of the encoded protein has not been proven, a 

DNA strand transfer activity like that of RecA protein has been found associated with 

chloroplasts (Cerutti and Jagendorf 1993) and the plant protein is inducible by DNA 

damage. Another cDNA sequence that produces a protein with some of the functions of 

bacterial RecA has been identified (Pang et al., 1992). The sequence of this cDNA does 

not have significant similarity to that of any sequences that are thought to encode 

recombinases. The observation that the above proteins, which may participate in DNA 

repair, appear to be nuclear-encoded and chloroplast-localized suggest that the plant cell 

nucleus may coordinate chloroplast DNA repair. This hypothesis is supported by the 

observation that many chloroplast genomes have been completely sequenced (Hiratsua et 

al. 1987) and no open reading frames with sequence similarities to known DNA repair 

enzymes have been reported to occur in the chloroplast genome. Since DNA repair can be 

detected in chloroplasts (Harlow 1993), it seems logical that DNA repair mechanisms are 

either nuclear-encoded or, alternatively, differ dramatically from previously described DNA 

repair mechanisms. 

Role of Protection in Uy Resistance in Plants 

Plants differ from other organisms in that they have been shown to synthesize UV 

absorbing molecules which prevent UV -damage. These molecules can prevent up to 95% 

of incident UV -B radiation from penetrating beyond the epidermal layer (Robberecht and 
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Caldwell 1978). Two independent experiments suggest that these compounds affect the 

induction of UV DNA damage in plants. First, Arabidopsis mutants which are defective in 

biosynthesis ofUV-B absorbing flavonols, sinapic acid esters and related compounds 

(transparent testa or tt) have been shown to be hypersensitive to long term exposure to UV

Blight (Li et al. 1993) and have a similar appearance after UV irradiation as known DNA 

repair mutants (Britt et aI. 1993). Second, maize mutants that lack these same flavonols 

have been shown to have a greater number of UV induced photoproducts than wild-type 

plants after exposure to both UV-B and UV-C light (Stapleton and WaIbot 1994). These 

protection mutants can be identified by assays that measure levels of DNA damage 

immediately after UV exposure by either measuring the inability of a restriction enzyme to 

digest UV irradiated DNA (Harlow et al. 1994) or an assay which utilizes antibodies made 

to DNA damage (Stapleton and Walbot 1993). 

UV-hypersensitive mutants have been useful for elucidating important resistance 

mechanisms in several species, but few plant mutants of this type have been isolated (Britt 

et al. 1993; Harlow 1993). The study of plant mutants hypersensitive to UV light may 

elucidate both UV response mechanisms shared with other organisms and mechanisms 

unique to plants. Plants differ from other organisms in which UV hypersensitive mutants 

have been obtained, such as bacteria and yeast in two important ways. First, plants require 

visible light for normal growth. Without light, plants are incapable of photosynthesis and 

can not survive. As a result of this requirement plants, unlike E. coli and yeast, are 

normally exposed to UV-B radiation in sunlight. Second, plants are immobile and 

therefore are incapable of seeking shelter when adverse lighting conditions, such as high 

levels of UV radiation, occur. These differences make it likely that plants will have unique 

responses to UV light that are amenable to genetic analysis. 
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Isolation of uyb Mutants 

In previous experiments (Harlow 1993), five Arabidopsis thaliana mutants were 

isolated by screening individual plants derived from a mutagenized seed stock for damage 

to leaf tissue after UV irradiation. The screening procedure and preliminary 

characterization of one of these mutants, uvb1, have been described (Harlow et al. 1994). 

To identify mutants, the meristematic region of mutagenized seedlings was covered with a 

UV opaque foam and the remaining leaf tissue was exposed to a small UV -C dose. Three 

days after UV irradiation, plants were scored for damage detectable as bronzing and 

shriveling of leaf tissue. Of approximately 49,000 mutagenized seedlings screened, 31 

exhibited UV damage normally seen in wild-type plants only after exposure to higher UV

e doses. Of these 31 plants, five were successfully propagated by seed and produced lines 

that were reproducibly UV -hypersensitive. 

In designing experiments to characterize the five uvb mutants, the possible types of 

defects likely to be represented (Harlow et al., 1994) had to be carefully considered. First, 

UV-C wavelengths were utilized to isolate UV hypersensitive mutants. Both UV-C 

radiation (230-280nm) and less energetic UV-B wavelengths (280-320nm) cause similar 

types of DNA damage (Harm 1980; Quaite 1992). UV absorbing pigments have been 

shown to protect plant DNA from both UV-B and UV-C wavelengths in vivo (Stapleton 

and Walbot 1994). However, UV-C light does not cause some of the general physiological 

changes characteristic ofUV-B light exposure (Stapleton 1992). Therefore, both mutants 

that lack protective compounds and DNA repair mutants are likely to be found among the 

collection of uvb mutants, but mutants with alterations in physiology that respond 

specifically to UV-B light are not likely to be found. Both DNA repair mutants (Britt et al. 

1993) and mutants missing UV protective compounds (Stapleton and Walbot 1994) have 
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been described in plants, and assays designed to identify deficiencies in each process have 

been described. 

One weakness of the experimental design used to isolate the uvh mutants is that non 

physiological conditions were used. UV -C wavelengths are not contained in sunlight at the 

earth's surface and plants are not normally exposed to UV-B without exposure to high 

fluences of white light White light allows plants to tolerate UV-B light, at least partially 

because DNA repair mechanisms such as photoreactivation utilize white light to repair 

damage to cellular targets. Other laboratories have used solar simulators (Stapleton et aI., 

1993; Stapleton and Walbot 1994) or chronic (Li et al., 1993) instead of acute UV 

exposure to study effects ofUV on plants, conditions that are more physiologically 

relevant However, exposure to a single acute dose of UV light has been shown to be 

useful in the isolation of DNA repair mutants in E. coli and yeast. 

The cellular nature of the irradiated plant leaf tissue had to be considered in 

designing experiments to characterize the uvh mutants. In the genetic screen used to isolate 

the uvh mutants, older leaf tissue comprised of primarily nondividing cells was UV 

irradiated. Although these cells are not undergoing cell division, the ploidy of these cells is 

highly variable (Galbraith et al. 1991), indicating that DNA replication still occurs. In 

addition, since transcription of DNA is required in these expanded cells, and transcription 

is inhibited by DNA damage, DNA damage could be lethal in these cells. The major DNA 

repair mechanisms are shared between plants and other organisms, and alterations in DNA 

repair mechanisms could lead to UV hypersensitivity. It is also possible that some of the 

uvh mutants represent unique DNA repair pathways not found in other organisms. The 

molecular defect for one UV hypersensitive mutant isolated in a separate study, uvrl, has 

been determined. It does not affect the repair of the most common UV -induced DNA 

photoproduct, the pyrimidine dimer, but is defective specifically for dark repair of the 

pyrimidine(6,4)pyrimidone dimer, another major UV -induced DNA photoproduct (Britt et 



aI., 1993). This mechanism may be unique to plants since it has not been identified in 

other organisms. 
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The genetic screen in which the uvh mutants were isolated utilized standard 

laboratory growth conditions (defmed in Chapter 2). These conditions produce a small 

amount ofUV-B light This exposure was not expected to damage plants significantly. 

However, this smail UV -B dose might be sufficient to induce UV resistance mechanisms. 

This is significant since protective pigment biosynthesis (Li et aI., 1993), and at least one 

probable DNA repair enzyme (Pang and Hays, 1991), have been shown to be UV-B 

inducible in plants. For these reasons the UV-B light wavelengths were not filtered out 

during the isolation of the uvh mutants. These lighting conditions differed from the 

conditions of the genetic screen used to obtain uvr 1, in which the UV -Blight from the 

fluorescent lights was removed by a cellulose acetate filter (Britt et al., 1993). Therefore, 

in the screen utilized by Britt et al. 1993, UV-B inducible mechanisms were not likely to be 

identified. 

The genetic screen utilized to obtain the uvh mutants (Harlow et aI. 1994) was 

inherently different from the assays used to isolate UV hypersensitive mutants in organisms 

such as yeast and bacteria. Mutants of yeast and bacteria are usually identified on the basis 

of the inability to fonn colonies after UV irradiation, an assay dependent on both sUlvival 

and cell division. In contrast, the uvh mutants were identified on the basis of damage to 

expanded leaf tissue while the portions of the plant carrying out cell division were protected 

(Harlow et aI., 1994) to allow propagation of the mutant. It is therefore important to that 

the assays utilized to characterize the uvh mutants examine different tissue types. 

Properties of Arabidopsis that Facilitate Genetic Analysis 

The Arabidopsis genome has several characteristics that make it an excellent system 

for genetic studies. First, the Arabidopsis genome is small, only about three times as large 
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as that of yeast, has been extensively characterized and has very little repetitive DNA. 

(Meyerowitz 1989; Meyerowitz 1990). More partial cDNAs (expressed sequence tags or 

ESTs) have been obtained from Arabidopsis than yeast, Drosophila or C. e/egans. In 

addition, many genes that exist as multigene families in other plants are single copy in 

Arabidopsis, making the isolation of mutants more likely. The genetic and physical maps 

of Arabidopsis are densely populated with genetic markers and physical marker 

polymorphisms between the Columbia and Landsberg ecotypes of Arabidopsis. For 

example there is a genetic marker approximately every two centimorgans (cM) on the most 

current Arabidopsis genetic map (Koorneef in Press (map pre published in Arabidopsis 

stock center seed list 1994». These genetic markers and physical polymorphisms 

(discussed in chapter 5) between the two ecotypes greatly facilitate the mapping of 

Arabidopsis genes. 

The growth characteristics of Arabidopsis also make it suitable for genetic analysis. 

Arabidopsis is a weed and quite easy to grow in confined spaces. Plants can be grown 

under laboratory conditions, avoiding the use of a greenhouse, and have a life cycle of less 

than two months. A single Arabidopsis plant often produces over 10,000 seeds. These 

characteristics facilitate backcrossing (the crossing of the mutant strain to the parent strain), 

outcrossing and the amplification of lines. 

Arabidopsis is a dicot and therefore has two cotyledons preformed in the seeds. 

These two cotyledons appear two to four days after planting and are quite different in their 

physiology from the true leaves. The true leaves are produced in pairs of two beginning at 

approximately ten days after planting. The true leaves form a ring of leaves referred to as 

the rosette. Approximately one month after planting, the inflorescence (bolt) is produced. 

The inflorescence appears as a stalk growing out of the middle of the rosette and marks the 

transition from vegetative to reproductive grown. The inflorescence becomes branched and 

produces both leaves and flowers which self fertilize and develop into seed pods called 
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siliques. Each silique typically contains 10-100 seeds. Self fertilization facilitates the 

isolation of homozygous strains from heterozygous parents and allows rapid amplification 

of seed stocks. In addition, plants can easily be manually crossed to one another. When 

possible in these crosses, pollen is used which carries a dominant trait so that it can be 

confIrmed that the cross occurred. The progeny of this cross is named the Fl generation 

and obtain one chromosome from each parent. Because of this feature, each Fl plant 

should have an identical chromosome content, assuming each parent is homozygous. 

When these seeds grow, carry out recombination and self fertilize, the resulting seeds are 

named the F2 generation. These plants should segregate 1:2:1 (tt:Tt:TT) for a recessive 

Mendelian trait. In some applications, F2 plants are used to produce F3 pools. A F3 pool 

represents the progeny of a single F2 plant. F3 pools are useful because multiple 

characteristics can be measured for each seed pool. For example the genetic linkage of 

temperature sensitivity and UV sensitivity cannot be studied in a single F2 plant because the 

assays for these phenotypes are lethal. In addition, the study of F3 plants allows the 

identifIcation of the Tt class (in which the pool will segregate 1:2: 1 TT:Tt:tt) from the TT 

class (only TT represented). 

Arabidopsis can be easily mutagenized by soaking seeds in mutagens such as ethyl 

methane sulfonate. The mutagenized seeds, which are called Ml seeds, cannot be used to 

isolate mutants for two reasons. First, recessive mutations will not appear unless both 

copies of the gene are mutated, an unlikely event. Second, each plant develops from 

approximately three sectors of cells, so that if a dominant mutation occurs, it will only 

appear in one third of the plant. This sectoring phenomenon is clear during the growth of 

Ml plants. Typically, chimeric plants appear in the Ml generation, for example, as albinos 

or yellow green mutants, where one third of the plant is albino (white) or chlorotic 

(yellow). For this reason, the Ml plants are usually allowed to self fertilize and plants of 



the next generation (M2) are used to isolate mutants. These M2 plants can express 

recessive Mendelian traits induced by the mutagenic treatment. 
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In this study, mutants that are hypersensitive to UV light were further characterized. 

To understand the basis ofUV hypersensitivity, the sensitivity of different tissues to DNA 

damaging agents was studied. In addition, other phenotypes observed during the growth 

of the uvh mutants were studied. The ultimate goal of this type of analysis is to understand 

how plants respond to UV light so that UV resistance may be engineered in crop plants. 
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Chapter 2 

MATERIALS AND l\1ETIIODS 

Growth Conditions and Strains 

Seeds were planted in a equal mixture of Metrornix 350 and Sunshine mix soils. 

Normal laboratory conditions for growth consisted of growth under a 1: 1 mixture of cool 

white lights and F40 agro fluorescent lights (approximate 2000 lux intensity) at a room 

temperature that varied from 21°C to 23°C. When indicated, plants were grown in a 

Conviron growth chamber set at the temperature indicated. The parent of the uvh mutants 

was of the Colombia ecotype and was glabrous due to a point mutation at the gil locus. 

This strain was obtained from Dr. Fred Lehle, Lehle seeds. Backcrossed lines of uvhl 

(backcrossed twice), and the original mutant isolates of uvh 3, uvh4, and uvh5 were uvh6 

were obtained from Dr. Greg Harlow (Harlow, dissertation). Backcrossed and out crossed 

strains of uvh6 were generated by crossing progeny of the original uvh6 mutant to the 

Colombian parent, a Landsberg strain obtained from the laboratory of Dr. Hans Bohnert, 

University of Arizona. The strains for mapping were obtained by crossing the uvh6 mutant 

to a Landsberg strain obtained from the European Stock Center, Nottingham England. 

This strain was the Landsberg parent of the Colombia /Landsberg recombinant inbred 

library. In all cases the identity of the recombinants as uvh6 or UVHo was determined by 

either irradiating plants with 500 J/m2 or placing plants at 37°C. The UV and ionizing 

radiation studies shown in Chapter 3 were performed with a twice outcrossed uvhl strain, 

the original uvh 3,4, and 5 mutants, and a twice outcrossed uvh6line. The yellow-green 

mutants, CS 3156, CS 3155, CS 3153, CS 42, CS 91, CS 3173, CS 3170, CS 3167, CS 

3171, CS 73, CS 41, and CS 3164 were obtained from the Arabidopsis Stock Center 

(Ohio State University) in Columbus, Ohio. The temperature resistant derivatives of the 
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uvh6 mutant were derived from a Columbia/Landsberg hybrid line heterozygous at the glJ 

locus. 

Muta~enesis and Selection of uvh6 Temperature Resistant Deriyatiyes 

Approximately 3000 uvh6 seeds were mutagenized with ethyl methane sulfonate, as 

previously described (Estelle and Somerville 1987). A uvh6 strain genetically marked in 

two ways was used to so that confmnation of the genetic origin of derivatives was 

possible. The parent strain used for the original mutant isolation contained a mutation at the 

gIl locus, resulting in a lack of trichomes. A uvh6 line that was segregating for the gll 

locus was produced by crossing uvh6 to Landsberg and examining F3 progeny. This 

strain was mutagenized to obtain the derivatives. Therefore, 75% of the derivatives can be 

differentiated from Columbia wildtype plants, by the presence of trichomes. The presence 

of both Columbia and Landsberg DNA polymorphisms can also be used to show that each 

line was not derived from either contaminating wild-type Landsberg seed or wild-type 

Columbia seed. Since no wild-type Landsberg plants were grown in the same room as the 

mutagenized seedlings during the time period of their growth the presence of trichomes was 

considered sufficient to rule out contamination. To assist in obtaining independent 

derivatives, seeds from approximately 75 MI plants were pooled to produce a total of32 

M2 seed pools. Approximately 900 25 day-old plants from 20 of these pools were grown 

and tested for survival after transfer to 37°C for five days. Seed was collected from each 

surviving derivative and used to produce progeny plants which were also tested for 

temperature resistance, UV hypersensitivity, and chlorophyll content. One true breeding, 

resistant line was established from each of the five pools that produced temperature 

resistant seedlings. These five lines were designated uvh6-1R through uvh6-5R. 
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uy Sources; 

UV -C radiation (lambda max. = 254) was supplied by a UV Stratalinker 

(Stratagene model 24(0) by selecting the desired UV dose. UV -B radiation was supplied 

by substituting UV -B bulbs (lambda max. = 302 nm) for the UV -C bulbs in the 

Stratalinker. The UV-B dose rate (12 J/m2/s) was determined using a recently calibrated 

UVX Digital Radiometer equipped with a UV-B sensor (UV-Products) and the time 

required for the proper dose was programmed into the Stratalinker. 

Measurement ofUY Survival of Seedlines 

For each UV dose, approximately 30 fourteen day-old plants were irradiated with 

UV -B or UV -C light and then grown for three days under one of two lighting conditions; 

(1) the lighting used in normal growth conditions, which produces wavelengths supporting 

photoreactivation, or (2) F4OGO gold fluorescent lights, which produces light wavelengths 

not supporting photoreactivation (Pang and Hays 1991)plants were than transferred to the 

lighting used for normal growth conditions. A preliminary scoring of survival was 

performed 10 days after irradiation, as shown in Figure 3.1. Final scoring of survival was 

performed six weeks after irradiation at which time the plants had either produced seed or 

withered and died. 

Measurement Root Tissue Sensitivity to Uy Lieht 

The assay was performed as previously described (Britt et al., 1993) with 

modifications. As shown in Figure 3.2, plants were grown for three days on agar plates 

held vertically and were subsequently UV irradiated and the plates were rotated 90°. Two 

days after irradiation the plants were scored for continued root growth, which appeared as 

bending of the root. This procedure differed from the procedure of Britt et al.(1993) in that 

light was not filtered through cellulose acetate, and the plants did not contain the ttS 
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mutation which inhibits flavonoid biosynthesis. For the data shown in Table 3, over 100 

plants were scored at each UV dose. 

Measurement of Ionizin!: Radiation Sensitivity of Plants 

Irradiation and scoring of sensitivity were perfonned as previously described 

(Harlow et al., 1994) with modifications. For each data point two sets of approximately 

100 seeds were soaked for 12 hours in 200ul of sterile water at 4°C. The water containing 

the seeds was then transferred to the well of a flat bottomed microtiter dish. The 200 ul 

volume of water in the microtiter dish provided a half centimeter water overlay as the seeds 

sunk to the bottom of the microtiter well. The microtiter dish containing the imbibed seeds 

was exposed to a 6OCo source (theratron 80) at a dose rate of 284 rads/minute and the 

seeds were immediately planted. Leaf fonnation was scored eight, ten and twelve days 

after planting and the average number of true leaves per plant and standard deviation 

between the two sets of one hundred seeds was determined by calculating the average 

deviation of each data point from the mean. 

Measurement of Temperatyre Sensitivity 

Heat sensitivity of seedlings was studied by placing 14 day-old plants for four days 

in a standard bacterial incubator set at 37°C modified by the addition of two cool white 

fluorescent white lights (approximately 2000 Lux). During this treatment, plants were 

watered as needed, but the chamber was not humidified. After this treatment plants were 

transferred back to normal growth conditions and survival was scored after one week. To 

conflIl11 survival, plants were maintained in normal laboratory conditions for two months. 

By this time wild-type control plants produced seeds, in contrast to uvh6 plants, which 

withered and began to decay. 
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Detennination of Chlorophyll Content 

Chlorophyll a and chlorophyll b levels were detennined on 15 day-old plants in 

80% acetone as previously described (Arnon 1949). The data in Table 1 of Chapter 4 were 

obtained from plants grown under normal laboratory conditions and the data in Table 2 of 

chapter four from plants grown at normal laboratory temperatures for one week and then 

transferred to a Conviron growth chamber at the temperature indicated for nine days. At 

this time plants were removed from soil, the roots were cut off, and the remaining tissue 

was ground. In all cases, the values reported are the average of at least three independent 

replications. The chlorophyll alb ratios did not vary significantly between uvh6 and wild

type plants. At 30°C the ratios varied between 2.5 and 3.0 for both wild-type and uvh6 

plants. At 24°C the ratios varied between 2.3 and 2.5 for both wild-type and uvh6 plants. 

At 18°C the ratios varied between 3 and 3.5. 

Electron MicroSCQIlY (performed by Beth Huey, Electron Microscopy Facility, University 

of Arizona) 

Electron microscopy was carried out as previously described (Kunst et al 1989), 

with the following modifications. The leaf material used was 24 days old and the fixation 

buffer contained O.OSM cacodylate and 2% (v/v) glutaraldehyde. A solution of 1 % tannic 

acid and O.OSM cacodylate was used as a mordant prior to post fixation. 

Polyacrylamide Gels and Immunoblotting (Performed by Teri Suzuki, University of 

Arizona) 

Performed as described in Osteryoung and Vierling, in press. Fourteen day-old 

plants were transferred to a Conviron growth chamber set at 33°C and containing a 

humidifier. At specific time intervals, total leaf protein was isolated and separated on a 

12.5% polyacrylamide gel. Two identical gels were prepared, one for Western blot 
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analysis with HSP 21 antibody and one for Coomassie blue staining to confirm that each 

lane contained similar amounts of protein. 

Ma""in~ of the uvh6 Mutant 

Twenty-two day old F2 plants of an uvh6 X Landsberg backcross were tested for 

UV hypersensitivity by protecting all but one leaf with aluminum foil and irradiating that 

one leaf with 400 11m2 UV -C light The irradiated leaf was marked by placing a toothpick 

next to it. Plants recovered for three days under yellow light and were subsequently scored 

three days after transfer back to normal growth conditions for UV hypersensitivity. 

Hypersensitivity was defined as a complete shriveling of the unprotected leaf. DNA was 

prepared from plants by the CTAB (hexadecyltrimethylammonium bromide) extraction 

method as described previously (Harlow et al. 1994). Primers for mapping were obtained 

from Research Genetics, Huntsville Georgia, and were used to amplify simple sequence 

length polymorphisms (SSLPs) (Bell and Ecker 1994) from UV hypersensitive F2 plants 

from the outcross uvh6 (Columbia ecotype) X Landsberg). DNAs from 17 such plants 

was scored for the presence of the Colombian and Landsberg polymorphism. When 

linkage was observed, an additional 14 DNAs from were checked to confirm this linkage. 

Map distances were calculated utilizing the computer program Mapmaker v 1.0. 
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CHAPTER 3 

CHARACTERIZATION OF THE uvh MUTANTS 

SUMMARY 

Five Arabidopsis mutants have been isolated on the basis of hypersensitivity of leaf 

tissue to UV light For each mutant, the UV -hypersensitive phenotype (uvh) was inherited 

as a single recessive Mendelian trait. In addition, each uvh mutant represented a separate 

complementation group. The mutation producing the uvh3 phenotype has been located on 

chromosome three, adjacent to the GLllocus by measuring recombination between the 

GL1 and UVH3 loci. Each uvh mutant has a characteristic pattern of sensitivity based on 

(1) UV -sensitivity of leaf tissue (2) UV -sensitivity of root tissue, and (3) ionizing radiation 

sensitivity of seeds. On the basis of these patterns, possible molecular defects in these 

mutants are discussed. 

INTRODUCTION 

Four separate experiments were carried out, each designed to examine a specific 

characteristic. First, each mutant was analyzed to determine if the uvh phenotype was 

caused by a separate single mutation. This analysis was performed by first analyzing 

backcrossed lines for the 3: 1 segregation rate characteristic of a single, recessive mutation. 

The mutants were then crossed to one another to determine if the mutations complemented 

one another. If each mutation was unique all the crosses should produce progeny with 

wild-type levels of UV resistance. Additionally, the mutants were analyzed for three 

properties relating to UV resistance and DNA damage; UV resistance of leaf tissue, UV 

resistance of root tissue, and ionizing radiation resistance of seeds. 
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uy Sensitivity of Leaf Tissue 

The mutants were ranked in order of the UV hypersensitivity of their leaf tissue. 

This analysis established the relative UV sensitivities of the uvh mutants under two sets of 

recovery conditions. This assay differed from the isolation procedure in that the apical 

meristems of plants were unprotected and survival was measured. Therefore, the 

sensitivity of the meristematic cells was tested. In addition this analysis determined the 

level ofUV light necessary to observe the phenotype of each mutant, which was essential 

for the further analysis of the mutants. 

Sil:nificance of Sensitivity of uvh Mutants to Ionizinl: Radiation 

While UV light damages DNA primarily through the induction of specific 

photoproducts such as pyrimidine dimers, (Harm 1980) ionizing radiation results mainly in 

a different type of DNA damage, single and double stranded breaks in DNA (Ager et al. 

1990). Therefore, a uvh mutant with a defect specific to the repair of a UV induced 

photoproduct such as the pyrimidine dimer, would not be expected to be sensitive to 

ionizing radiation. A mutant sensitive to both DNA damaging agents is also unlikely to 

simply lack a protective UV absorbing pigment, since ionizing radiation is extremely 

penetrating. Sensitivity of a mutant to both ionizing and UV radiation is consistent with a 

defect in a mechanism that repairs both UV-induced and ionizing radiation-induced DNA 

damage such as post replication repair. Ionizing radiation sensitivity also suggests the 

possibility of a defect in DNA recombination (Moreau 1983). To my knowledge, the 

mutants described in this study are the only existing plant mutants shown to be sensitive to 

both these DNA damaging agents. 

To examine ionizing radiation sensitivity, a novel assay was developed (Harlow et 

al.1994). In this assay, water-imbibed seeds were irradiated under a 0.5 cm layer of 

sterile water, and the effect of ionizing radiation on leaf formation was noted. Placing the 
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seeds under 0.5 cm of water was essential to insure equal dosimetry of the samples as the 

amount of damage done by ionizing radiation varies greatly depending on the thickness of 

the tissue irradiated. In a previously published study (Davies et al. 1994), a different 

ionizing radiation sensitivity screen was utilized to produce several Arabidopsis mutants 

hypersensitive to ionizing radiation (rad mutants). In this screen, young seedlings were 

exposed to ionizing radiation and the subsequent effects on growth were studied. This 

assay could be deceptive because mutations resulting in altered tissue thickness or other 

growth parameters could result in altered sensitivity of plants to ionizing radiation. No 

information exists supporting the hypothesis that these rad mutants are defective in DNA 

repair, and none of these mutants have been shown to be sensitive to other DNA damaging 

agents, such as UV light. 

Sienificance of Sensitivity of both Root and Leaf Tissue to Uy Lieht 

Since roots are not exposed to UV radiation during normal plant growth, it is 

logical to predict that some UV resistance mechanisms are found in leaf but not root tissue. 

In agreement with this prediction, a recently analyzed Arabidopsis cDNA, that has both 

sequence and functional similarity to the E. coli photoreactivation enzyme, is Ilght-inducible 

in leaf but not root tissue (Batschauer 1993). Plant root tissue also lacks significant 

amounts of UV protective flavonoids, which are important for UV resistance in plants (Li 

et al. 1993). On the other hand, a mutant isolated on the basis of root sensitivity to UV -B 

light has been shown to have a defect specific to the repair of a UV -induced photoproduct, 

the pyrimidine (6,4) pyrimidone dimer (Britt et al. 1993). These observations suggest that 

some important UV resistance mechanisms are only expressed in leaf tissue and others are 

expressed in both foot and leaf tissue. 
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RESULTS 

Genetic Analysis of uyh Mutants 

The genetic screen (Harlow et al. 1994) used to isolate the uvh mutants is described 

in chapter one. To determine the genetic basis of UV -hypersensitivity, each mutant was 

backcrossed to the parent Columbia ecotype (see Materials and Methods). In every case, 

the Fl progeny from these crosses had wild-type levels ofUV resistance. When these Fl 

plants self pollinated, approximately 25 percent of the F2 progeny were UV hypersensitive 

in each case (Table 3.1). Therefore, the UV -hypersensitivity of each mutant appeared to be 

due to a single, recessive Mendelian trait. To determine the number of complementation 

groups represented, the five mutants were crossed in all combinations and the resulting Fl 

progeny were tested forUV-hypersensitivity. In each cross, the Fl progeny had wild-type 

UV -resistance levels (data not shown). Therefore, each uvh mutant appeared to represent a 

separate complementation group. 

The map location of the mutation producing the UV -hypersensitive phenotype of 

one of the mutants, uvh3, was determined. uvh3 plants, which had been isolated in the 

Columbia ecotype background, were outcrossed to plants of the Landsberg ecotype. The 

Columbia ecotype carries a recessive mutation (gll) at the GLllocus which is located on 

chromosome three and results in a lack of trichomes, the glabrous phenotype (Oppenheimer 

et al. 1991). The Landsberg strain utilized was wild-type at this locus and produced 

trichomes. Of 455 F2 progeny from this cross, all 366 plants that produced trichomes had 

wild-type UV resistance levels and all 89 plants that lacked trichomes were UV

hypersensitive, suggesting tight linkage between uvh3 and gll. 

To further test the extent of the linkage between UVH3 and GLl, seed was 

collected from each of the 366 individual F2 plants that had trichomes and were UV

resistant. The F3 progeny of these plants were subsequently tested to determine if the 



Table 3.1 

Segregation of the UV-hypersensitive phenotype in F2 
progeny from crosses of uvh mutants to wild-type plants.* 

Cross UVr UVh X2 p**** 

uvhlxwr@ 79 22 0.31 0.5-0.7 

uvh3xwr@ 71 30 0.95 0.3-0.5 

uvh4xwr@@ 79 30 0.25 0.5-0.7 

uvh5xwr@@ 99 39 0.62 0.3-0.5 

uvh6xWT 71 25 0.013 0.7-0.9 

*uvr, wild-type UV resistance; UVh, UV-hypersensitive. 

**X2 values calculated using Yates correction factor (Strickenberger 1976). 
****Probability that the observed ratios are due to a single recessive mutation 
@Values generated by Dr. Gregory Harlow 
@@Values generated by Dr. Mark Shotwell 
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parent F2 plant was homozygous or heterozygous for the uvh3 and gll markers. If the 

parent F2 plant was heterozygous for either trait, the F3 progeny should segregate 3: 1 for 

the dominant:recessive phenotypes. One of the 366 lines analyzed produced progeny 

plants that were UV -hypersensitive and possessed trichomes, indicating a recombination 

event between the uvh3 and gil markers. To summarize, of910 chromosomes analyzed, 

only one chromosome had a recombination event could be detected between the uvh3 and 

gil loci. Analysis of these data by the program Map Maker, version 1.0, placed the UVH3 

locus within a centimorgan (cM) of the GLllocus, near position 38 on chromosome three 

(Koorneef et al., 1990). 

To confIrm that normal recombination rates occurred in the genetic background in 

the above study, the uvh3 mutant was crossed to a chromosome 3 mapping strain. The 

mapping strain contained mutations at the glJ (lack of trichomes), tt5 (no anthocyanin 

production), and hy2 (elongated hypocotyls) loci. In the 200 progeny of this cross 

analyzed, normal recombination rates were observed between the three markers carried by 

the mapping strain, but no recombination was observed between glJ and uvh3. 

Growth Characteristics of uvh Mutants 

Two of the mutants, uvh3 and uvh6, showed growth abnormalities without UV 

exposure. uvh6 plants appeared yellow-green compared to wild-type plants but otherwise 

grew normally. This phenotype can be seen in the unirradiated uvh6 plants shown in 

Figures 3.2A and 3.2B. The yellow green phenotype was reverted along with UV 

sensitivity in several mutagenized derivatives, which is consistent with both mutations 

resulting from the same mutation. 

At early stages of development, unirradiated uvh3 plants could not be distinguished 

from wild-type plants, as seen in the unirradiated plants in Figures 3.2A and 3.2B. 
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However, after the onset of reproductive growth (production of the inflorescence), the 

rosette leaves died and seed set was severely reduced (Figure 3.1). Increasing either light 

intensity or humidity resulted in loss of this phenotype. This phenotype co-segregated with 

UV-hypersensitivity in 556 backcrossed lines raising the possibility that the two 

phenotypes are due to the same mutation, however this should be considered preliminary 

until co-reversion of the two phenotypes is observed in mutagenized uvh3 derivatives .. 

The other uvh mutants chosen for study grew with a rate and vigor similar to wild

type plants under laboratory conditions. During the genetic screen, several UV 

hypersensitive plants were observed that grew slowly and with poor vigor. These plants 

were not further analyzed because of the concern that their UV -hypersensitivity could be 

simply related to poor growth. These excluded plants may represent another class of 

mutants sensitive to a wide variety of stress conditions. This restriction would also have 

excluded uvrl, another UV hypersensitive mutant of Arabidopsis, since this mutant grows 

abnormally under cool white fluorescent lights (Britt et al,. 1993). 

Sensitivity of Mutant Seedlinf:s to Uy Lif:ht 

To compare UV -sensitivities of the five uvh mutants to that of wild-type plants, 14 

day-old seedlings were irradiated with increasing doses of UV -C light. After irradiation, 

seedlings were grown under conditions that either did not permit (Figure 3.2A) or did 

permit (Figure 3.2B) photoreactivation (see Materials and Methods). Each of the uvh 

mutants was more extensively damaged than wild-type plants at the UV doses tested. 

Furthermore, the degree of sensitivity among the mutants varied. For example, in Figure 

3.2A and 3.2B, uvh3 appeared to be one of the most hypersensitive mutants, while uvh4 

was one of the least hypersensitive mutants. All of the plants also showed increased UV 

resistance when photoreactivation was allowed (Figure 3.2B), suggesting that all of the 

mutants are capable of photoreactivation. 
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Figure 3.1 Rosette Death Phenotype of uvh3 Plants. 

uvh3 plants grew poorly after the onset of reproductive growth in laboratory conditions 

(defined in Chapter 2)(3.1B) compared to wild-type plants (3.10). This poor growth was 

not observed when plants were transferred to a growth chamber set at 22°C in either uvh3 

(3.1A) or wild-type plants (3.1 C). 
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FIGURE 3.2 UV -C Sensitivity of uvh Mutants. 

Fourteen day-old seedlings were irradiated with UV -C light at the indicated doses. The 

plants were then grown under conditions that either (A) did not allow photoreactivation or 

(B) did allow photoreactivation, as described in Materials and Methods. Plants were 

photographed 10 days after UV irradiation. Doses shown are 0 as a control, and all 

subsequent doses that resulted in the death of a percentage other than 0 or 100 of at least 

one of the strains shown. 
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In order to compare the UV -sensitivities of the mutants more quantitatively, the 

approximate doses of UV -C light required to kill one-half of the seedlings (lethal dose 

50%) were determined for each strain and are shown in Table 3.2. The mutants could be 

divided into three categories based on their UV -C survivals compared to wild-type plants: 

(1) extreme hypersensitivity under both photoreactivating and non-photoreactivating 

conditions [uvh3 ], (2) intermediate hypersensitivity under both photoreactivating and 

nonphotoreactivating conditions [uvh4 and uvh5 ], and (3) extreme hypersensitivity under 

nonphotoreactivating conditions but intermediate hypersensitivity under photoreactivating 

conditions. [uvhl and uvh6]. The uvh mutants were also hypersensitive to UV-B 

wavelengths and showed variations in UV - sensitivity similar to those shown in Figure 3.2 

(data not shown). 

uy Sensitivity of Root Tissue 

The above assay ofUV-hypersensitivity was based primarily upon damage to 

previously formed leaf tissue by UV light. In order to determine if additional tissues of 

these mutants were also hypersensitive to UV light, and if mutants could be classified on 

this basis, the sensitivity of root tissue was measured. The assay used to examine root 

sensitivity to UV light has been previously described (Britt et al. 1993). In this assay, 

plants were grown on agar plates held vertically, which caused the roots to grow 

downward along the agar surface since roots are geotropic, while the cotyledons bend 

toward the light because they are phototropic. Three days after planting, the plates were 

UV irradiated, turned 90 degrees and placed in the dark for three days. Pilot experiments 

were performed with UV-B and UV-C with both white light and dark recovery. The 

conditions ofUV-B radiation and dark recovery were used to analyze the uvh mutants to 

facilitate the comparison with a mutant previously isolated on the basis of root sensitivity, 
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Table 3.2 

UV-Hypersensitivity of uvh Seedlings. * 
Strain UV -Dose (kJ/m2) Lethal 

dose 50% 

0 0.2 0.4 0.8 1.6 3.2 6.4 12.8 
(kJ/m2) 

A). Recovery without photoreactivating wavelengths 

wr 100 100 100 86 38 14 0 0 .8-1.6 

uvhl 100 0 0 0 0 0 0 0 <.2 

uvh3 100 0 0 0 0 0 0 0 <.2 

uvh4 100 100 94 14 20 0 0 0 .4-.8 

uvh5 100 100 71 0 0 0 0 0 .4-.8 

uvh6 100 16 0 0 0 0 0 0 <.2 

B). Recovery with photoreactivating wavelengths 

wr 100 100 100 94 100 54 13 0 3.2 

uvhl 100 100 100 83 71 9 0 0 1.6-3.2 

uvh3 100 100 38 10 0 0 0 0 .2-.4 

uvh4 100 100 100 83 50 0 0 0 1.6 

uvh5 100 100 100 88 40 0 0 0 1.6 

uvh6 100 100 100 93 77 0 0 0 1.6-3.2 

*Table values are percentage of seedlings surviving UV -C irradiation (see Materials and 

Methods). 
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uvrl (Britt et aI., 1993).described mutant, uvrl (Britt et al. 1993). Different UV doses 

were administered to plants by moving a UV opaque card across the plate during 

subsequent exposures. Continued downward root growth after turning the plate 90· 

resulted in bending of the root and this growth was inhibited by exposure to UV-light 

(Figure 3.3). The fraction of irradiated roots which continued to grow after irradiation was 

scored as a measure of sensitivity and is reported in Table 3.3. Presumably, the root 

bending assay measures the ability of root tip cells to divide and elongate following UV

irradiation. 

The mutants could be divided into three groups based on the UV-hypersensitivity of 

root tissue (Table 3.3): extreme hypersensitivity [uvhl and uvh3], intermediate 

hypersensitivity [uvh6], and wild-type levels of resistance [uvh4 and uvh5]. The most 

hypersensitive group was approximately as sensitive to UV radiation as the Arabidopsis 

mutant uvr 1, recently isolated by screening for hypersensitivity of root tissue (Britt et al., 

1993). Similar variations in root UV -sensitivities were observed following exposure to 

UV-C wavelengths (data not shown). 

Sensitivity of uvh Mutants to Ionizing Radiation 

Sensitivity to another DNA damaging treatment, ionizing radiation, has been useful 

in the classification of UV sensitive mutants of other species. In contrast to UV light, 

ionizing radiation is extremely penetrating and damages DNA through single and double 

strand DNA breaks and other types of damage (Ager et al. 1990). Accordingly, a mutant 

with a defect in protection against UV light or in repair of a UV specific photo product 

should not be hypersensitive to ionizing radiation. On the other hand, sensitivity of a 

mutant to both types of radiation would suggest a defect in a mechanism that confers 

resistance to both types of radiation. 



44 

FIGURE 3.3 UV-B Sensitivity of uvhl Root Tissue. 

Plants were grown on agar plates held vertically, which resulted in the roots growing on 

top of the agar surface. The exposed roots were irradiated and the plates were rotated 9(t 

so that continued root growth appeared as bending of the root. Without UV-B irradiation, 

all roots showed bending but after irradiation with 500 11m2 UV -Blight, roots of wild-type 

plants were bent but uvhl roots did not bent, indicating inhibition of growth and 

hypersensitivity to UV-B light of the uvhl roots. To improve visualization of roots for 

photography, 0.6% charcoal was included in the growth media to provide greater contrast. 

Root tissue grew poorly on charcoal and therefore was not included in the plates used to 

generate the data of Table 3.3. 
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Strain 

wild-type uvhl 

o 

500 



Table 3.3 

Sensitivity of uvh Mutant Root Tissue 
to UV -B Radiation. * 

Strain 

wr 

uvhl 

uvh3 

uvh4 

uvh5 

uvh6 

o 
99 

100 

100 

100 

100 

99 

UV-B dose (J/m2) 

500 

97 

1 

1 

100 

98 

87 

1000 

93 

o 
o 

100 

100 

28 

2000 

38 

o 
o 

23 

12 

5 

"'Root growth was measured using the root bending 
assay illustrated in Figure 2 and described in the text. 
The percentage of irradiated roots that continued 
growth as indicated by bending is shown. For the mutants 
that exhibited sensitivity, uvhl,3, and 6, and wildtype plants 
over one hundred plants per dose were examined. For the 
plants that did not exhibit sensitivity, only 20 plants per 
dose were examined. 
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Sensitivity to ionizing radiation was measured by irradiating seeds with 6OCo "(

rays and scoring the ability of the resulting seedlings to produce the first set of true leaves. 

Examples of the appearance of wild-type and "(-ray sensitive uvh mutant plants grown from 

6Oeo irradiated seeds are shown in Figure 3.4. As previously observed (Harlow et al. 

1994), exposure of seeds to ionizing radiation did not effect gennination or expansion of 

the prefonned cotyledons, processes not requiring cell division. However, the ability to 

produce the first true leaves, a developmental process that requires cell division, was 

affected, as previously observed in studies of wild-type plants (Van't Hoff and Sparrow 

63; Lapins and Hough 70; Harlow et al. 1994). 

Absence of the first set of leaves 12 days after planting was used as a measure of 

ionizing radiation sensitivity. The average numbers of leaves per plant grown from 

irradiated seeds were determined in approximately 200 mutant and wild-type plants at each 

dose tested (Table 3.4). The uvh mutants could be divided into three classes based on the 

comparison of the response of seeds to ionizing radiation to wild-type plants (Table 3.4): 

(1) extreme hypersensitivity, [uvhl], in agreement with previously published results 

(Harlow et al. 94), (2) intennediate hypersensitivity, based on the 40 Krad dose results, 

[uvh3 and uvh5], and (3) wild-type levels of resistance, [uvh4 and uvh6]. 

Previous studies of ionizing radiation on plants have quantitated effects on plant 

growth. Ionizing radiation prolongs the lifecycle of plants and this can be measured 

(Davies et al., 1994). Although this lifecycle elongation was observed in my studies, it 

was not quantitated because of concerns that growth under laboratory conditions instead of 

a growth chamber might affect the results. Survival was also affected by ionizing 

radiation. In general, plants that were able to produce one or both true leaves by twelve 

days set seed normally. However, plants that did not produce seed by 12 days either died 

or had a low seed yield. 



48 

FIGURE 3.4 Ionizing Radiation Sensitivity of uvh Mutants. 

Shown are examples of 14 day-old seedlings grown from seeds previously 'Y-irradiated 

with the indicated doses. Seed germination and production of the two cotyledons, which 

are preformed in the seeds, were not affected. Damage was revealed by inability to 

produce one or both of the fIrst two true leaves, which normally develop at approximately 

right angles to the cotyledons. uvhl produced fewer true leaves than wild-type plants at the 

20 krad dose and did not produce any leaves at the 40 krad dose, thus indicating extreme 

hypersensitivity. uvh3 and uvh5 plants produced fewer leaves than wild-type plants at the 

40 krad dose, indicating intermediate hypersensitivity. uvh6 and uvh4 had wildtype levels 

of ionizing radiation sensitivity and therefore are not shown. 
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60 CO Dose (krads) 
o 20 40 

uvhS 

uvh3 

uvhl 

wild-type 



Table 3.4 

Sensitivity of uvh Mutants to 
Ionizing Radiation. * 

Strain 6UCo dose (krads) 

0 20 40 

wr 2.0 1.9 1.0 

uvhl 2.0 0.6 0.0 

uvh3 2.0 1.5 0.6 

uvh4 1.9 1.9 1.0 

uvh5 2.0 1.7 0.3 

uvh6 2.0 1.9 1.0 

*Two sets of approximately 100 seeds were 
irradiated for each dose of 60Co y-rays. 
Total numbers of leaves produced by these 
plants were determined and the average number 
of first two true leaves per plant were calculated. 
The standard deviation between the two sets is 
not reported but was less than .01 in every case. 
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Discussion 

Five UV -hypersensitive mutants of Arabidopsis thaliana (uvh) have been isolated 

and characterized. Each mutant also had a characteristic pattern of UV and ionizing 

radiation sensitivity in specific plant tissues, suggesting that these mutants have different 

molecular defects, as summarized in Table 3.5. The UV hypersensitive phenotype of each 

mutant was due to a single recessive mutation and each mutant represented a separate 

complementation group, suggesting that the mutant collection is not saturated. It is 

therefore likely that other mutants of this phenotype representing additional genes may be 

readily isolated. 

The mutation which conferred UV and gamma ray hypersensitivity to mutant uvh3 

has been mapped to within 1 cM of locus GLI at map position 38 on chromosome three 

(Koorneef et al., 1990). The mutation which produced a similar phenotype in mutant uvhl 

maps to chromosome 5 based on preliminary mapping data (Zongrang Liu, personal 

communication). Two other mutations which increase radiation sensitivity have also been 

mapped to chromosome three but the phenotypes produced were significantly different 

from the phenotypes of mutants uvhl and uvh3. Thus, the mutations are probably in 

different genes. A mutation which produced a defect in removal of 

pyrimidine(6,4)pyrimidone dimers from UV-damaged DNA in mutant uvrl has been 

mapped at location 44.5 (Britt et al. 1993), at least five cM from the uvh3 mutation. This 

type of UV repair mutant should not be hypersensitive to ionizing radiation, since this 

defect is not expected to influence repair of ionizing radiation damage. Another mutation 

that maps to chromosome 3, rad3, that increased sensitivity to ionizing radiation in mutant 

also maps to chromosome 3 (Davies et al. 1994; C. Davies personal communication). 

However, the rad3 mutant was not hypersensitive to UV light (Davies et al. 1994;). 

Davies, personal communication). Thus, different radiation resistance loci are probably 

represented by the uvhl, uvh3, rad3 and uvr 1 mutants. 
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TABLE 3.5 

Summary of properties and possible defects of uvh mutants· 

Root 
Seed 

Possible Defect 
Strain Seedling Sensitivity Sensitivity Sensitivity 

Ionizing 
UV-C(-phr) UV-C(+phr) UV-B (0) Radiation 

wr 

uvhl ++ + ++ ++ Recombination 
defect 

uvh3 ++ ++ ++ + Recombination 
defect; cell viability 
and developmental 
abnormality 

uvh4 + + Leaf specific 
UVrepair 

uvh5 + + + Leaf specific DNA 
repair 

uvh6 ++ + + Chloroplast defect, 
stress response 

*The scoring of radiation sensitivities shown is based upon the data given in Tables 2-4. 
(+phr) and (-phr) indicate irradiated plants recovered under photoreactivating or non-
photoreactivating light wavelengths, respectively, and (0) denotes recovery in the dark. 
-, wild-type resistance levels; +, intermediate hypersensitivity; ++, extreme 
hypersensitivity. 



53 

The mutations which confer radiation sensitivity in the uvh4 and uvh5 mutations 

have not yet been mapped (the map location of the uvh6 mutation is discussed in the next 

chapter). Since root tissues of mutants uvh5 and uvh4 and uvh4 were not particularly 

hypersensitive to UV light (Table 3.5), as were roots of uvr 1 plants, the mutations are not 

expected to be uvr 1 alleles. A collection of twelve Arabidopsis mutants which are 

hypersensitive to ionizing radiation has been described. Since these mutants had normal 

resistance to UV light, it is also unlikely that they are allelic to the uvh mutants (Davies et 

al. 1994). However, until the roo mutants and the remainder of the uvh mutants have been 

mapped and additional complementation tests between mutants have been performed, it 

remains formally possible that some of these radiation sensitive mutants are allelic. 

To our knowledge, uvhl, uvh3, and uvh5 are the first plant mutants to be isolated 

that are hypersensitive to both ionizing radiation and UV light (Table 3.5). Sensitivity to 

both types of radiation is characteristic of yeast mutants in the RAD6 epistasis group, 

which represents a wide variety of molecular defects, possibly related to error prone repair 

(Friedberg 1988). One member of the RAD6 epistasis group, rad9, decreases UV induced 

intergenic and intragenic recombination (Kowalski and Laskowski 1975). uvhl plants 

have been shown to be partially defective in Agrobacteriwn-mediated transformation by 

both T-DNA and ri-DNA plasmids (Ramesh Sonti, Ethan Signer unpublished data), a 

process that requires illegitimate recombination. In contrast, uvhl plants showed normal 

linkage between genetic markers, suggesting that meiotic recombination occurs at normal 

frequencies (Harlow, G.R. unpublished data). Thus, uvhl plants may be defective in a 

recombination function required for transformation and radiation resistance, but not for 

meiotic recombination. 

In addition to UV-hypersensitivity, the uvh3 mutation also caused the death of 

rosette leaves late in development and reduced seed set. This phenotype may be a result of 

increased cell lethality or a defective reproductive developmental program. In the yeast 
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rad6 mutant, rad6/rad6 diploid cells do not produce spores and this may also be due to a 

defective reproductive program. This similarity raises the possibility that the uvh3 mutant 

is defective in a mechanisms similar to the yeast rad6 mutant Although it is known that the 

yeast RAD6 protein is an E2 ubiquitin-conjugating enzyme (Jentsch, McGrath, and 

Varshavsky, 1987), how the rad6 defect leads to radiation sensitivity remains unclear. 

uvh4 and uvh5 were the least UV hypersensitive of the mutants under recovery 

conditions that did not support photoreactivation. However, when photoreactivation was 

allowed, they were at least as UV hypersensitive as both uvhl and uvh6 (See Figures 3.2 

A and 3.2 B). This hypersensitivity raised the possibility that they were defective in a 

photoreactivation mechanism. This characteristic is especially prevalent in the uvh4 

mutant. The observed increase in UV-hypersensitivity of these two strains when grown in 

wavelengths not supporting photoreactivation, could be due to decreased photosynthetic 

rates. A better assay for photoreactivation might be to compare recovery under normal 

photoreactivation conditions (white fluorescent lights) with recovery in white light after 

massive exposure to UV -A wavelengths. The UV -A region of the spectrum and the 

wavelengths required for photoreactivation have a large overlap (Pang and Hays 1991). As 

a result of this overlap, exposure of plants capable of photoreactivation to massive UV-A 

doses should result in increased UV resistance. At least a two fold increase in UV

resistance compared to white light recovery was observed when wild-type, uvh6 and uvh3 

plants were UV-C irradiated, than immediately exposed to massive UV-A light doses (one 

hour in a stratalinker with six UV -A bulbs) and subsequently recovered under white light 

conditions. This effect should be examined in the uvh4 and uvh5 mutants. The possibility 

of a defect relating to photoreactivation in the uvh5 mutant is particularly interesting since it 

is sensitive to ionizing radiation. If uvh5 was also defective in photoreactivation, it might 

represent a photoreactivation mechanism that recognizes some type of DNA damage 

induced by ionizing radiation. Although this seems radical, the repair of 



55 

pyrimidine(6,4)pyrimidone dimers by a photoreactivation mechanism was only recently 

described (Kim et al. 1994; Chen et al. 1994). Plants may have unique light-requiring UV 

resistance mechanisms not found in other organisms because plants have a unique 

relationship with sunlight 

Leaf tissue of uvh6 and uvh4 plants was UV hypersensitive but root tissue of these 

plants was not particularly hypersensitive in comparison to wild-type plants. In addition, 

these two mutants had wild-type levels of ionizing radiation resistance. We conclude that 

these two mutants may be defective in a mechanism involving repair of UV damage or 

protection from UV damage in leaf tissue, but mechanisms involved in root UV resistance 

remain intact. It would not be surprising to find UV resistance mechanisms expressed in 

leaf tissue compared to root tissue, since roots are not normally exposed to UV light. It has 

been previously observed that the mRNA for photolyase is induced by light in leaf, but not 

root tissue, in Sinapis alba (Batschauer 1993). uvh4 and uvh6 plants may fail to produce a 

similar tissue-specific response. 
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Chapter 4 

CHARACTERIZATION OF uvh6, AN ARABIDOPSIS MUTANT THAT IS UV 

HYPERSENSmVE AND HAS AN ALTERED HEAT STRESS RESPONSE 

Summary 

A mutant of the higher plant Arabidopsis thaliano, uvh6, originally identified in a 

genetic screen for UV hypersensitivity, had several additional phenotypes suggesting an 

altered stress response. First, the mutant was sensitive to growth at elevated temperatures. 

Second, chlorophyll levels were reduced and chloroplast thylakoid membrane structure was 

altered. The observation that several properties characteristic of the uvh6 phenotype were 

observed in wild-type plants grown at elevated temperatures suggested that the uvh6 mutant 

expressed a stress response nonnally associated with growth at elevated temperature. To 

investigate this possibility, regulation of the heat shock response in wild-type and uvh6 

plants was compared. Heat shock proteins were induced in uvh6 plants at temperatures 

lower than those required to induce synthesis in wild-type plants. These results suggest 

that the uvh6 mutation alters the a stress response mechanism that is regulated by heat. 

Introduction 

Higher plants are subjected to a variety of stress conditions associated with their 

natural environment. Sunlight, which is required for photosynthesis, may cause exposure 

to damaging levels of both UV-B light (Green 1983) and high temperatures. Since plants 

are immobile, their ability to induce mechanisms that protect or repair damage resulting 

from these adverse conditions is important for survival. Some of the responses of plants 

to these two conditions are shared with other organisms. For example, the response of 

plants to UV -induced DNA damage is modulated by DNA repair enzymes. There is ample 
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evidence that the major DNA repair mechanisms such as photoreactivation (Batschauer 

1993; Pang and Hays 1991), post replication repair (Cerrutti et al. 1992), and excision 

repair (McClennan and Eastwood 1986) exist in plants. Both post replication repair, and 

photoreactivation have been shown to be induced by UV light. 

Plants also respond to increases in temperature by the synthesis of a specific set of 

proteins. As in other organisms, plants have been shown to respond to increases in 

temperature by synthesizing heat shock proteins (HSPs). Studies of both heat shock 

response (Vierling 1991) and DNA repair mechanisms (Batschauer 1993) in plants have 

been facilitated by information generated from the study of other species. 

Some responses of plants to UV light and increased temperature are unique and 

therefore cannot be understood by the study of other organisms. For example, UV light 

exposure enhances flavonoid biosynthesis in plants (Beggs and Wellman 1985). Some of 

the products of this pathway protect plants from UV-B (Li et al., 1993) and UV-C radiation 

(Stapleton and Walbot 1994). Photosystem II, a component of the light reactions of 

photosynthesis, is damaged by both UV light and heat (Renger et al. 1989; Bredenkamp 

and Baker 1994). It is unlikely that the ultimate goal of engineering crop plants with 

increased resistance to UV light and high temperature can be accomplished without 

identification and study of these unique plant mechanisms. 

We have isolated a mutant of Arabidopsis thaliana, uvh6, that is hypersensitive to 

both UV light and high temperature. The uvh6 mutation was pleiotropic, and also resulted 

in alterations in heat shock protein accumulation, a yellow-green appearance and changes in 

chloroplast morphology. Many of the phenotypes observed in uvh6 mutant plants under 

normal laboratory conditions were observed in wild-type plants grown at elevated 

temperatures. Thus, uvh6 plants appear to express a stress response normally associated 

with growth at elevated temperatures. 
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Results 

Isolation and Characterization of the uvh6 Mutant 

The procedures used to isolate the uvh6 mutant (Harlow et aI., 1994) and to measure its 

sensitivities to DNA damaging agents (Chapter 3) have been described elsewhere. To 

summarize, leaves of fourteen day-old uvh6 seedlings were shown to be extremely 

hypersensitive to acute doses ofUV-B and UV-C light wavelengths. In contrast, root 

tissue of uvh6 plants was not particularly hypersensitive to UV light. Additionally, uvh6 

plants were no more sensitive than wild-type plants to another DNA damaging treatment, 

ionizing radiation. These studies suggested that the mutant is defective in protection from 

UV damage or repair of UV damage in leaf tissue. 

A second mutant phenotype of uvh6 plants was that leaves appeared chlorotic 

(yellow-green) (Table 4.1 and illustrated in Figure 4.3, see untreated controls, column A). 

This color change prompted the examination of chlorophyll content and uvh6 leaves and 

had approximately one-third less chlorophyll than wild-type leaves (Table 4.1). 

Chlorophyll and the photosystems involved in the light reactions of photosynthesis are 

located in the chloroplast thylakoid membranes. These membranes are highly organized in 

higher plants and consist of stacked regions referred to as grana and individual un stacked 

regions referred to as fret membranes or stromal lamellae (Anderson 1986). 

Some previously described yellow-green mutants of other higher plants exhibit 

alterations in chloroplast thylakoid membrane morphology (Somerville, 1986). The leaf

specific UV -hypersensitivity as well as the reduction in chlorophyll levels observed in uvh6 

plants was also consistent with a defect in chloroplast function. For these reasons, 



Table 4.1. Chlorophyll Levels of 
uvh6 Derivatives and Other 
Chlorotic Arabidopsis Mutants 
Strain Chlorophyll Content 

mgCVgmfw 
Wild-type 1.28 + 0.06 
uvh6 0.83 + 0.03 
CS 42* 0.82 ± 0.01 
CS 3167* 0.95 ± 0.01 
CS 3173* 0.35 + 0.01 
uvh6-1R** 1.46 ± 0.04 
uvh6-2R ** 1.29 ± 0.04 
uvh6-3R** 1.19 + 0.06 
uvh6-4R** 1.05 ± 0.04 
*Yellow-green mutant obtained 
from Arabidopsis stock center 
** h6 d" uv mutant envatlve 
Total chlorophyll levels were detennined as 
described in Experimental Procedures. 
Shown are the average and standard 
deviations of three measurements for each 
strain. Chlorophyll is expressed as 
milligrams chlorophyll per gram fresh 
weight leaf tissue. 
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Figure 4.1. Chloroplast Morphology of uvh6 and Wild-Type Plants 

Plants were grown under normal laboratory conditions for 21 days, at which time one half 

of the plants were transferred to 37°C for three days. Transmission electron microscopy 

was performed as described in Experimental Procedures. Thylakoid organization into 

grana was clearly observable under normal laboratory conditions in chloroplasts isolated 

from wild-type plants (A) but was reduced in uvh6 plants (B). However, at 37°C, 

thylakoid organization into grana was severely reduced in both wild-type (C) and uvh6 (D) 

chloroplasts. 
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thylakoid membrane organization in uvh6 and wild-type chloroplasts was compared 

utilizing transmission electron microscopy (Figure 4.1). 
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Normal thylakoid membrane organization into grana stacks and frets was clearly 

evident in chloroplasts observed sections of wild-type leaves (Figure 4.1A) obtained from 

plants grown under normal laboratory conditions (defined in Experimental Procedures). 

In contrast, thylakoid membranes appeared less organized and grana formation was 

reduced in uvh6 chloroplasts (Figure 4.1B). 

Despite these alterations in thylakoid membrane morphology in the uvh6 mutant, no 

difference in chloroplast function could be detected between uvh6 and wild-type plants. In 

preliminary experiments electron transport activity was normal in uvh6 plants as judged by 

comparing DCPIP (dichlorophenol indolphenol) reduction rates between chloroplasts 

isolated from wildtype and uvh6 plants. This reduction is assumed to be a measure of 

photosystem II activity. However, the light intensity used in these experiments was not 

determined, so the resulting rates cannot be compared to published values. For this reason, 

these experiments should be considered preliminary. uvh6 plants also did not have a high 

chlorophyll fluorescence phenotype as judged by comparison to both high chlorophyll 

fluorescence mutants of Arabidopsis and Arabidopsis plants with their photosystem II 

artificially blocked with the herbicide DCMU (dichlorophenyl dimethyl urea) (Kristin 

Jenkins, personal communication). In addition, the presence of normal-sized starch grains 

was observed in uvh6 electron micrographs and this suggested that uvh6 chloroplasts are 

capable of synthesizing and storing starch. Normal photosynthetic properties have also 

been previously reported in the study of other mutants of higher plants with a yellow green 

appearance and altered thylakoid membrane morphology (Schmid et al., 1967; Benedict 

and Kohel 1968). 

Under normal laboratory conditions, uvh6 plants usually grew with the same rate 

and vigor as wild-type plants. However, uvh6 plants occasionally showed signs of stress 
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when a temporary increase in environmental growth temperature occurred. To determine if 

uvh6 plants were sensitive to high temperatures, survival of uvh6 and wild-type plants at 

elevated temperatures was compared. Wild-type plants survived a transfer to 37DC for the 

two-week duration of the experiment (Figures 4.2, compare A and B and 4.3, compare A 

and B). In contrast, a four day 37DC treatment killed uvh6 plants (Figures 2 and 3). A 

higher temperature treatment, 42DC for four days, was lethal to wild-type plants, but in this 

case, a two day incubation at 42DC was lethal to uvh6 plants. Thus, the growth of the uvh6 

mutant appears to be hypersensitive to elevated temperatures. 

Map Position of the uyh6 Mutant 

Previous genetic analysis of the uvh6 mutant revealed that the UV -hypersensitive 

phenotype resulted from a single, recessive, nuclear-encoded Mendelian trait (Jenkins et al. 

submitted). To determine the physical location of the uvh6 mutation on the Arabidopsis 

genome, the uvh6 mutant, which was isolated in the Columbia background, was 

outcrossed to the Landsberg ecotype. The UV hypersensitivity of F2 plants resulting from 

this cross was determined by UV irradiating plants which had all but one leaf protected by 

aluminum foil from UV irradiation. DNA was isolated from 36 UV -hypersensitive 

(uvh6luvh6 homozygotes) plants and was examined by the polymerase chain reaction 

(PCR) for Landsberg and Columbia polymorphisms. PCR primers utilized in this analysis 

were specific for simple sequence length polymorphisms (SSLPs) between these two 

ecotypes (Bell and Ecker 94) were utilized. These primers produce different sized bands 

on agarose gels depending upon the ecotype of the amplified locus. This method allows 

the scoring of each F2 plant as a Columbia homozygote, a Landsberg homozygote or a 

Columbia/Landsberg heterozygote. Since only DNA from uvh6 luvh6 homozygotes was 

amplified, genetic linkage with a given SSLP marker would appear as a predominance of 

the Columbia marker. Of the eight markers, which should cover over 80% of the 



Table 4.2 SSLP Analysis of 
Chromosome one Utilizing F2 
Progeny Resulting from the Cross of 
uvh6 X Landsberg. 
plant 
number uvh6 

1 C 
2 C 
3 C 
4 C 
5 C 
6 C 
7 C 
8 C 
9 C 
10 C 
11 C 
12 C 
13 C 
14 C 
15 C 
16 C 
17 C 
18 C 
19 C 
20 C 
21 C 
22 C 
23 C 
26 C 
27 C 
28 C 
29 C 
30 C 
33 C 
34 C 
35 C 
36 C 

Locus 
nga63 

C 
H 
C 
C 
C 
C 
H 
C 
C 
C 
C 
C 
C 
C 
C 
C 
H 
C 
C 
H 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

nga 111 
H 
L 
H 
H 
H 
H 
C 
H 
L 
H 
L 
C 
C 
H 
C 
C 
H 
C 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 
nd 

C= Columbia, L= Landsberg H= Heterozygote 

nd= not determined 
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Arabidopsis genome, only one showed significant linkage with the uvh6 mutation. This 

marker, nga 63, is located on chromosome one approximately one centimorgan away from 

the RFLP m488 which is located at position 26.9. The data from the amplification of the 

two polymorphisms on chromosome one from homozygous uvh6 F2 plants is shown in 

Table 4.2. These data were analyzed by Mapmaker version 1.0, a computer program 

which analyzes linkage data by the maximum likelihood method and the Haldane mapping 

function to produce a linkage map. By this analysis, the UVH6locus was linked by 

approximately 6 centimorgans (cM) to nga 63. The LOD score was 12.2 which is highly 

significant. 

The Mutant Phenotypes of uvh6 Are Due to a Sin~le Mutation with Pleiotropic Effects 

Despite the above experiments, it is still possible that the multiple phenotypes of 

uvh6 plants are due to multiple mutations. To examine genetic linkage of the UV 

hypersensitive phenotype with the yellow-green, and temperature hypersensitive 

phenotypes, uvh6 plants were crossed to wild-type plants and the Fl progeny of this cross 

were allowed to self fertilize. Thirty-two F3 pools representing individual F2 plants were 

tested for all three phenotypes. Co-segregation of all three phenotypes was observed, 

suggesting that these phenotypes plants are due to a single mutation. However, the 

possibility that the phenotypes are due to two or more closely linked mutations or a deletion 

could not be excluded. 

To confirm that a single mutation caused the multiple phenotypes of the uvh6 

mutant, a genetic selection was used to obtain temperature resistant uvh6 derivatives. Four 

independent uvh6 derivatives, designated uvh6-1R, uvh6-2R, uvh6-3R, and uvh6-4R, 

were obtained by selecting for the ability of mutagenized plants to survive for four days at 

37°C (see Figure 2 and Materials and Methods). True-breeding lines of these four 

derivatives were obtained and were crossed to the uvh6 parent. All of the Fl progeny of 
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Figure 4.2. Selection of uvh6-IR, a Temperature Resistant Derivative of the uvh6 Mutant 

Selection of temperature resistant derivatives of uvh6 plants was perfonned as described in 

Materials and Methods. Approximately 1/3600 mutagenized uvh6 M2 seedlings survived 

this selection. Shown are two pots of plants (A and C) containing EMS mutagenized M2 

seedlings, and one pot (B) containing wild-type plants as a control. Pot C, but not pot A 

contains a seedling that survived this selection. 
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these crosses survived the 37°C treatment (data not shown). This result indicated that each 

derivative had either acquired a dominant suppressor mutation or restored UVH6 function. 

IT a single mutation caused the multiple phenotypes of the uvh6 mutant, it should be 

possible to obtain a temperature resistant derivative in which all mutant phenotypes had 

reverted to the wild-type state. As predicted, three derivatives, uvh6-1R,-2R and -3R had 

wild-type or higher levels of both UV -resistance (Figure 4.3) and chlorophyll content 

(Table 4.1). However, one of these revertants, uvh6-3R, clearly had an intermediate level 

of temperature resistance. The fourth temperature resistant derivative, uvh64R, had 

intermediate levels of chlorophyll (Table 1) and wild-type levels of UV -resistance (Figure 

4.3). The properties of the derivatives are most readily accounted for by reversion at the 

UVH6 locus or by suppression of a single mutation. 

uy and Temperature Hypersensitivity Are Not General Properties of Arabidopsis Mutants 

with Reduced Chlorophyll Levels 

One possible explanation for the complex mutant phenotypes of uvh6 plants is that 

a reduction in chlorophyll level has the general effect of increasing hypersensitivity to both 

UV light and elevated temperature. Many yellow-green Arabidopsis mutants have been 

isolated (Koorneef et al. 1983). If reduced chlorophyll levels do cause sensitivity to UV 

light and high temperature, then these other yellow-green mutants would be predicted to 

possess the properties of the uvh6 mutant in proportion to their reduction in chlorophyll 

levels. To test this prediction, ten other yellow-green Arabidopsis mutant strains were 

obtained and compared to the uvh6 mutant. 

Eight of these lines showed significant reductions in chlorophyll levels but were not 

particularly sensitive to either a dose ofUV light over two times larger than that required to 

kill uvh6 plants (Chapter 3), or growth for four days at 37°C. The chlorophyll level, UV s 
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Figure 4.3. Sensitivity of Derivatives of uvh6** and Arabidopsis Mutants with Reduced 

Chlorophyll Levels* to UV Light and Increased Temperature. 

Fourteen day-old plants were either untreated (first column) transferred to 37°C for four 

days and allowed to recover for one week (second column) or exposed to 500 11m2 UV-C 

light and then grown under lighting not supporting photoreactivation for three days and 

allowed to recover for one week(as described in Materials and Methods)(third column) . 

The mutagenized derivatives are UV and temperature resistant except for uvh6-3R which 

was clearly more temperature sensitive than wild-type plants. Most mutants of Arabidopsis 

with reduced chlorophyll levels and normal growth rates, such as CS 3167, were not 

particularly hypersensitive to UV-C light. CS 42 grew normally, but was more 

temperature sensitive than wild-type plants. CS 3173 grew with poor vigor as can be 

observed in the untreated controls. This poor growth probably caused the observed UV 

sensitivity. Chlorophyll levels of these strains are shown in Table 4.1. 
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** uvh6-3R 
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sensitivity, and ability to survive 37°C treatment of three representative strains are shown in 

Table 4.1 and Figure 4.3. Cs 3167 is an example of one of the eight lines which grew 

nonnally at 37°C and had wild-type levels ofUV sensitivity. This line 

also had chlorophyll levels similar to those of the uvh6 mutant. Two of the ten strains 

examined exhibited sensitivity to either UV light or high temperature, but not to both 

treatments. Cs 42 (a ch5 allele; Koorneef et al. 1983), which had a chlorophyll level similar 

to that of the uvh6 mutant, was temperature sensitive but not UV sensitive. Cs 3173, 

which had drastically reduced chlorophyll levels and grew extremely poorly (Figure 3.3, 

see untreated plants), was the only yellow green mutant that was UV sensitive, but it 

survived 37°C treatment. The UV -hypersensitivity of this strain may be related to the poor 

growth characteristics of this mutant. Based on these studies, we conclude that reduced 

chlorophyll levels are usually not associated with UV and heat sensitivity in Arabidopsis 

mutants. 

Growth of Wild-type Plants at Elevated Temperatures Produced a PhenocQPY of the uvh6 

Mutant 

As shown above, uvh6 plants are sensitive to growth at high temperature, but they 

also exhibit several other defects. To examine the possibility that growth of wild-type 

plants at high temperatures might produce a phenocopy of uvh6 defects, UV sensitivity, 

chlorophyll levels and chloroplast morphology of wild-type plants grown at increased 

temperatures were examined. Several experiments revealed that wild-type plants grown at 

elevated temperatures do indeed exhibit properties characteristic of uvh6 plants grown at 

normal laboratory temperatures (Table 2). Growth of wild-type plants at 30°C increased 

their sensitivity to UV light and reduced their chlorophyll content to an extent similar to that 

observed in uvh6 plants grown at 24°C. Additionally, when chloroplasts were observed 

from wild-type plants grown at 37°C for three days, thylakoid membrane organization into 
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Table 4.3. Effects of Temperature on Chlorophyll Content and UV -C HyPersensitivity 
~C ~C 

UV -C Lethal Total Chlorophyll '""lU~V;-;"-~C~Le-:rth~al--';"-;T;:;-o~tal-;------
Strain Dose 50% (mg chVgm fw) Dose 50% Chlorophyll 

(J/M2) (J/M2) (mg chVgm fw) 
~~~--------~~--------

uvh6 800-1600 1.01 ±0.03 100-200 0.74 ± 0.05 

WI' 3200-6400 1.37 + 0.01 800-1600 0.98 ± 0.04 
UV surviVals and chlorophyll levels were determined on as described in Materials and 
Methods. Plants were germinated and allowed to grow at room temperature for one week 
and than transferred to A growth chamber at the indicated temperature for the remainder of 
the experiment. The average and standard deviation from three separate chlorophyll 
determinations for each sample is shown. 
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grana was reduced to an extent even greater than that observed in chloroplasts from uvh6 

plants grown under normal laboratory conditions (Figure 4.1C). The above observations 

suggested that the uvh6 mutant may have a defect resulting in the expression of functions 

relating to heat stress at normal growth temperatures. 

uvh6 Plants Haye a Hypersensitiye Heat Shock Response 

One of the best characterized response mechanisms to elevated temperatures in 

many organisms, including plants, is the heat shock response, which is characterized by 

increased synthesis of heat shock proteins (HSPs) and lowered levels of other gene 

products (Vierling 1991). If the uvh6 mutant has an altered regulation of the heat stress 

response, this alteration might result in either constitutive production of HSPs or induction 

of HSPs at lower temperatures than those required to induce synthesis in wild-type plants. 

The heat shock response of wild-type and uvh6 plants was compared by studying the 

expression of the low molecular weight HSPs. These HSPs are more prevalent in plants 

than in other eukaryotes, are nuclear-encoded and are subsequently targeted to many 

different compartments of the plant cell. The specific molecular role of these proteins is 

unknown, but other HSPs are involved in the folding, assembly, and transmembrane 

transport of proteins (Vierling, 1991). The small molecular weight heat shock proteins are 

not produced at optimal growth temperatures but are among the most abundant proteins 

present during heat stress (Vierling 1991). 

To examine HSP induction, plants were grown for 14 days under normal 

laboratory conditions and then transferred to a growth chamber at 33°C and high humidity. 

At intervals after transfer, total protein was isolated, and analyzed for the presence of the 

chloroplast localized HSP 21 (Osteryoung and Vierling, in press). Teri Suzuki carried out 

the Western blots shown in figure 4.4. Prior to transfer to 33°C (time zero, Figure 4.4), 

HSP21 was not detectable in protein extracts of either wild-type or uvh6 plants. At the first 
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Figure 4.4. Heat Shock Protein Induction in uvh6 and Wild-type Plants 

Fourteen day-old plants were transferred to 33°C and high humidity conditions for the 

times indicated, and total protein was then Western blotted and probed with HSP21 

antibody as described in Experimental Procedures. wt labeled lanes represent proteins 

isolated from wild-type plants and 6 labeled lanes, proteins isolated from a backcrossed 

uvh6 strain. 
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time point (34 hr), HSP21 induction was clearly detectable in uvh6 plants and the protein 

was present throughout the remainder of the experiment. In contrast, HSP21 could not be 

detected in wild-type plants under these conditions. In addition when plants were 

transferred to 37°C under low humidity and probed with both an antibody to the 

cytoplasmically localized HSP 17.6, in addition to the antibody to HSP 21, similar results 

were obtained. In this case, HSP 17.6 was not detected at 0 or 7.5 hours after transfer, but 

was detected at 27, 53, and 73 hours after transfer. In a duplicate blot HSP 21 was not 

detected 0, 7.5 or 27 hours after transfer but was detected 53 and 73 hours after transfer. 
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Chapter 5 

DISCUSSION OF THE uvh6 MUTANT 

Summary of the PrQperties of the uyh6 mutant 

The uvh6 mutation is pleiotropic, resulting in several distinct phenotypes: 

hypersensitivity to UV light and increased temperature, reduced chlorophyUlevels, altered 

thylakoid membrane structure, and a hypersensitive heat shock response. The cause and 

effect relationship of this complex combination of phenotypes came from the observation 

that wild-type plants grown at elevated temperature exhibited several of the properties 

characteristic of uvh6 plants. These phenotypes included UV-hypersensitivity, reduced 

chlorophyll levels, and altered thylakoid membrane morphology. 

Precedence for the Observation of uvh6 Phenotypes in Wild-Type Plants Grown at 

Elevated Temperatures 

Many of the characteristics observed in this study of uvh6 plants at normal 

temperatures and wild-type plants at elevated temperatures have been previously described 

in other studies with wild-type plants. A reduction in the stacking of thylakoid membranes 

into grana has been described at growth temperatures above 35°C. This morphological 

change occurred rapidly after transfer to high temperature and was correlated with the 

migration of photosystem II core proteins along the membranes away from regions where 

stacking occurred (Gounaris et a1. 1984). Chlorophyll levels in Arabidopsis have been 

previously shown to respond to temperature by increasing as growth temperatures are 

lowered (Hugly and Somerville, 1992). The observation that plants grown at elevated 

temperatures are more sensitive to UV light has not been reported previously. However, at 

least one activity thought to be involved in DNA repair, a possible photoreactivation 
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enzyme has been shown to be temperature sensitive in vivo (pang and Hays 1991) and this 

temperature sensitivity could lead to reduced DNA repair at elevated temperatures. It would 

be interesting to determine the role of heat shock proteins in the activity of this enzyme at 

high temperatures. 

Possible Explanations for the uyh6 Phenotype 

One possible explanation for the complex phenotype of uvh6 plants is that the 

genetic defect results in increased effective leaf temperature. For example, uvh6 plants 

might have decreased stomatal opening, resulting in a decrease in transpiration, a process 

that cools leaves by water evaporation. This decrease in transpiration might lead directly to 

increased leaf temperature. However, since the hypersensitive heat shock response of 

uvh6 plants was measured under conditions of high humidity, which lowers evaporation, a 

transpiration defect seems unlikely. In addition, when uvh6 and wild-type plants were 

placed at 37°C and low humidity, leaves of both strains were 34° ± 1°C as measured by a 

thermocouple. 

The observation that other Arabidopsis yellow-green mutants are not significantly 

UV hypersensitive suggests that reduced chlorophyll levels per se are not responsible for 

the other phenotypes of the uvh6 mutant. However, it is possible that the yellow-green 

mutants studied in this analysis all have normal chloroplast anatomy and that the observed 

alterations in chloroplast structure in uvh6 plants are the cause of the observed temperature 

and UV hypersensitivity. This hypothesis could be tested by examining UV and 

temperature sensitivity in additional yellow-green mutants known to have decreased grana 

formation. Such mutants have been described in Arabidopsis (Hugly and Somerville 

1992), tobacco (Schmid 1967), and Chlamydomonas (Goodenough, et al. 1969). 

We have also considered the possibility that the uvh6 mutation leads to changes in 

membrane composition and that these changes cause the complex mutant phenotype of 
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uvh6 plants. Arabidopsis mutants/adb and/ade, which have altered membrane 

composition due to a genetic alteration in fatty acid metabolism, exhibit several properties 

of the uvh6 mutant These fad mutants are chlorotic and have altered chloroplast membrane 

morphology at low temperature (Hugly and Somerville, 1992). However, when fatty acid 

composition of uvh6 membranes was compared to that of wild-type membranes, no 

significant differences were observed (John Browse, personal communication). 

Based on the observation that uvh6 plants have many properties observed in plants 

grown at high temperature, we hypothesize that the uvh6 mutation affects regulation of a 

heat stress response. We propose that the uvh6 defect results in the expression of this 

response at lower temperatures in uvh6 plants than in wild-type plants. Since both 

chloroplast morphology and regulation of nuclear-encoded HSPs were altered, we further 

propose that this stress response affects multiple compartments of the plant cell. This 

response could also affect the activity or expression of gene products required for UV 

resistance and maintenance of chloroplast thylakoid membrane structure. 

Two other classes of Arabidopsis mutants which cause expression of a response 

pathway in the absence of the nonnal stimulus have been described. First, Arabidopsis 

de-etiolated (det) mutants exhibit changes characteristic of light-grown plants when the det 

mutants are grown in the dark (Chory et al. 1989). It has been suggested that the det 

mutants are defective in a signal transduction pathway which responds to light stimulation 

(Chory 1993). Second, Arabidopsis accelerated cell death (aed) mutants (Greenberg and 

Ausube11993) and lesions simulating disease resistance response mutants (lsd) (Dietrich et 

al. 1994) fonn spontaneous lesions nonnally associated with the hypersensitive response 

(HR) that occurs after pathogen exposure. It has been suggested that the ACD2 gene 

negatively regulates a genetically programmed hypersensitive response (Greenberg et al. 

1994) and that the Isdl mutant is extremely sensitive (hair-trigger) in the perception of 

signals leading to an inability to control a cell death program (Deitrich et al., 1994). In a 
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similar fashion to these mutants, the uvh6 mutant could have a hair-trigger response to 

heat. The result of this defect could be that uvh6 plants grown at nonnal temperatures 

exhibit both physiological alterations and regulatory changes characteristic of wild-type 

plants grown at elevated temperatures. Further study of the uvh6 mutant should help to 

elucidate heat stress responses and their regulation in higher plants 

Model for Function of the UYH6 Protein 

Exposure of plants to sunlight provides wavelengths of light required for 

photosynthesis. However, sunlight may also expose plants to damaging levels ofUV-B 

wavelengths and high temperatures. The studies in Chapter 4 demonstrate that at higher 

temperature, wild-type plants are more UV sensitive, have less chlorophyll and have 

alterations in thylakoid membrane morphology. Plants may have a developmental program 

that increases UV resistance and chlorophyll levels to avoid the cellular stress associated 

with high temperatures. The UYH6 gene product may be involved in such a program. The 

role of the UYH6 protein is complicated by the observation that some of the effects 

observed occur in the chloroplast (chlorophyUlevels, chloroplast morphology), while other 

effects occur in the nucleus (regulation of nuclear encoded nuclear and chloroplast localized 

HSPs). Furthennore, the cellular location of some processes such as UV resistance were 

not determined. 

One possible model is summarized in Figures 5.1 and 5.2. In Figure 5.1 the 

phenotypes of wildtype plants and uvh6 plants at different temperatures are summarized. 

At each temperature shown, the uvh6 mutant exhibits a response characteristic of UYH6 

(wild-type) plants at a higher temperature. This observation is consistent with the 

hypothesis that the UVH6 protein is involved in partially suppressing the UV sensitivity 

and reduction in chlorophyll levels associated with growth at high temperatures in wild

type plants. In the uvh6 mutant, this response may be weakened by a partially functional 
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Figure 5.1 Summary of the properties of uvh6 plants 

22°C(labor 
UVH6 (Wild-type) 

atory 30·C 33°C 37°C 42°C 
conditions) 

UV(+) UV (-) UV (nd) UV (nd) (nd) 
ChI (+) ~ ChI (-) ~ 

ChI (nd) ~ ChI (nd) ~ hI (nd) 
HSP (-) HSP (nd) HSP (-) HSP (nd) SP (nd) 
Ct (+) Ct (nd) Ct (nd) Ct (--) Ct (nd) 

Lethal (+) Lethal (+) Lethal (nd) Lethal (+/-) Lethal (-) 

uvh6 (mutant) 

UV(-) UV(--) UV (nd) UV (nd) UV (nd) 
ChI (-) ~ ChI (--) ~ ChI (nd) ~ 

ChI (nd) 
~ 

ChI (nd) 
HSP(-) HSP (nd) HSP (+) HSP (nd) HSP (nd) 
Ct (+/-) Ct (nd) Ct (nd) Ct (--) Ct (nd) 
Lethal (+) Lethal (+/-' Lethal (nd) Lethal (-) Lethal (--) 

UV (UV resistance): + =resistant; -=slightly sensitive; -- = sensitive 
ChI (chlorophyll level): + = high; - = slightly reduced; -- = reduced 
Ct (Chloroplast organization): + =nonnal; - =slightly disorganized 

-- =severely disorganized 
lethal (ability to survive): + =not lethal; +/- =not lethal, lower seed set 

- =four day treatment lethal 
-- =two day treatment lethal 

HSP (-) No induction observed 
(+) Induction observed 

nd = not detennined 



protein resulting in stress conditions relating to growth at elevated temperature being 

observed at lower temperatures in the uvh6 mutant than wild-type plants. 
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In Figure 5.2 the results of the study of uvh6 are summarized. In this model, the 

UVH6 gene product antagonizes the UV sensitivity and chloroplast alterations associated in 

plants with growth at high temperature. In this model, the UVH6 gene product lowers the 

amount of cellular stress associated with heat. This stress is phenotypically observed in 

two ways. First, uvh6 plants die after a high temperature shock treatment that wild-type 

plants survive. Secondly, the uvh6 mutant produces heat shock proteins at a lower 

temperature than wild-type plants. 

The lines in Figure 5.2 are dashed, and represent possible relationships. For 

example it is not known whether the UVH6 gene product directly represses stress 

conditions, or if the UV sensitivity and/or chloroplast functions affected by the uvh6 defect 

cause stress conditions. Alternatively the UVH6 gene product could repress stress 

conditions and these stress conditions could result in UV sensitivity and alterations in 

chlt)roplast function. These relationships should be elucidated by the isolation and careful 

characterization of second site suppressors of the uvh6 mutant. A detailed analysis of 

several such revertants might elucidate the relationship between the various phenotypes of 

the uvh6 mutant 

There is insufficient data to conclude how UV resistance, high chlorophyll levels, 

and thylakoid membrane organization are produced by the UVH6 gene product, but in 

general, it could occur by transcriptional, or translational regulation or by the stabilization 

of specific transcripts or proteins. For example, some activities that may repair DNA such 

as a photoreactivation enzyme activity have been shown to be temperature sensitive (Pang 

and Hays 1991). The UVH6 protein might be a protein chaperone and stabilize specific 

proteins, a function that becomes more essential as temperature rises. It seems possible 

that if such a chaperone were less active it might cause general cellular stress conditions to 
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occur, with more stress occurring at higher temperatures. Therefore, by this model, the 

sensitivity of HSP induction observed in the uvh6 mutant is not due to the activation of 

HSP production by the defective UVH6 protein, but rather by increased general stress 

conditions that exist in the uvh6 mutant. The model indicates that these stress conditions 

are due to both UV damage and heat damage, but I cannot rule out that only one of these 

types of damage is involved in the induction of HSPs. Alternatively, I cannot rule out that 

a normal cellular role of the UVH6 protein is to repress HSP synthesis directly. This 

model does not require a complex set of pathways as suggested in Figure 5.2. This model 

also predicts that, in general, revertants that repress one of the uvh6 phenotypes should 

repress all of the uvh6 phenotypes. 

Although the 3: 1 Mendelian segregation ratios observed during backcrossing of the 

uvh6 mutant clearly indicate the UVH6 gene is nuclear-encoded, it is not known where the 

gene product is localized. The observation that the regulation of a nuclear encoded 

cytoplasmically localized HSPs is affected suggests that compartments other than the 

chloroplast are involved. However, the alterations in chlorophyll levels and thylakoid 

membrane morphology demonstrate that the uvh6 mutation affects the chloroplast. There 

are at least two reasonable possibilities; 1). The UVH6 protein is a nuclear-encoded 

chloroplast protein that somehow affects chloroplast UV sensitivity, chlorophyll levels and 

thylakoid membrane morphology and the induction of HSPs is due to a chloroplast 

localized stress signal that affects nuclear gene expression. 2). The UVH6 protein is 

nuclear-encoded, the gene product is located in the nucleus, and the gene product either 

directly or indirectly affects nuclear gene expression, and some of the resulting gene 

products are localized in the chloroplast and some in the nucleus. In the second possibility 

the UVH6 protein would likely regulate transcription since both chloroplast and 

cytoplasmically localized proteins are nuclear-encoded. Both above possibilities predict 

there will be alterations in the protein content of the chloroplast. This prediction could be 
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tested by comparing protein profiles from chloroplasts isolated from uvh6 and wild-type 

plants. 

In the model shown in Figure 5.2, chlorophyll levels and chloroplast organization 

are in the same box because both are located in the same cellular location. The location of 

stress probably includes other parts of the cell, since a nuclear encoded, cytoplasmically 

localized HSP is affected by the uvh6 mutation. The location of UV sensitivity is unknown 

and is therefore in a separate box. There are three likely locations for UV damage; 1) the 

chloroplast, 2) the nucleus, 3) both the nucleus and chloroplast. The cellular location of 

UV resistance might be determined by comparing protection and repair of DNA in the 

nuclear and chloroplast genomes of wild-type and uvh6 plants. These studies should be 

facilitated by recently developed antibodies to DNA damage (Britt et al., 1993). The 

observation that multiple components of the plant cell are affected by the uvh6 mutation 

raises the possibility that the study of the uvh6 mutant might elucidate intracellular 

communication in higher plants. 

The four arrows between the UVH6 protein and the two branches of the pathway of 

Figure 5.2 represent the five derivatives (uvh6-1R through uvh6-5R) found that suppress 

the uvh6 phenotype. These derivatives may represent downstream components of the 

signal transduction mechanism containing the UVH6 protein. Alternatively, it is possible 

that they represent true revertants. In any case, it will be of future interest to determine 

whether the derivatives are second site supressors or true revertants and study the 

regulation of heat shock proteins and thylakoid membrane morphology in these lines. 

In future experiments the examination of the expression of other genes that respond 

to different types of stress should be compared between uvh6 and wild-type plants. Genes 

have been characterized from Arabidopsis that respond to pathogen interaction and UV light 

and low temperature. Genes have also been characterized that are likely to participate in 

both protection and DNA repair in plants, and some of these genes are UV inducible. A 
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Figure 5.2 Model for UVH6 Function. 

Figure shows three damaging physiological effects of heat on plant cells that may result 

from growth in sunlight. The normal UVH6 function acts not as a repressor but rather to 

antagonize these effects caused by heat, and the loss the UVH6 gene product results in the 

complex phenotype observed in the uvh6 mutant. A heat-resistant derivative, uvh6-4R, 

has a restored ability to antagonize UV and temperature sensitivity but only partially 

restores chlorophyll levels. 
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comparison between wild-type plants and the uvh6 mutant of the expression of these genes 

should elucidate the spectrum of the program containing the UVH6 protein. 

Discussion of the Map Location of the uvh6 Mutation 

The mapping of the uvh6 mutation is significant for two reasons. First, the location 

can be compared to the map location of other UV sensitive, yellow green or temperatures 

sensitive mutants. Secondly, an accurate map location is the first step toward a 

chromosomal walk, which may result in the cloning of the uvh6 gene. Cloning and 

sequencing should determine if a chloroplast localization signal is a feature of the of the 

UVH6 gene and may also allow the identification of a possible function of the gene 

product. Three mapping strategies are available to map Arabidopsis mutations. The first 

uses standard RFLP technology. Until recently, mapping with RFLPs was difficult 

because the RFLPs were present on cosmids and lambda phages in very large inserts. 

Mapping with RFLPs was facilitated by the subcloning of small fragments into a standard 

plasmid vector, The resulting plasmids are referred to as ARMS (Arabidopsis RFLP 

Mapping Set)(Fabri and Schaffner 1994). Furthermore, since all of the subcloned 

polymorphisms can be visualized by digestion of plant DNA with EcoRI, several RFLPs 

can be examined simultaneously. This allows the mapping of a mutation to one of the five 

Arabidopsis chromosomes by probing a single Southern blot with seven different probes 

representing seven polymorphisms. The second type of polymorphism, co-dominant 

cleaved amplified polymorphic sequences (CAPs), relies on the PCR amplification of 

known Arabidopsis sequences (Konieczny and AusubeI1993). The polymorphism 

between the Columbia and Landsberg ecotypes is observed when the resulting peR 

products are digested with a restriction enzyme. The third type of polymorphism, simple 

sequence length polymorphisms (SSLPs) also rely on PCR amplification (Bell and Ecker 

1994). However in this case, dinucleotide repeats are amplified. uvh6 is 6 cM from the 
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SSLP marker nga 63 which is located at position 27 on chromosome one. No other mutant 

with a phenotype similar to that of the uvh6 mutant maps to this region, however, this 

region is densely populated with polymorphisms between ecotypes. The SSLP marker 

A TEA Tl is 4.8 centimorgans (cM) and the two SSLPs A THACS and nga 59 both map 9.6 

eM above nga 63. In addition, the CAPs marker PVV 4 maps 26.9 cM above nga 63. To 

the other side of nga 63, the RFLP m488 is 1.1 eM, the RFLP m241 is 3.9 eM and the 

RFLP m235 is approximately 23 eM below nga 63. Both the RFLP markers m241 and 

m235 are represented in the ARMS set of plasmids. These polymorph isms should allow 

fine mapping of the uvh6 mutation as a prelude to a chromosomal walk or final placement 

on the genetic map of Arabidopsis. 

A second possible method to clone the UVH6 gene would be to find a uvh6 allele in 

the Feldmann collection of mutants (Feldmann et al. 1989). The Feldmann mutants have 

already been screened for mutants with a yellow-green appearance. If a uvh6 allele was 

found among this collection, the T-DNA insert should facilitate the cloning of the uvh6 

gene. This allele would also be significant because the T-DNA insert usually causes 

complete loss of function to occur and the uvh6 allele studied in this work may have a 

partial loss of function. 

A third method which may allow the cloning of the UVH6 gene is the use of a 

cosmid library (Lazo et al., 1991). It is possible that by transforming callus tissue with 

these cosmids, a cos mid encoding the UVH6 gene may be identified by suppression of one 

of the uvh6 phenotypes. This would be especially useful if uvh6 callus tissue was 

temperature sensitive, as this would provide a convenient selection. 
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Figure 5.3 A). Top Third of Chromosome One, Location of the uvh6 Mutation 

Shown are the position of CAPS markers (pvv4), SSLP markers (nga 59, A THACS, 

ATEAT1, and nga 63), and RFLPs (m488, m241, and m235) which are located near uvh6. 

The genetic markers in the 15cM area that uvh6 is located in are also shown. The locations 

of the genetic markers are from Koomeef and Meinke (in press), The location of the 

RFLPs is derived from Hauge et aI. 1993 and the location of the SSLPs is derived from 

Bell and Ecker 1994. Since three maps were used the distances should be considered 

preliminary. The remaining two-thirds of chromosome one are not shown. 

B). Map Location of UV Hypersensitive Mutants 

Shown are map locations of four UV hypersensitive mutants. uvh3 and uvrl are separated 

by approximately 5cM. uvh 1 was mapped by Zongrang Liu (personal communication), 

uvh3 by Greg Harlow (Chapter 3 this work), uvh6 (Chapter 4) and uvrl by Britt et al. 

1993. 
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