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ABSTRACT 

A number of hypotheses link salt tolerance in plants to proline accumulation or 

transport of proline. To begin to understand the genetic basis of this correlation, 

fifteen mutants of Arabic/apsis t/zaliana were selected for resistance to the toxic 

proline analog, azetidine-2-carboxylic acid (ACA). These mutants were 

characterized by seedling growth and proline content on nutrient agar media in 

the absence and presence of ACA and NaCI. One of these ACA-resistant 

mutants, KG3, also showed enhanced tolerance to NaCI and was characterized by 

a recessive trait, transparent testa. Inheritance studies indicated that ACA 

resistance in KG3 was due to a single recessive gene mutation, named acal. 

Genetic mapping studies were done by crossing KG3 with a morphological 

marker line WlOO to determine the chromosomal location of ACA resistance in 

relation to known markers. Segregation analysis of 180 single-seed-descent F3 

families showed that acal was linked to marker tt3. Marker tt3 is located on 

chromosome V of Arabic/apsis t/zaliana. Segregation of tt3 and acal did not show 

a 9:3:3:1 ratio, suggesting that acal was closely linked to tt3, located 62.1 cM 

from the end of chromosome V. The transparent testa phenotype of KG3 was 

complemented by locus 114 also located on this chromosome. To determine the 

basis of enhanced NaCI tolerance in KG3, F3 families from a cross between KG3 



and Columbia pubescent wild type were tested for NaCI resistance. Families 

showing optimal growth after release from salt stress were scored for NaCI 

tolerance. Segregation analysis indicated that the salt tolerance in KG3 was due 

to a single recessive gene mutation called salt addicted (sadl). The sadl 

phenotype appeared to have required NaCl for optimal growth. Segregation 

analysis of aeal and sadl phenotype showed that they were not linked. 

16 

Molecular mapping of aeal was done by using a number of RFLP markers 

selected from all five Arabidopsis tlzalialla chromosomes. This study indicated that 

aeal was linked with markers m331 and m435, located at positions 73.4 cM and 

80.2 cM, respectively, on chromosome V on the unified map of Arabidopsis 

tlza/ialla. Thus, the map location of aeal was found to lie within 62 to 67 

centimorgans on chromosome V. 



Definition of the problem 

CHAPTER I 

INTRODUCTION 
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Soil salinity is an important agricultural problem, especially in arid and 

semiarid regions. Saline soil occupies an estimated 30% of the world land mass, 

and the world's major food crops are poorly adapted to such saline environments 

(Epstein, 1981). Productivity in many agriculturally important plants is limited by 

soil salinity. In arid and semiarid regions, insufficient precipitation causes 

extensive reliance on irrigation. Continual irrigation can increase the 

concentration of salinity to a level that is high enough to impair plant growth. 

Concentrations of salt below the toxicity level suppresses plant growth and 

higher concentrations may completely inhibit growth. The problem also exists in 

some subhumid regions of the world, but is most widespread, severe, and 

threatening in arid and semiarid lands (Epstein et al., 1980, Flowers et al., 1988, 

Kelman and Qualset., 1991). 

Significance of the Problem 

There are various ways to solve the problem posed by salinity in 

agriculture. One way is to minimize the extent and spread of saline soils by 

improving the land itself (Epstein el al., 1979). This is accomplished by upgrading 
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the land through improvements in subsoil drainage and by avoiding low quality 

water for irrigation. The use of high quality water is, however, dependent on its 

availability and systems to deliver it. The high cost and power requirements of 

modern water delivery systems limit their use in many developing countries. Land 

reclamation, drainage and proper irrigation may reduce the salinity in many 

regions but the costs to benefit ratio tend to be unfavorable and render this an 

unrealistic option. 

One practical solution for this problem would be the genetic improvement 

of crop plants that can adapt to or tolerate salinity stress. Breeding crops for 

increased salt tolerance is a promising, energy and cost-efficient approach. This 

goal can be reached either through conventional breeding (Epstein et al., 1980; 

Epstein, 1985; Kellyet al., 1979; Saranga et al., 1992) or the generation of 

genetically engineered NaCl- resistant crops (Marx, 1979; Meilenz et al., 1979; 

McCue and Hanson 1990). 

Conventional plant breeding seems promising for improving salt tolerance, 

since genetic variability in saIt tolerance has been reported between and within 

crop cultivars (Greenway and Munns 1980; Yan et al., 1992; Tattini et al., 1992). 

Despite variability in salt tolerance, relatively few plant breeding programs focus 

on salt tolerance. Plant breeders face many difficulties in selecting salt tolerance 
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genes in whole plants. Classical genetic methodologies based on crosses between 

crop plants and salt tolerant relatives have already made some progress (Epstein 

et al., 1980; Wyn Jones and Gorham, 1983). If genetic diversity for salt resistance 

is lacking in superior backgrounds, then breeders could transfer the necessary 

alleles from salt resistant relatives through sexual mating (Norlyn, 1980; Rush and 

Epstein, 1981). The disadvantage of this method is that many unwanted traits 

may be introduced which may be difficult to eradicate by breeding. This would be 

an especially difficult problem should unwanted traits be closely linked to the 

genes of interest. Moreover, the time required to increase homozygosity of the 

trait isolated from wild type is prohibitively long before it can be transferred to a 

superior background. This explains why few commercial salt tolerant crop 

varieties have been released. Genetic engineering has the potential to more 

rapidly improve the salinity tolerance of crops (McCue and Hanson, 1990). The 

methodology to generate transgenic plants is readily available, but the limiting 

factor is the isolation of genes with the capability to improve salt tolerance. 

Similar to typical plant breeding, selection of salt tolerant crop plants from 

tissue culture has also not been generally successful. The primary difficulties are 

that the selection process itself interferes with the regeneration of plants and may 

induce gross genetic changes in regenerated plants (Bress an et al., 1985; McCoy, 



1987a; Yan et al., 1992). In addition, salt tolerance expressed in culture is not 

always expressed in the whole plants (McCoy, 1987b; Zapata et al., 1991). In 

Medicago sativa salt-tolerant plants were regenerated from salt tolerant cell lines 

(Winicov, 1991) that maintained salt tolerance in the second and following 

generations. Salt-tolerant plants of POllcirns tri/olia were regenerated from salt 

tolerant cell lines (Beloualy and Bouharmont, 1992). Plants and shoots 

regenerated from the selected cell lines showed improved growth and higher salt 

tolerance compared to the original line. 
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Another approach to improving salt tolerance in crop plants has been 

studies of gene expression during salt and water stress (King et ai., 1986). The 

aim of such studies was to identify differences in the pattern of gene expression in 

the presence and absence of salt. The comparison of mRNA transcription and 

protein translation was studied both in the presence and absence of salt in 

different crop plants (Gullick and Dvorak, 1987; Ramagopal) 1987; Singh et al., 

1987). Differences in gene expression during salt stress are commonly observed 

and a number of stress related genes in plants have been cloned. A 26-kD protein, 

osmotin, accumulates in the roots of tomato plants and in tobacco suspension 

cultures (Sachs and Ho, 1986; Kuhlemeier et al., 1987). Osmotin accumulates in 

the vacuole and may be involved in osmotic adjustment. A common response in 



plants during many types of stress is a general reduction of protein synthesis. 

Specific protein synthesis in response to salinity stress takes place (Gulick and 

Dvorak, 1987; Ramagopal, 1987a, 1987b; King et ai., 1988; LaRosa et al., 1987), 

but the functions of these proteins are largely unknown. 

One of the most encouraging approaches to improving crop production is 

selection and characterization of mutants that show salt tolerance. The selection 

of mutations in plants which would confer salt tolerance on a whole plant level 

seems promising. This strategy should be particularly applicable to plants with a 

small genome and or in plants with minimal growth requirements to facilitate 

mutant screening. Selection for mutants with alterations in metabolism that 

correlate with salt stress has been proven in prokaryotic systems (Le Rudulier 

et al., 1984; Sugiura and Kisumu, 1985). A similar approach has been attempted 

in few higher plants. Several physiological responses to salt stress have been 

identified. 

One physiological mechanism associated with salinity tolerance is the 

accumulation of amino acids during stress. An amino acid that frequently 

accumulates in plant during salt stress is proline. The accumulation of 

intracellular proline in plants in response to salt stress is common (Stewart and 

Hanson, 1980), although it is not known if such proline accumulation benefits the 

21 
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plant by increasing its ability to adapt to salt. Attempts have been made to 

explain the role of proline during salinity stress in plants. To test if proline 

overproduction enhances NaCI tolerance, the proline content of plants has been 

altered by exogenous application of proline and its effect on salt tolerance have 

been assessed (Lehle et al., 1988). Exogenous proline has been shown to at least 

partially alleviate the deleterious effects of salinity on plants. Such studies usually 

support an adaptive role for proline accumulation in higher plants during salt 

stress but the issue remains controversial (Hanson and Hitz, 1982). 

A commonly used strategy has been to select proline overproducing 

mutants in bacteria on the basis of their resistance to the proline analog azetidine-

2-carboxylic acid (ACA) (Csonka, 1981). Wild type bacteria do not normally 

respond to osmotic stress in their environment by synthesizing proline, but will 

take up proline if it is provided. Bacterial mutants that have defects in their 

proline transport systems do not show any increases in salt tolerance due to 

application of exogenous proline. From this observation, the question arose about 

whether increased salinity tolerance in bacteria would result from a mutation that 

causes an overproduction of proline. To assess this, bacterial mutants that 

overproduced proline were isolated by selecting for resistance to ACA (Le

Rudulier et al., 1984; Segiura and Kisumu, 1985). Mutations that caused a 
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substantial overproduction of proline did confer salt tolerance in bacteria. Proline 

overproduction in these mutants is controlled by a decrease in the sensitivity of 

gamma-glutarnyl kinase to proline by which feedback inhibition of proline 

biosynthesis is abolished. In bacteria, proline transport is controlled by three 

proline permeases (PP-I, PP-I1 and PP-I1I) integral to the peripheral membrane 

(Csonka, 1989). Gene Put-p encodes the major pro-permease, PP-I, the only 

proline porter absolutely coupled to Na+ ion co-transport (Cairneyet ai., 1984). 

Proline overproducing mutants have also been selected in plants and in 

plant cell suspension cultures of Daucus carola after selection in the presence of 

the toxic proline analog ACA or 4-hydroxy-L-proline (L-Hyp). A few ACA and L

Hyp resistant mutants have been reported to be NaCI tolerant, but it has not been 

determined if overproduction of proline was the basis of increased salt tolerance 

(Hickok et ai., 1987). Many plants accumulate proline when their roots are 

subjected to high concentrations of NaCI. The adaptive significance of this 

response remains uncertain. Some plants accumulate proline, yet exhibit NaCI 

sensitivity. In others, exogenous proline increases NaCI tolerance. The selection 

strategy based on the isolation of proline overproducing mutants using proline 

analog resistance as the basis of selection has been adopted for Arabidopsis 

tlzalialla (Dandekar et ai., 1987; Estill and Lehle, 1987; Lehle et ai., 1989a, 1989b,). 



The purpose of this selection was to determine if a mutation which leads to the 

overproduction of proline in a whole plant would also increase salt tolerance. 

Goals and objectives. 
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The overall objectives of this research were: (1) to determine if 

intracellular accumulation of proline during salt stress had any adaptive 

significance by increasing salt tolerance in Arabidopsis thaliana ,. (2) to determine 

the inheritance, number, and approximate chromosome location of genes 

responsible for NaCl tolerance and ACA resistance in mutants of Arabidopsis 

tlzaliana; and (3) to identify changes in physiology that were due to mutation. To 

reach these goals, the specific objectives were: 

a) to identify proline overproducing mutants and to determine if they had altered 

NaCl tolerance, 

b) to confirm, in vivo, alterations in proline uptake in ACA -resistant mutants 

relative to wild type, 

c) to compare salt-tolerant mutants and wild type on the basis of ion selectivity in 

the presence of NaCl, 

d) to determine the inheritance of NaCl tolerance, ACA resistance, and 

transparent testa, 

e) to determine if mutations conferring NaCl tolerance and ACA resistance were 



linked, and 

f) to determine the chromosome location of ACA resistance using visible and 

molecular (RFLP) markers. 

These questions were investigated in Arabidopsis thaliana by selecting 

proline overproducing mutants from an EMS mutagenized seed population and 

characterizing them for NaCl tolerance during seedling establishment. 
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This research focused on the physiological and genetic characterization of 

an ACA resistant mutant, KG3, which had the additional phenotypes of enhanced 

NaCl tolerance and transparent testa. Findings from this research will provide 

important information concerning the genetics of NaCl tolerance in Arabidopsis 

thalialla at the whole plant level. This research will also determine whether 

increased salt tolerance expression at the whole plant level can be conferred by 

mutation in the proline transport syntem. Finally, this research will provide 

necessary information and better understanding of mapping important genes in 

Arabidopsis thalialla, which will ultimately lead to the cloning of the genes. 



Background information. 

CHAPTER II 

REVIEW OF LITERATURE 
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Agricultural production in many areas of the world is severely affected by soil 

and water salinity. The problem of salinity has generally been approached in 

three different ways. These are, (1) direct selection for salt-tolerant phenotypes in 

existing crop species at either the whole plant or cellular level, and also the use of 

naturally tolerant species, (2) selection for alterations in metabolic processes that 

are correlated with salt stress, (e.g., proline accumulation); and (3) study of 

alterations in gene expression during salt stress. Traditional plant breeding 

approaches have emphasized selection based on the salt tolerance phenotype. So 

far, few salt-tolerant commercial cultivars have been produced by conventional 

breeding and breeding for improved salt tolerance in many crop plants has 

progressed slowly (Noble et al., 1984; Blum 1988; Johnson et al., 1992). Initially 

this approach was encouraged since variability in salt tolerance was noted both 

between and within crop cultivars (Greenway and Munns, 1980; Maas, 1986). In 

many crop plants, however, there is a lack of salt tolerant variability in an 

economically superior background. In such cases, it is possible to make crosses 

with salt tolerant ancestral lines, but this has the consequence of introducing many 



undesirable characters which need to be removed by recurrent crosses and 

continued selection. Only a small number of breeding programs are directed 

toward improving salt-tolerance in major crop plants. 
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There have been relatively few successful selections of salt tolerance genes 

at the whole-plant level, since whole plants present difficulties that often make 

them refractive to applying this approach (Epstein, 1972; Scholz and Bohme, 

1980). These are masking of recessive mutations, generation time, and limitations 

of mutant screening in a large population of plants due to the size of the plant 

and lack of space. A few single-gene mutations affecting salt tolerance have been 

reported. One mutation was reported to affect ion transport in soybean (Glycine 

max), and another mutation affected ion uptake in pepper (Abel, 1969; Benzioni 

and Tal, 1978). In Agropyron jWlceum, a dominant gene has been reported which 

confers salt tolerance in wheat (Triticum aestivum) (Froster et al., 1988). In the 

fern Ceratopteris richardii, two single gene mutations conferring NaCI resistance 

were selected in the haploid stage (Warne and Hichok, 1987; Hickok et al.,1991). 

However, the salt tolerance of the diploid growth phase remains to be determined 

in this species. 

Little is known about salt tolerance mechanisms and genes in Arabidopsis 

thaliana. It is equally unknown whether, and to what extent, variability exists for 
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this trait among ecotypes or whether variability can be induced by different 

mutagens. Thus, despite its many advantages, the plant's suitability for studying 

salt tolerance in higher plants has not been addressed. In one study (Lehle et al., 

1992), it was shown that enhancement of NaCl tolerance was observed in 

Arabidopsis thalialla after exogenous application of L-asparagine and D-

asparagine. In Arabidopsis thalialla, 25 mutant families were also isolated based 

on their resistance to 250 mM NaCl during germination (Chen et al., 1988). 

These mutants of Arabidopsis have not been genetically characterized. In another 

study, three mutant strains of Arabidopsis thalimza (var. Columbia) were selected 

for their ability to germinate at elevated concentrations of NaCI. These mutants 

were not more salt tolerant than wild type at subsequent stages of development 

(Saleki et al., 1993). However, genetic analysis of Fl and F2 progeny of outcrosses 

suggested that the mutations conferring salt-tolerance are recessive in these 

mutants. 

Regulation of proline biosynthesis. 

Proline accumulation is one of the few well known physiological responses to 

salt stress. It remains disputable whether this response is always adaptive or 

simply a symptom of injury (Hanson and Hitz, 1982). During stress, proline can 

act as an osmoregulator, protect enzyme structure and function, or it may serve as 
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a non-toxic compatible storage form of nitrogen (Hanson and Hitz, 1982). The 

regulation of proline biosynthesis under stress is not understood in plants at either 

the cellular or whole plant level. Under normal conditions, proline is most likely 

synthesized from glutamic acid. It exerts feedback inhibition of its own 

biosynthesis by inhibiting gamma-glutamyl kinase, the first enzyme in the pathway 

(Baich and Pierson, 1965; Baich, 1969; Boggess et al., 1976; Le Rudulier et al., 

1984). There are three conditions that are thought to occur during proline 

accumulation. These are increased proline synthesis due to a change in feedback 

inhibition, decreased proline oxidation, and decreased proline incorporation into 

proteins (Hanson and Hitz, 1982). From a number of studies, biosynthesis rather 

than decreased protein synthesis capacity appears to lead to higher proline levels 

(Rhodes 1987), indicating that its accumulation may be an adaptive response. 

While little is known about proline overproduction and while overall proline 

incorporation is difficult to quantify under stress, the loss of feedback inhibition 

may be the most promising topic to study. Why feedback inhibition occurs 

remains unknown, among the possible mechanisms are that: a) isoenzymes are 

present or that b) existing enzymes are modified. 

Proline overproducing mutants in Prokaryotes. 

In bacteria, proline overproducing mutants have been isolated by selecting for 
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resistance to toxic levels of proline analogs such as ACA (Le Rudulier et al., 1984; 

Sugiura and Kisumu, 1985). Proline overproduction in these mutants is controlled 

by decreased sensitivity to the presence of the enzyme gamma-glutamyl kinase. 

This decreases feedback inhibition and ultimately results in an overproduction of 

proline. In these mutants, proline overproduction confers salt tolerance. 

Mutations that cause an enhancement of proline uptake also confer increased salt 

tolerance in bacteria (Csonka, 1981). Salt tolerant mutants of E. coli were also 

obtained by selecting on proline analog L-azetidine-2- carboxylate (AzT). Nine 

mutants with increased salt tolerance were identified. One of these mutants 

demonstrated highest salt tolerance and this was correlated with the highest levels 

of proline accumulation (Neumyvakin et al., 1990). 

Proline overproducing mutants in plants. 

Proline overproducing mutants have been selected in plants and in plant cell 

cultures. In Ceratopteris richardii and Hordeum vulgare, proline overproducing 

mutants have been selected that have NaCl tolerance. In no case has it been 

determined if the overproduction of proline is the basis of salt tolerance or 

whether it is a side effect or pathological response (Hickok et al., 1987; Kueh and 

Bright, 1981, 1982). A barley mutant that showed a 3-fold overproduction of 

proline was first reported to show salt tolerance (Kueh and Bright, 1981, 1982), 



but the claim was later withdrawn (Lone et al., 1987). In this mutant, increased 

salt tolerance could not be due to an osmotic effect of proline. This mutant 

accumulated proline to 3-times the levels of those found in wild type under low 

salt concentration, but there was no difference in proline accumulation between 

wild type and mutant under high salt conditions. Also, the amount of proline 

accumulated was lO-fold less than the amount required to confer salt tolerance 

when applied exogenously. 
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Increased proline content has been shown to improve salt tolerance in cell 

cultures of Solunum tuberosum (van Swaaij et al., 1986), Nicotiana plumbaginifolia 

L (Watad et al., 1983), Daucus carota (Neilsen et al., 1984; Riccardi et al., 1983; 

Widhalm, 1976) and Brassica llapus L (Chandler and Thorpe, 1987). 

Unfortunately, plants were not, or could not, be regenerated in these instances. 

Thus, it is not known if proline overproduction selected in cell cultures would 

confer increased salt tolerance to the whole plant. Attempts have been made to 

isolate proline overproducing mutants in Arabidopsis tlzaliana using resistance to 

proline analogs as the basis of selection (Dandikar et al., 1987; Estill and Lehle, 

1987; Verbruggen and Jacobs, 1987). Lehle et al.,(1989b) reported the isolation of 

an ACA resistant mutant, KG34, which is characterized by a 9-fold higher proline 

content than the wild type under nons aline conditions. However, this mutant did 



not show increased salt tolerance relative to wild type during seedling 

establishment. 

Proline accumulation during salt stress. 
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The accumulation of free proline during salt stress has been reported in 

pigeonpea (Sagar and Vadyanath, 1990), wheat and sorghum (Khodray, 1992), and 

in tomato (Soliman and Doss, 1992); and increases have been reported during 

drought in Brassica Ilapus (Vertanian et., 1992) and Oryza saliva (Kim and Yuk 

1992). Salt-resistant lines of Nicotialla derived from protoplast culture produced 

10-25 times more proline than wild type when grown on non-selective media. Salt 

resistance was transmitted as a single dominant nuclear gene when crossed with 

wild type plants. This observation demonstrated that the genetic basis for 

increased salt tolerance exists in N. plumbagblifolia (Sumaryati et al., 1992). In 

another study, NaCl tolerant Brassica jWlcea plants were produced by ill vitro 

selection at the somatic embryo level. Selected tolerant lines showed better root 

growth, shoot growth, and fresh weight accumulation on salt-containing medium. 

Salt tolerance was transmitted sexually to the next generation. The tolerant 

selections accumulated proline, even when grown in salt-free medium. On salt

containing medium, the difference in accumulated proline between the control and 

tolerant lines became more pronounced (Kirti et al., 1991). The effect of proline 
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accumulation was studied in two different rice varieties (salt-tolerant and salt

susceptible) under salt stress. It was observed that the amount of proline 

accumulated was unrelated to the degree of salt tolerance of the two rice varieties 

(Quayyum et al., 1991). In another study, Sagar et al.(1990) reported the effect of 

NaCl-induced salt stress in salt tolerant and susceptible varieties of pigeonpea. 

Free proline accumulation increased markedly under salt stress when compared to 

the control. However, the increases in proline content were relatively low in the 

susceptible variety as compared to the tolerant cultivars. In Mesembryamhemum 

cryslallillum, a halophyte, the accumulation of proline was induced by NaCl in 

suspension culture and in whole plants (Thomas et ai., 1992). In Arabidopsis 

Ihalialla, proline accumulation occurs when plants are put under stress (LehIe el 

ai., 1992). 

Arabidopsis as a model flowering plant. 

Arabidopsis satisfies several of the criteria that are required of a model plant 

system. Arabidopsis is a flowering plant of the Cruciferae family and thus a close 

relative of Brassica and Rap/mus. It is a diploid with a basic chromosome number 

of 2n = 10. The most important characteristic of this organism is its rapid life 

cycle and small size, although the smaller size can be inconvenient for experiments 

directed toward physiological and biochemical questions that often require large 
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amounts of tissue (Somerville et ai., 1985). However, scaled down methods have 

been established for a number of common procedures such as whole plant gas 

exchange (Somerville and Ogren, 1982), intact chloroplast isolation and isolation 

of functional mitochondria (Somerville and Ogren, 1982). Thus, the small size 

does not necessarily exclude this organism from physiological studies. 

Arabidopsis has been used in classical genetic research for over 40 years 

(Laibach, 1943; Redei, 1975), as well as, molecular genetics (Leutwiler et a/., 1984; 

Meyerowitz, 1987), biochemistry (Last and Fink, 1988; Chang and Meyerowitz, 

1986), and plant physiology (Moffat and Somerville, 1988). The plant is well 

suited for genetic work. It has a short generation time of only 6 to 8 weeks and it 

is of such small size that many plants can be grown in a single container. It needs 

minimal care and has simple growth requirements (Meyerowitz, 1987; Meyerwitz 

and Pruitt, 1985; Pruitt et ai., 1987). The plant is self-pollinating but can be easily 

outcrossed by employing hand emasculation and pollination. The plant produces 

a large number of seeds compared to most higher plants; usually each silique 

contains 30-60 seeds at maturity. It is possible to collect over 10,000 seeds from a 

individual plant due to the fact that the plant continues to produce flowers for a 

long period of time. However, the seeds are very small, each weighing, on 

average, less than 20 p,g. Seeds may be stored in dry, cold conditions for years 
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without loss of germination. 

Mutagenesis can be performed by using chemical mutagens or by 

irradiation of seeds. The mutagenized seed are grown to maturity and allowed to 

self-fertilize, thereby producing plants that may be homozygous for new mutations 

(Meyerowitz and Pruitt, 1985). Also, by plating seed on agar media in petri 

plates, it is possible to screen approximately 5,000 seedlings per plate (100 x 15 

mm) for mutations, such as those causing drug or analog resistance, which may 

confer a selective advantage (Somerville et al., 1985). 

Various mutations have been identified in Arabidopsis, including visible 

mutations that are useful as markers in genetic mapping, with phenotypes 

affecting every part of the plant. These include mutations affecting the wax coat of 

the epidermal cells and the trichomes on leaves and stem. There are mutations 

causing more visible effects, such as flower morphology (apetala and pistillata) 

and growth habit (erecta and compacta) (Koornneef et al., 1982). Biochemical 

mutants of various types have also been isolated. Included among these are 

mutations affecting basic metabolism, mutations in photosynthesis, developmental 

mutants, hormonal mutants and many others (Koornneef et al., 1983; Koornneef et 

al., 1991; Somerville et al., 1982). 

The small size and simplicity of the Arabidopsis genome makes the plant 
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useful for both traditional and modern studies of plant genetics (Meyerowitz, 

1987). This plant has the lower number of chromosomes in the higher plant 

kingdom and the smallest, simplest genome of any angiosperm, known so far. In 

addition, the genome, unlike the genomes of other angiosperms has a relatively 

small amount of repetitive DNA. Virtually every stretch of the plant's 

chromosome is unique. Its haploid nuclear genome consists of about 100,000 

kilobase pairs, about twenty times the size of the Escherichia coli chromosome, 

which allows rapid screening of gene libraries. These advantages taken together 

have been essential in making this plant the paradigm for plant gene research. 

Already a large number of ordered restriction fragment length polymorphism 

(RFLP) markers and extensive linkage maps are available for all five 

chromosomes (Somerville et al.,1985, Koornneef 1990). 

Arabidopsis is susceptible to infection with Agrobacterium tumifaciens. 

Thus, transformation by Ti plasmid vectors at reasonable efficiencies is also 

possible (Sheikholeslam and Weeks, 1987; Valvekens et al., 1988). Many 

Arabidopsis genes have been cloned by cross-hybridization with genes from other 

organisms (Meyerowitz, 1987). In fact, three gene cloning methods have been 

shown to be feasible in arabidopsis. These are T-DNA tagging, transposon 

tagging and subtractive cloning. T-DNA insertional mutagenesis and cloning have 
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become useful tools, especially since a large number of tagged lines are available 

(Feldman et al., 1989). The usefulness of the transposon tagging method for 

cloning Arabidopsis genes has been demonstrated (Tsay et al., 1993) and 

subtractive cloning method has also been successful (Sun et al.,1992). The genetic 

maps of Arabidopsis allowed the cloning of the useful gene ABl3 by positional 

cloning (Giraudat et al., 1992) and the GAl locus by genomic subtraction. The 

identification and molecular mapping of a single Arabidopsis thaliana locus 

determining resistance to a phytopathogenic bacteria was reported (Debener et al. 

,1991). Identification of an Arabidopsis gene that controls resistance to 

Xanthomollas campestris pv. campeslris was also reported (Tsuji et al.,1990). Use 

of Arabidopsis as pathosystem should hasten the molecular and genetic analyses of 

disease resistance responses in higher plants. 

Both classical and RFLP genetic maps have been established for 

Arabidopsis (Chang et al., 1988; Nam, et al., 1989; Hwang et al., 1991). An 

international collaboration to integrate these maps with a total of 300 RFLP 

markers and approximately 120 visible markers is nearing completion (Progress 

report: 1992, The Multinational Coordinated Arabidopsis tlzalialla Genome 

Research Project). In addition, a new map has been recently published which is 

based on randomly amplified polymorphic DNA (RAPD) markers and 
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recombinant inbred (RI) lines (Reiter et al., 1992). This map contains 252 new 

markers which were mapped relative to 60 previously mapped RFLP markers. 

Once a sufficiently large number of RFLP markers are mapped, it will be possible 

to isolate any gene for which a mutation is known. 

Arabidopsis is unique among higher plants, because it is also possible to 

clone genes when little more than the mutant phenotype is known. Meyerowitz 

(1987) has proposed that this could be accomplished if the chromosome location 

of the mutant gene were linked first to a visible marker then to a proximal RFLP 

marker by segregation analysis of sexual crosses. It would be then possible to 

"walk down" the chromosome to the mutant gene and ultimately verify its isolation 

by transformation of wild type. There are probably 40 chromosome walking 

efforts now underway worldwide. Several of these have recently resulted in the 

isolation of functional genes which have complemented the mutations used to 

mark the gene (Arondol et ai., 1992; Giraudat et ai., 1992). In order to facilitate 

the isolation of genes by chromosome walking, different laboratories have 

constructed Arabidopsis genomic libraries in yeast artificial chromosome (Y AC) 

vectors (Ward and Jen, 1990; Grill & Somerville, 1991; Matallana et ai., 1992). In 

addition to these libraries, the recent development by J. Ecker's laboratory of a 

YAC library with significantly increased insert size will greatly facilitate the 
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development of an overlapping YAC libraries of the entire genome (Ecker 1990). 

A collaborative effort by several U.S. and a British laboratories has identified and 

mapped YACs covering approximately 33,000 kb or about one third of the 

genome (Hwang et ai., 1991). All these features make Arabidopsis a suitable plant 

for undertaking molecular and genetic approaches toward understanding many 

fundamental developmental and metabolic processes in higher plants. 



CHAPTER III 

MATERIALS AND METHODS 

Plant Material 

The Columbia (Col) strain of Arabidopsis tizaliana, homozygous for the 

recessive trait gil (Koornneef et al., 1980), was used for EMS mutagenesis. The 

list of wild type strains and markers used for this study are given in Table 1. 

Preparation of media for plant growth 

All media were prepared according to Somerville and Ogren (1982). 

Inorganic components were mixed as a separate stock solution (Griffin et al., 

1986). In order to prevent precipitation, stock solutions of MgS04 and Ca(N03)z 

were mixed with 1% (w/v) agar and stock solutions of KN03, KHZP04, and the 

micronutrient mixture were mixed together. These two mixtures were autoclaved 

separately and then mixed together to make the final volume of the media. The 

components of the nutrient solutions are given below. 

NUTRIENT SOLUTION: 

Stock solutions 
1M KN03 
1M KHZP04 pH 5.6 
1M MgS04 
1.8 % (v/v) Sequestrene 
Micronutrient mix'" 

mL stock /liter 
5.0 
2.5 
2.0 
2.8 
1.0 

'" The components of the micronutrient mixture are given below. 

40 
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Table 1. List of markers with their genotype and phenotype. 

Genotype Common name Phenotype 
abbreviation 

Col-O Columbia pubescent Trichomes present on 
leaves and stem. 

Col Columbia glabra Trichomes absent on 
leaves and stems. 

Ler Landsberg el'ecta Trichomes absent on 
leaves and stems. 

gil, acal, tt4 KG3 Trichomes absent, 
transparent testa, ACA 
resistant. 

gil, acal KG34 Trichomes absent, proline 
overproducer, ACA 
resistant. 

ttg Transparent testa: Trichomes absent, yellow 
gJabra seeds, aberrent seed coat 

structure, no anthocyanin 
in leaves and stems. 

tt4 Transparent testa Yellow seeds due to 
absence of brown pigment 
in seed coat. 

yi Yellow inflorescence Yellowish flower buds and 
yellow greyish sharper 
leaves. 

Continued on next page 
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Table 1 (Continued) 

Genotype abbreviation Common name Phenotype 

Multiple tester WlOO 
an angustifolia Narrow leaves and 

slightly crinkled siliques. 
apl apetala No petals or 

rudimentary petals. 
py pyrimidine requiring Leaves except cotyledons 

pale or white. 
er erecta Compact rosette,short 

pelioles, fruits more 
blunt than wild type. 

hy2 long hypocotyl Elongated hypocotyl. 
gil glabra Hairs absent on stems 

and leaves. 
bp brevidicellus Short pedicels. Siliques 

bent downwards. Plant 
height reduced. 

cer eceriferum Bright green stem and 
siliques due to reduced 
wax layer. 

1t3 transparent testa Yellow seeds due to 
absence of brown 
pigment in seed coat. 

msl male sterile Anthocyaninless leaves 
and stems. Without 
pollen. 



MICRONUTRIENT MIXTURE 

70.0 mM H3 B03 
14.0 mM MnCl2 
0.5 mM CuS04 
1.0 mM ZnS04 
0.2 mM NaMo04 

10.0 mM NaCI 
O.OlmM CoCl2 

Ampicillin (100 lLg/ml) was added routinely to the media to prevent bacterial 

contamination. For media containing additional NaCI, proline (Pro) or ACA, 
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these compounds were added to the medium after autoc1aving. NaCl, proline and 

ACA were filter sterilized as solutions using disposable 0.2 ILm filters (Acrodisc, 

Gelman Sciences). The final volume of media was 5 ml for 60 x 15 mm and 25 ml 

for 100 x 15 mm petri dishes. 

EMS seed mutagenesis 

Sixteen thousand Columbia glabrous (Col) seeds were mutagenized in 

0.25% ethyl methane sulfonate (EMS) for 12.5 hours according to the procedure 

of Somerville and Ogren (1982). The procedure was carried out at room 

temperature (20-23 DC) under the fume hood. The EMS solution (300 ml) was 

stirred with a paper clip driven by a water powered magnetic stirrer. Mutagenized 

seeds (Ml generation) were rinsed 10 to 15 times with water and then suspended 

in 0.15% (w/v) cool agar solution. The seeds were then grown in the greenhouse. 
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Growing Plants and Harvesting Seeds 

Plants were grown in the growth chamber, plant room, and greenhouse. 

The potting mixture used for growing plants contained the following ingredients 

in a 1:1:1:1 ratio (vol): perlite/ vermiculite/ sphagnum moss/ ficus all purpose 

sunshine mix (Fisons). No extra nutrients were needed during the entire life cycle 

of the plant. The plants were given only water except for those that required 

thiamine as a nutritional substitute. For thiamine-requiring plants, thiamine (30 

mg/L) was added to the irrigation water. All plants were watered 3-4 times a 

week. For growing single plants, styrofoam cups were used with holes punched at 

the bottom for drainage. Plastic sleeves (A. H. Hummert seed company, St. 

Louis. Nested sleeves 2.25 x 6.25 x 11 inches) were used on styrofoam cups to 

keep the plants separated from each other and plants were also staked with 

bamboo skewers. Seeds were harvested from plants at least twice during the life 

cycle. At maturity, plants were allowed to dry out and seeds were harvested and 

cleaned with a fine strainer. Seeds were allowed to dry for at least 3 to 4 weeks 

at room temperature to overcome natural dormancy. For long-term use, seeds 

were stored in a sealed envelope at 4-10 0c. 

Seed handling 

Arabidopsis seed weighs about 20 mgl1000 seed. For this reason, seeds 
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were always weighed according to the number of seeds desired for each 

experiment. For surface sterilization, seeds were imbibed in sterile water for 30 to 

40 minutes, then water was replaced by 95% ethanol for 5 to 7 minutes with 

occasional shaking. Ethanol was then replaced by 10% sodium hypochlorite 

(commercial bleach) and allowed to soak for 7 to 10 minutes. Seeds were then 

rinsed with sterilized water 3 to 4 times (shaking gently for 1 to 2 minutes between 

the rinses). The sterilized seeds were suspended in 0.15% agar solution to obtain 

a even mixture. Usually 200 seeds were grown on (60 x 15 mm) petri dishes and 

500-1000 seeds on (l00 x 15 mm) petri dishes and spreaded using a sterile glass 

rod. For some experiments, nylon netting (1-mm mesh opening) was use;d on the 

top of agar medium for easy spreading of seeds. Pouring of media and sowing of 

seeds on agar media were done under aseptic conditions. 

Seed germination on nutrient agar, ACA and NaCI 

Germination of all mutant and wild-type families was done on nutrient 

agar, and media containing 0.15 mM ACA, or 150 mM NaCI. Seeds (50-100/dish) 

were grown in 4 replications for each family. The dishes were incubated for 5 to 7 

days at 23°C under continuous fluorescent light (100 to 150 p,E m02 sol). Seeds 

were then scored for three different categories of growth : 

(1) Resistant. Normal growth, as good as control growth on nutrient agar. 



(2) Non-resistant. Germinated but dead. 

(3) Non-germinated. 

The percentage of germination was determined for each family and wild-type 

strain from this scoring. 

Selection for ACA resistant mutants 
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For selection of ACA-resistant mutants, nutrient agar dishes were made with 

0.15 mM ACA. Nineteen mutant families (M4 generation) were exposed to this 

medium. Each family was sown in 4 replications on ACA medium and a control 

dish was used without ACA. Approximately 50 surface-sterilized seeds from each 

mutant family and 50 seeds from a wild type (Col) were sown on either side of 

each dish. The dishes were incubated at 23°C for 5 to 7 days under continuous 

light. 

Different concentrations of ACA were used to assess ACA resistance as 

measured by root growth on nutrient agar containing ACA. This was done to 

determine the optimum concentration of ACA necessary to stop the growth of 

young seedlings of Col, but not the seedlings of KG3 and KG34 (KG3 and KG34 

are ACA resistant mutants obtained by EMS mutagenesis). The optimum 

concentration of ACA would be used for scoring F3 populations in later 

experiments. For this experiment, sufficient seeds from each arabidopsis strain 
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were surface sterilized and sown on petri dishes containing 0.8% (w/v) nutrient 

agar. The agar content of the media was reduced to 0.8% to facilitate easy 

removal of seedlings without injuring the roots. Dishes were kept at 4 °C for 48 

hours to enhance germination, then transferred to an incubator at 23°C under 

continuous light. Seeds were grown for 7 days prior to transfer to ACA 

treatments. Fifteen seedlings (selected at random) from each strain were 

transferred to ACA dishes (0.0, 0.001, 0.005, 0.01, 0.05, 0.1 mM ACA) in 4 

replications. The primary root of the seedlings were aligned so that they all 

pointed in one direction. The tip of the each root was marked on the surface of 

the dish during the transfer. Covered dishes were incubated for 3 days under the 

same conditions as before. Seedlings whose primary roots continued to grow on 

the ACA dishes were considered resistant. From this experiment an optimum 

concentration was determined to use for further screening of ACA resistance. 



CHAPTER IV 

ISOLATION AND CHARACTERIZATION OF PROLINE OVERPRODUCING 

MUTANTS 

INTRODUCTION 
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One response of plants to salinity stress and drought is the accumulation of 

amino acids. Among the accumulated amino acids, proline is most drastically 

increased. Proline accumulation is one of the well known physiological responses 

of most plants to salinity stress (Stewart and Hanson, 1980). From the time 

proline was first reported to accumulate in wilted plant tissue (Kemble and 

MacPherson, 1954), it has been postulated that increase in the level of proline 

may play a role in providing osmoprotection to plants exposed to stress, including 

drought and salt stress. It is, however, not known if such proline accumulation 

benefits the plant by increasing its ability to adapt to salt stress or whether 

accumulation is a pathological side effect of stress. Attempts have been made to 

explain the role of proline during salinity stress in plants. One of the most 

remarkable early observations in the field of osmoregulation was that exogenous 

proline could alleviate the growth inhibition imposed by osmotic stress (Christian, 

1955). This observation was one rationale for attempts to isolate proline

overproducing mutants. Using bacterial models, such attempts resulted in mutants 
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with enhanced tolerance to osmotic stress in Salmonella typhimurium (Csonka, 

1981). Proline-overproducing mutants in prokaryotes were selected on the basis 

of resistance to proline analog ACA (Csonka 1981). To test if proline 

overproduction enhances NaCI tolerance in plants, the proline content of plants 

has been altered by exogenous application of proline and its effect on salt 

tolerance has been assessed (Lone et al., 1986). It has been shown that exogenous 

application of proline partially alleviated the deleterious effects of salinity on 

plants (Bar-Nun and Poljakoff-Mayber, 1977). Such studies usually support an 

adaptive role for proline accumulation in higher plants during salt stress but the 

issue remains disputed (Hanson and Hitz, 1982). Many plants accumulate proline 

when their roots are subjected to high concentrations of NaCI. The adaptive 

significance of this response remains uncertain, since in some plants, the 

accumulation of proline does not lead to NaCl tolerance; in the majority of plants, 

NaCl tolerance was increased by exogenous application of proline. 

The purpose of this study was to isolate proline-overproducing mutants in 

arabidopsis and to determine if such mutations have any adaptive significance in 

increasing salt tolerance. Arabidopsis accumulates the amino acid proline when 

subjected to NaCI stress, and, also, exogenous application of proline partly 

reverses the inhibitory effect of NaCl on wild type arabidopsis seed germination 



(Chen, 1988; Lehle et al., 1992). 

Materials and Methods 

All ACA-resistant mutants and wild type were used to identify the proline 

overproducing mutants. These mutants were selfed to the M4 generation and 

seedlings selected on 0.15 mM ACA after each generation of selfing. Nineteen 

mutant families retained ACA resistance after the fourth generation. Fifteen of 

these families were used in this experiment. 

Identification of Proline overproducing mutants 
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Proline content of all 15 ACA-resistant mutants and wild type was 

determined to select proline overproducing mutants. Seeds were surface sterilized 

and sown on nutrient agar, or nutrient agar with 0.075 mM ACA and 120 mM 

NaCl in 4 replications (dishes) for each strain. Seven-day-old seedlings from 

nutrient agar and ACA dishes were harvested and placed in liquid nitrogen. 

Similarly, lO-day-old seedlings were harvested from NaCl dishes. Proline content 

of all samples was determined by using assay by Bates et al., (1973) as modified 

and described below. 

Modified Bates assay for proline 

Proline was extracted from frozen samples and the amount of proline was 

determined for each family. For the extraction of proline the following reagents 



were required: 

(1) Acid-ninhydrin (stable for only 24 h always made just before use). It was 

prepared by warming 1.25 gm ninhydrin in 30 ml glacial acetic acid and 20 ml of 

6M phosphoric acid with agitation, until it dissolved and was kept on ice. 

(2) 3% (w/v) sulfosalicylic acid. 
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Tissue (50 mg) was homogenized in 1 ml of 3% (w/v) sulfosalicylic .acid in a 1.5 ml 

microfuge tube using a plastic rod. The mixture was spun in a table-top centrifuge 

for 10 minutes at 4000 rpm. The supernatant was collected in a 15 ml tube and 

brought to 1 ml by adding 3% (w/v) sulfosalicylic acid. To this plant sample, 1 mL 

of acid-ninhydrin and 1 ml of glacial acetic acid was added and mixed by 

vortexing. The reaction was heated for 1 hr in a 100°C water bath. After 1 hr, 

the reaction was cooled by immersion in an ice bath and returned to room 

temperature. Proline was extracted with 2 ml of toluene. Toluene was added and 

mixed by vortexing for 15-20 sec and allowed to settle for 10 to 15 min before 

separating the toluene layer. The absorbance of toluene was read at 520 nm using 

a Beckmam LS 6800 Spectrophotometer. 

Effect of proline on inhibition of Arabidopsis seed germination by 120 mM NaCI 

To determine the effect of exogenous proline on the germination of 

Arabidopsis in the presence of NaCl, nutrient agar dishes were prepared 
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containing 120 mM NaC} and different concentrations of proline (0.0, 2.0, 4.0, 6.0, 

8.0, 10 and 12 mM). About 100 surface-sterilized seeds were sown in each dish 

(60 mm x 15 mm). All petri dishes were covered and sealed with parafilm 

(American Can Company, Greenwich, Cf) after sowing. There were 4 replicate 

dishes for each treatment. The dishes were incubated at 23°C for 5 to 7 days in 

continuous fluorescent light (100 to 150 JLE m"2 S"l). The number of germinated 

and non-germinated seeds were counted to determine the percent of germination. 

The criteria for germination was seedlings with expanded cotyledons which were 2 

mm or more from tip to tip when viewed from the top. An additional 

requirement was that the cotyledon still retained over 50% of their green color. 

These criteria were used for all treatments. 

Reduction of Nnel inhibition of nrnbidopsis seedling growth by proline 

To determine the reversal of NaCI inhibition of seedling growth of arabidopsis 

by exogenous proline, nutrient agar dishes were prepared with different 

concentrations of proline (0.0, 1.0, 2.0, 3.0, 4.0, 5.0 mM) with and without 120 mM 

NaCI. About 200 surface-sterilized seeds were sown in each dish (60 mm x 15 

mm). Dishes were sealed with parafilm and incubated under the same light 

conditions as mentioned for the previous experiment. After 7 to 10 days of 

growth, fresh weight of a random sample of 20 to 30 germinated seedlings was 
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taken from each dish. All treatments were replicated 4 times. Seedlings were 

removed carefully from the dish without any agar attached to the roots and patted 

dry before the weight was taken. 

Proline content of Ambidopsis seedlings in the presence of different 

concentrations of NaCI 

Proline content of wild type Arabidopsis (Col) was determined after growing on 

different concentrations of NaCI. For this experiment, nutrient agar dishes were 

prepared with 0.0, 50, 70, and 100 mM NaCI. Approximately 100 surface

sterilized seeds were sown on each concentration of NaCI in 4 replications. 

Proline content of lO-day old seedlings was determined by a modified Bates assay 

as described above. 

Effect of exogenous proline on seedling proline content of Arabidopsis 

This experiment was done to determine the effect of exogenously applied 

proline on the total intracellular proline content of seedlings when grown on 120 

mM NaCI with or without proline. For this experiment, nutrient agar dishes were 

prepared with different concentrations of proline (0.0, 1.0, 2.0, 3.0, 4.0, and 5.0 

mM) with and without 120 mM NaCI. The experiment was done in 4 replications. 

About 200 surface-sterilized seeds were sown in each dish for each treatment. 

Dishes were covered and sealed with parafilm after sowing. Dishes were 
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incubated at 23°C for 7 to 10 days in continuous fluorescent light. Seedlings were 

harvested from each treatment dish and frozen in liquid N2. The amount of 

proline of all samples was determined by a modified Bates assay as described 

above. 

RESULTS 

Nineteen mutant families of Arabidopsis resistant to the proline analog ACA in 

the M4 generation were isolated from an EMS mutagenised population. M2 

progeny from about 16,000 Ml parents were selected for ACA resistance. A total 

of 158 ACA resistant variants were selected from the M2 population. Nineteen of 

these mutants retained resistance to ACA after 3 generations of selfing (Table 2). 

Of the 19 ACA resistant families isolated, four families showed poor growth and 

they were excluded from further analysis. 

Selection of proline overproducing mutants 

All remaining mutant families were characterized in terms of seedling growth 

and proline content for three treatments: 120 mM NaCl, 0.075 mM ACA, and 

nutrient agar. Based on growth (seedling fresh weight) on 120 mM NaCI, only 

one mutant family (designated KG3) was significantly more salt tolerant than wild 

type (Fig. 1). The proline content of this family was similar to that of wild type 

seedlings grown on nutrient agar medium with or without ACA or NaCI ( Fig. 2) . 



Table 2. Frequency of azetidine-2-carboxylic acid resisumt 
variant and mutant recovery from M2 seed population. 

Selection 
conc., mM 

0.2-0.25 

No.ofMl 
parents 
selected! 

16,000 

No. of variants 
surviving to M3 
generation 

(% ) 

158 (0.98) 

} On average, about 4 M2 seeds were selected for each M} parental 
line examined. 

* 19 families were recovered after four generations. 

No. retaining 
ACA resistance 
in M3 and M4 
generations 

(% ) 

19 (0.12f 

Vt 
Vt 
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Another family, designated KG34, was the only family which showed significantly 

(P < 0.0001) elevated proline levels in the presence of 120 mM NaCl, 0.075 mM 

ACA and / or in nutrient agar at the M4 generation. KG34 was similar, however, 

to the wild type in terms of its NaC] tolerance (Fig. 1). In the absence of NaCI 

stress, the proline content of KG34 seedlings was 2.9 nmoles proline mg-1 fresh 

weight, which is over 9-fold higher than the proline content of wild type seedlings 

grown on nutrient agar alone. Similar to wild type seedlings, all M4 ACA resistant 

families showed an elevated proline content on NaCI. KG34 showed the highest 

content of proline (7.85 nmoles Pro mg-1 fwt, Fig. 2). Although KG34 showed the 

highest proline content both in the presence and absence of NaCI, its NaCl 

tolerance was not significantly different from that of wild type (Fig. 1). Wild type 

seedlings showed a significant improvement in their NaCl tolerance when grown 

on agar containing 1 mM proline (Fig. 3). 

Reduction of NaCl inhibition of arabidopsis seedling growth by proline 

Exogenous proline partly reverses the inhibitory effects of NaCl on wild type 

Arabidopsis seed germination (Fig. 4). The effect of proline is dependent on the 

concentration of NaCI and proline. At a concentration of 120 mM NaCJ, proline 

concentrations up to 4 mM reversed the inhibitory effects of NaCl. As the 
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• Agar(mean fwt) 

II ACA(fwt) .. NaCI(fwt) 

WT KG3 KG34 

Fresh weights of wild type (WT) and ACA resistant mutants KG3 
and KG34 on nutient agar or nutrient agar containing 120 mM 
NaCI or 0.075 mM ACA. Means are shown ± SE (n=4). 
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• Pro (Agar) 

III Pro (ACA) 

II Pro (NaCI) 

Wild type KG3 KG34 

Proline content of wild type (WT) and ACA resistant mutants KG3 
and KG34 on nutrient agar or nutrient agar containing 120 mM 
NaCI or 0.075 mM ACA. Means are shown ± SE (n=4). 
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2.0 
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1.0 
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0.6 KiF - NaCI 

0.4 • + NaCI 

0.2 

0.0 
0 2 3 4 5 6 

Proline (mM) 

Interaction of exogenous proline and NaCI (120mM) on wild type 
seedling growth. Means fresh weights for 11 day old seedlings. 
means are shown ±SE (n=4). 
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concentration of proline increased further, the reversal of salt inhibition declined. 

At a concentration of 12 mM proline, germination rates were similar to those 

obtained with 120 mM NaCI in the absence of proline (Fig. 4). 

Proline content of arabidopsis seedlings in the presence of different 

concentrations of NaCI 

In other experiments, it was shown that the amount of proline in seedlings 

gradually increased as the concentration of NaCl increased (Fig. 5). The results of 

this experiment showed that free proline accumulated in lO-day old seedlings in 

response to salt stress. The extent of this accumulation was dependent upon the 

NaCI concentration. The accumulation of proline was lowest at zero NaCI and 

greatest at 100 mM NaCl. The proline content was positively correlated with the 

concentration of NaCI (Fig. 5). 

Effect of exogenous proline on seedling proline content of arabidopsis 

The effect of exogenous proline on seedling proline content was determined. 

Proline content of wild type arabidopsis seedlings was determined after growing 

the plants on different concentrations of proline with and without 120 mM NaCl. 

On medium containing 1 mM Pro and 120 mM NaCI, the proline content of wild 

type seedlings increased to about 7.5 nmoles Pro mg" 1 fwt (Fig. 6). The proline 

content of wild type seedlings was identical to the proline content of KG34 
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seedlings when grown on media containing only 120 mM NaCI (Fig. 2). However, 

the proline overproducing mutant KG34 did not show enhanced NaCI tolerance. 
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for II-day old seedlings are shown± SE (n=4) 

64 



65 

DISCUSSION 

The proline overproducing mutant KG34 was isolated from a population of 

19 ACA resistant mutant families. The proline content of this family was 9-fold 

higher than the proline content of wild type in the absence of NaCl. Under stress, 

it had 3-fold higher proline than wild type. However, this mutant did not confer 

NaCl tolerance. In fact, KG34 was similar to the wild type in terms of NaCI 

tolerance (Fig. 1). Therefore, the lack of increased NaCl tolerance in KG34 can 

not be due to insufficient levels of proline on a whole seedlings basis. It was 

shown that even wild type seedlings exhibit significant improvement in their NaCI 

tolerance when grown on agar containing 1 mM proline (Fig. 3). It appeared that 

KG34 obtained its ACA resistance based on proline over-production. Only one 

ACA resistant family designated KG3 showed a significant increase in NaCI 

tolerance relative to the wild type in terms of growth on 120 mM NaCl. The 

proline content of KG3 was similar to wild type seedlings grown on nutrient agar 

with or without ACA or NaCl. Therefore, the NaCl tolerance of KG3 could not 

be due to the over-production of proline. The remaining ACA resistant families 

had proline levels similar to the wild type, which suggested their ACA was 

resistance based on a lack of ACA uptake. This is consistent with the results 

obtained in Salmonella typhimurium, in which 99% of ACA resistant mutants 



obtained are due to a mutation in put P, the gene encoding the major proline 

permease PP-1 (Csonka, 1989). Only one family showed an increase in NaCl 

tolerance relative to the wild type. This is consistent with results obtained in 

Ceratoptens, in which the frequency of obtaining a NaCl tolerant mutant from 

those showing ACA or L-HYP resistance was 15% (one in seven) (Hickok et al., 

1987). 
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Exogenous proline partly reversed the inhibitory effect of NaCl on wild 

type arabidopsis seed germination. The effect of proline was dependent on the 

concentration of proline, proline concentrations up to 4 mM reversed the 

inhibitory effects of 120 mM NaCI. However, with the increased concentration of 

proline, the reversal of salt inhibition was declined. Therefore, increases in NaCl 

tolerance resulting from exogenous application of proline may not reach an upper 

limit (concentration of NaCl, at which growth of wild type is inhibited) of 

tolerance in the wild type population. This is consistent with results reported for 

other species. In Cicer anetinum cell cultures, the beneficial effects of proline was 

not shown at a level of NaCI at which growth of the wild type population was 

completely inhibited (Pandey and Ganapathy, 1985). In Ceratoptens riclzardii, 

several mutants were selected on the basis of enhanced tolerance to NaCl, but 

none of these mutants showed tolerance which exceeded the upper limit expressed 
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by the wild type itself (Warne and Hickok, 1987). 

One finding of this study was that the proline overproducing mutant did not 

necessarily show NaCI tolerance, but one ACA resistant mutant did. The other 

finding of this study was that exogenous proline increased the NaCl tolerance of 

arabidopsis seedlings. Reduction of NaC) inhibition of growth by exogenous 

amino acids have been reported in other plants (Bar-Nun and Polljakoff-Mayber 

1977; Lone et al. 1987; Mathur et al., 1980) and in bacteria (Csonka 1981, Sugiura 

and Kisumi, 1985). Based on the work with Salmonella it has been suggested, that 

the effect may be due to the amino acid and not to the effect of a metabolite 

derived from proline. In Salmonella, reversal of NaCl inhibition by proline was 

observed in a mutant strain that lacked the ability to metabolize proline due to a 

loss of proline oxidase activity (Csonka, 1981). 

Based on these results Csonka suggested that in bacteria the uptake of proline in 

response to salinity stress appeared to lead to osmotic adjustment with proline as 

the preferred osmolyte (Csonka, 1981). However, there is little evidence from my 

results to suggest that proline might mitigate NaCl inhibition of growth in plants 

mainly through increases in cellular osmotic potential. In several reports which 

measured the uptake of exogenously supplied proline and glycine betaine, the 

amount taken up contributed only little to the cellular osmotic potential (Grumet 
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and Hanson, 1986; Lone et al., 1987). 

The reversal of NaCl inhibition by proline was dependent upon the 

concentration of both proline and NaCl. In Arabidopsis, reversal occurred in the 

relatively small range of proline concentration of 1 mM to 4 mM proline. This 

concentration was close to the optimal concentration of 1 mM proline required for 

mitigating salinity stress in Salmollella (Sugiura and Kisumi, 1985). 

To determine the basis of ACA resistance in the mutant KG3, an uptake 

study was performed using radioactive proline. To determine the basis of NaCI 

tolerance, the uptake of Na+ was also determined for this mutant. The content 

of the next chapter is the physiological analysis of mutant KG3 and wild type 

strain of Arabidopsis used in my studies. 
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CHAPTER V 

PHYSIOLOGICAL ANALYSIS OF ACA RESISTANT MUTANT KG3 

INTRODUCTION 

The physiological basis of ACA resistance and NaCI tolerance in KG3 is 

addressed in this chapter. In order to investigate whether KG3 was an ACA or 

possibly a proline uptake mutant, KG3 and wild type plants were used in proline 

uptake studies. This mutant did not overproduce proline but had the phenotype 

of both enhanced NaCI tolerance and ACA resistance. KG3 also have a 

transparent testa, most likely due to an additional mutation. KG3 had proline 

levels identical to wild type in the absence and presence of NaCI, suggesting that 

the ACA resistance might be based on reduced uptake of ACA. Proline is taken 

up via three integral membrane uptake system in enteric bacteria, different 

proline pumps are PP-I, PP-II, and PP-III (Csonka, 1989). The gene PutP 

encodes PP-I, the only Pro porter which is absolutely coupled to Na+ co-transport 

(Cairney et al., 1984). The Pro-P gene codes for PP-II, an osmotically sensitive 

betaine permease with a low capacity for Pro transport. PP-III is a second, minor 

Pro permease that is encoded by the osmotically sensitive gene, PutU (Csonka, 

1982) which recognizes proline at low affinity. 
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KG3 was the only mutant family, that showed two different phenotypes, 

ACA resistance and enhanced NaC1 tolerance. Two different phenotypes of KG3 

could be explained by a mutation in a Pro permease that also interfered with the 

uptake of Na+. This hypothesis would be consistent with the function of the Pro 

utilization operon in bacteria as suggested by Maloy (1987). I hypothesized that a 

similar transport system could exist in Arabidopsis. The proposed mutation of the 

hypothetical Arabidopsis PP-I would have to be such that Pro, ACA and Na+ 

transport by this porter were greatly reduced. Therefore, a reduction in the 

uptake of ACA would confer the phenotype of ACA resistance. A reduction in 

the uptake of Na+ would confer the phenotype of increased NaC1 tolerance. The 

purpose of this study was to determine (1) whether the uptake of proline by KG3 

was reduced as compared to wild type, (2) whether the uptake of Na + by KG3 

was reduced as compared to wild type, and (3) whether ACA resistance was 

linked to reduced ability to take up proline in a F3 progeny of the cross Col x 

KG3. 



Materials and methods 

Quantitation of 11 proline uptake 
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To determine the efficiency of 3H scintillation counting, a quench curve for 

3H-proline was established prior to the experiment. A solution of 3H-proline was 

made by diluting 2 p,l of the original radioactive stock in 298 p,l of water. Six 

samples were prepared by dissolving 0.5 gm agar (1 % (w/v) agar medium) in 

chloroform (0, 50, 150, 200 250, 300 p,l). The solution was brought to 1 ml using 

water and 5 p,l of radioactive proline solution was added to these samples. 

Scintillation cocktail (10 ml) was added to each sample and counts were taken by 

using a Beckman Scintillation counter. The radioac:tivity of the 'stock' isotope was 

calculated as follows: 2 p,l of 'stock' isotope 3H-[3,4]-Pro = 4.44 x 106 dpm x 0.945 

(age correction in months) = 4.1958 x 106 dpm in 298 p,l H20 (diluted stock). To 

each sample 5 p,l of diluted stock was added, which should contain 69,930 dpm. 

Uptake of lI-proline by KG3 and wild type 

Plant growth and treatment 

For this experiment, seedlings of KG3 and Col were established on nutrient 

agar medium for ten days. The experiment was designed with four treatments and 

three replications per treatment. Surface sterilized seeds (400-500) from KG3 and 

wild type strains were sown on 24 nutrient agar dishes (60 x 15mm). Dishes were 
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incubated at 23°C for 10 days. Established seedlings of KG3 and wild type were 

fed with 3H-proline and a time scale study was done. In order to feed the plants 

with radioactive proline, 1 mM cold proline stock was made and radioactive 

proline was added to cold proline. Each dish had received 0.5 ml of this 

radioactive solution which contained 1.41 J.tCi of 3H-proline. The solution was 

evenly distributed over the dish surface. At zero time, cold proline containing 3H_ 

proline was added to the dishes bringing the concentration of proline in the 

medium to 0.5 mM. Plant material was harvested at 4 time points (4, 8, 12, and 

16 h). 

The plant tissue was removed from the agar and rinsed with disti1led water. 

The tissue was patted dry and fresh weights were recorded. The tissue was 

frozen in liquid nitrogen and the frozen tissue extracted in sulfosalicylic acid and 

chloroform. The amount of radioactivity was measured by scinti1lation counting. 

Scintillation counting 

Sample preparation : 

(1) Frozen tissue (200-300 mg) was ground in 100 J.tl of 3% (w/v) sulfosalicylic acid 

and 100 J.tl of chloroform was added to the ground tissue. 

(2) The mixture was centrifuged in a table-top centrifuge for 2 min. The upper 

layer was co11ected in a scinti1lation vial. Steps 1 and 2 were repeated and the 
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sample was brought to a volume of 1 ml with distilled water. Scintillation cocktail 

was added to the sample and the 3H-proline radioactivity was determined. 

Uptake of lI-proline by F3 progeny of the Col x KG3 

In the previous experiment, I demonstrated that KG3 had reduced ability 

to take up 3H-Proline as compared with Col wild type. KG3 was crossed to Col-O 

pubescent wild type. ACA resistant mutants were isolated from this cross by 

scoring F3 seeds. In this experiment the F3 progeny were used to determine if the 

ACA resistant plants had reduced ability to take up 3H-proline and whether this 

ability segregated in the F3 population. Six resistant and 5 sensitive F3 families 

were used for the uptake study. Wild type Col-O and KG3 were. used as controls. 

This experiment was done as the previous experiment. The tissue was harvested 

after 16 hours of treatment with 3H-proline. Each treatment was replicated 4 

times. 

Uptake of Na+ by KG3 and wild type 

The uptake of Na + by KG3 and wild type was studied by establishing 

seedlings on nutrient agar for 10 days. Large (100 x 15 mm) petri dishes were 

used to increase the amount of tissue available for this analysis. About 1,000 

seeds were sown in each dish containing 26 ml of nutrient agar medium. The 

concentration of NaCI in the medium was suddenly increased to 100 mM by 
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adding a concentrated NaCI solution. Seedlings were harvested at selected time 

intervals after the addition of NaCI and blotted dry before their fresh weights were 

taken. The seedlings were then rinsed in distiHed water for a few seconds and 

dried in paper envelopes at 60 0 C for 48 h. The samples were prepared for 

analysis by first adding 1 ml of 18 mega-ohm water to each sample vial, vortexing 

and setting vials in the refrigerator for 3-4 days before further processing. An 

initial dilution of 50 J.tl of the sample into 5.0 ml of 18 mega-ohm water was made 

prior to final dilution for the element. Samples were diluted another 20 fold for 

sodium. Calibration curve for sodium was linear within its range. Instrument 

zeroing and recalibration was performed after every forth sample replicate. The 

total Na + concentration of the extracts was measured by flame spectroscopy using 

an atomic absorption spectrophotometer in the emission mode at The University 

of Arizona Veterinary Diagnostic Laboratory. 

RESULTS 

Proline uptake in KG3 

Results of uptake studies showed that KG3 had reduced ability to 

internalize radioactive proline as compared to the wild type. The uptake of 

radioactive proline was 50-60% lower for KG3 (Fig. 7). It was hypothesized that 
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Figure 7. Time course of 3-H proline uptake by to-day old whole seedlings 
of wildtype and mutant KG3. At zero time cold proline containing 
radioactive proline was added as a concentrate to bring the 
medium concentration to ImM prolineMeans are shown ± SE 
(n=3). 
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ACA resistance in KG3 might be due to a defect in an essential proline porter 

which is also involved in the uptake of ACA. The results were consistent with this 

hypothesis, since KG3 did take up less proline than wild type. It was not possible 

to directly correlate the ACA resistance with the uptake of ACA. An analogous 

uptake experiment using 14C -ACA was planned, but it was not possible to obtain 

14C_ACA, even from a previously identified commercial source (Nielsen et aI., 

1986). 

To determine the linkage between the reduced ability to take up 3H-proline 

and resistance to ACA, 11 families were used (4 ACA resistant and 7 ACA 

sensitive) for uptake studies. Wild type and mutant KG3 were used as controls. 

Analysis of these data showed that a reduced ability to take up radioactive proline 

was not linked to ACA resistance. The results indicated that the reduced ability 

to take up proline was linked to the transparent testa gene tt4 (Table.3). AU 

families carrying tt4 showed reduced ability to take up proline as compared to wild 

type. However, not all ACA resistant families showed a reduced ability to take up 

proline. One ACA resistant family showed the ability to take up 3H-proline as 

much as wild type (9.5 cpm x 10-6 gm fresh weight) and three families showed 

reduced ability to take up 3H-proline. On the contrary, all 6 families with the tt4 

phenotype showed reduced ability to take up proline. This experiment was done 



Table 3. Time course of lI-proline uptake by lO-day old seedlings of F3 population 
of KG3 mated to wild type. Segregation ~-proline uptake, 
aea and tt4 families are shown. Means are shown ± SE. 

aca+ aca -

tt4+ 9.09 ±1.19** 10.00 ± 2.70 9.54 ± 1.94 

tt4- 3.91 ± 0.77 5.45 ± 1.24 4.68 ± 1.00 

6.50 ± 0.98 7.72 ± 1.97 

** 3H-proline uptake (epro x lOS gm fresh weighrl). 
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with a small sample of F2 populations. Consequently, a definite conclusion about 

the physiological basis of ACA resistance in this mutant remains uncertain. 

Ion selectivity in KG3. 

Based on the phenotype of enhanced NaCl tolerance in KG3, it was hypothesized 

that the primary proline porter in arabidopsis may be Na+ dependent and that in 

KG3, Na + uptake might be reduced because of a defective transport system. This 

hypothesis was tested by determining the total Na + ion concentrations in KG3 and 

wild type following NaCl challenge. KG3 showed reduced ability to take up Na+ 

relative to the wild type (Fig.8). The results were consistent with the hypothesis, 

that KG3 might have a mutation in a Na+ dependent Pro porter similar to the 

bacteria Pro porter, PP-I. 
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5 10 15 20 

Time (hr) 

Time course of Na+ uptake by lO-day old whole seedlings 
of wild type and mutant KG3. At zero time, NaCI was 
added to bring the medium concentrationto 100 mM NaCl. 
Means are shown ± SE (n=4). 
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DISCUSSION 

The physiology of salt stress was investigated by Yeo (1983) who defined salt 

stress resistance or tolerance as lithe degree to which growth and normal 

metabolism can be maintained in non-optimal conditions". He stated that all 

plants face three problems in saline environments: (1) excessive internal ion 

concentrations brought about by external ion concentrations which impacts cell 

membrane potential and the transpirational volume flow; (2) occurrence of 

nutrient deficiencies due to inadequate concentrations of certain ions, either 

absolutely or in ratio to other ions and either in their overall concentration or at 

specific sites; and (3) lowered water potential of the medium due to dissolved 

ions. In his view, ions play two roles: a positive function as osmolytes, if 

compartmentalized in the cell vacuoles, and a negative role if they are not strictly 

compartmentalized in the vacuoles. Yeo proposed two required physiological 

processes when plants respond to salt stress: (1) an osmotic strategy to lower 

tissue water potential, and (2) a strategy to avoid ion toxicity. Na+ and cr may be 

used to provide osmotic adjustment and turgor maintenance for growth, in which 

case they have to be compartmentalized, or there must be metabolic tolerance for 

their presence. If compartmentalized in the cell vacuoles, the inorganic ions must 

be balanced by the accumulation of cytoplasmically and metabolically 
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nondeleterious solutes. Organic solutes, such as amino acids, would be compatible 

solutes in this respect. 

My work was done assuming that Arabidopsis might have a PP-I porter like 

the bacterial porter (Carney et al., 1984), which has an absolute requirement for 

Na+ and which is involved in Na+ / K+ exchange across the plasmamembrane. 

Because plants meet their proline needs through biosynthesis, it was further 

assumed that Na+ /K+ exchange could occur without the complete transport of 

proline across the membrane. This assumption would be consistent with the 

observation that proline levels in proline overproducing mutants of bacteria 

appear to be regulated by the external level of salinity (Csonka, 1981). One 

interpretation of this correlation has been that endogenously synthesized proline 

might be excreted and then taken up again by the bacteria (Csonka, 1981; 

LeRudulier et al., 1982). I predicted that Na+ / K+ exchange could occur without 

actual excretion of proline from the cell and that PP-I and PP-III type porters 

which might exist as minor proline porters in Arabidopsis would be of little 

importance. However, from the results of the described experiments, it appears to 

be impossible to arrive at a such conclusion. Therefore, the presence of proline 

porters and regulation of proline transport in arabidopsis mutants remains to be 

proven. 



CHAPTER VI 

GENETIC ANALYSIS AND GENETIC MAPPING OF ACA RESISTANCE 

GENE IN KG3 

INTRODUCTION 
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This Chapter describes the genetic analysis of ACA resistance in the 

mutant KG3. KG3 expresses ACA resistance, enhanced NaCl tolerance and also 

transparent testa, which apparently arose as an additional, but random mutation. 

The analysis of genetic variation usually answers the following questions: 

- How many genes control the observed variation ? 

- Where is the gene located on the linkage map? 

- What are the dominance relationships between the various alleles? 

- Is the gene allelic to previously described genes? 

A segregation analysis was performed to estimate the number of genes 

controlling ACA resistance. For mutants with complicated phenotypes, i.e. 

possible changes in more than one character, segregation analysis also indicates 

which of the observed properties are due to mutations in the same gene and 

which are due to mutations in more than one gene. 

Two strategies can be followed to locate genes on a genetic map: 

(1) Associate the gene with a particular chromosome and subsequently analyze 
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the linkage relations of the gene with genes previously located on that 

chromosome; or (2) Attempt to find linkage with a specific marker directly, and 

subsequently analyze linkage relations with more markers in that region 

(Koornneef et al., 1983). For this study the first strategy was followed to identify 

the chromosomal location of ACA resistance. The low chromosome number of 

arabidopsis makes the use of chromosome-specific morphological markers 

relatively efficient, since only a limited number of markers have to be tested 

(Koornneef and Starn, 1992). In addition to morphological markers, RFLP and 

RAPD markers can be used to locate the gene on the chromosome (Nam et al. 

1989; Chang et al ., 1988). Apart from the differences in the accuracy of linkage 

analysis in case of codominant RFPLs, for mapping purposes there is no 

difference between morphological and molecular markers (Koornneef and Starn, 

1992). 

Linkage analysis 

Linkage of two genes can be detected by a deviation from independent 

segregation in an F2 or other segregating population obtained after selfing a 

hybrid. In coupling phase, when recessive alleles are on the chromosome derived 

from one parent and dominant alleles are present from the other parent, linkage 

leads to a deviation from the independent 9:3:3:1 F2 ratio. The tighter the 
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linkage, the closer this ratio tends to approach 12:0:0:4. When two genes are 

linked in the repulsion phase (when the dominant allele of one gene and the 

recessive allele of the other gene are associated), the segregation ratio in case of 

absolute linkage is 8:4:4:0. Therefore, it is easier to distinguish between a 12:0:0:4 

and a 9:3:3:1 ratio than between ratios of 8:4:4:0 and 9:3:3:1. From this 

consideration it is obvious that the coupling phase F2 has more power of 

resolution to indicate linkage than the repulsion phase. 

In Arabidopsis, recessive linkage tester lines have been constructed. These 

tester lines facilitate the detection and subsequent measurement of linkage of a 

new mutation ( Koorneef et al., 1983; Koornneef et al., 1987). A general 

procedure that is often used is the analysis of a F2 population segregating for the 

gene with an unknown map position, and a number of known markers on different 

chromosomes. For this study, marker line WlOO (Koornneef, 1987) with two 

homozygous recessive markers on each chromosome was used. Once the 

chromosome and approximate map position is known, more detailed mapping can 

be performed with other morphological or RFLP markers from that region. 

From observed F2 segregation frequencies, the recombination fraction (p) 

can be estimated by the product ratio (PR) method. The product ratio is the 

product of the two nonparental phenotypic classes divided by the product of the 
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two parental classes. This PR relates to recombination fractions, which are listed 

in published tables (e.g. Stevens, 1939; Redei, 1982). These tables also list the 

values from which the standard error can be calculated based on the total number 

of plants evaluated. 

The purpose of this study was to determine the genetic basis of ACA 

resistance in KG3 and map the chromosome location of ACA resistance by using 

visible markers. To reach this goal, crosses were made with appropriate markers. 

Segregation analyses and F2 analyses were performed to determine the inheritance 

and map location of ACA resistance. 

Materials and methods 

Arabidopsis is a self pollinating plant with perfect flowers. Plants were 

outcrossed by pollinating mature buds after hand emasculation. Most of the 

crosses made for this study involved more than one phenotypic marker segregating 

in the F2 generation. 

Scoring for ACA resistance 

Scoring for ACA resistance was done at a concentration of 0.01 mM ACA, 

the concentration at which young seedling growth was stopped in wild type plants. 

ACA resistant mutant families (homozygous) show growth on nutrient agar 

medium containing 0.01 mM ACA. 
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Root assay method 

Surface sterilized seeds from individually grown F2 plants were sown on 

nutrient agar medium in large (100 x 15 mm) petri dishes. Dishes were kept at 4 

°C for 48 hours to enhance germination, then incubated at 23°C under continuous 

light. Seedlings were allowed to grow for 5-7 days, depending on the rate of 

growth, and were then transferred to 0.8% agar medium containing a 0.01 mM 

ACA. Ten to 15 seedlings per family were subjected to the ACA treatment. The 

seedlings were aligned on the dish so that their primary root tips were all parallel, 

and the root tip location was marked on the bottom of each dish. The seedlings 

were incubated at 23°C for 48 hours. After this incubation period the families 

were scored for ACA resistance. The primary root tip of the seedlings that 

continued to grow beyond the marked line was scored as ACA resistant, and those 

whose roots did not show growth beyond the line were scored as ACA sensitive. 

The wild type strain of Col was used as a control. 

Scoring for NnCI tolerance 

KG3 showed better growth on NaCI-containing medium in terms of fresh 

weight accumulation (Chapter 4) than the wild type plants. To determine whether 

this was heritable in KG3, scoring for NaCI tolerance was done with seeds from F2 

plants (cross: KG3 x Col-D) using a recovery assay method. 
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Recovery assay method 

In this assay, surface sterilized F3 seeds were grown on nutrient agar 

medium for 5-7 days as described above, then 3D seedlings were transferred to 

nutrient agar medium containing 100 mM NaCI. The experiment was done in 4 

replications (4 dishes) for each family. The control was done by transferring 

seedlings to nutrient agar medium without salt. After 48 h on the NaCl medium, 

seedlings were transferred back to nutrient agar medium, and allowed to grow for 

five more days when fresh weights of these seedlings were taken. Families 

showing better growth than control in terms of fresh weight accumulation after the 

NaCl challenge were scored as NaCI-tolerant mutants or NaCI-addicted mutants. 

Fresh weight accumulation and reduction in growth were measured by comparing 

growth on control and treatment dishes for each family. The Columbia (Col-D) 

wild type strain was used as a standard control for the experiment. The data were 

analyzed as a completely randomized design. Average fresh weight of seedlings 

from each family on treatment and control dishes was compared. Families that 

were sensitive to NaCI showed a reduction in growth on treatment dishes as 

compared to control. Families that showed more than 45% growth as compared 

to the control plants were scored as NaCI-tolerant mutants. 
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Genetic Analysis of the F 2 progeny of KG3 x Col-O 

To determine the genetic basis of ACA resistance in KG3, KG3 was 

crossed to Col-O using KG3 as the maternal parent. The dominant pubescent 

marker was used to identify self progenies from this cross, since KG3 carried a 

homozygous glabrous (gIl) marker. Thus, all FI plants would be pubescent. 

Scoring for pubescence and gil was done in the F2 generations. F2 plants showing 

no segregation of gil and pubescence were discarded as selfs. Each F2 line was 

scored for ACA resistance and NaCI tolerance using root assay and recovery assay 

methods as above. 

KG3 was used as the maternal parent in the cross to determine the genetic 

basis of ACA resistance. In order to demonstrate that ACA resistance in KG3 

was not maternally inherited, KG3 was also used as paternal parent in a cross 

between wild type (Col-O) and KG3. This reciprocal cross was made to confirm 

that this trait was biparentally inherited. Scoring of the F2 population was done 

for gil and ACA resistance using the root assay method. 

Linkage analysis of ACA resistance and NaCI tolerance in F2 progeny of 

KG3 x Col-O. 

To determine if the two phenotypes, ACA resistance and enhanced NaCI 

tolerance were linked, the F3 generation of the cross KG3 x Col-O wild type was 



scored for both phenotypes. F3 seeds (50-100) from 60 individually grown F2 

plants were scored for both phenotypes using the root assay and recovery assay 

methods as described above. The data for fresh weight accumulation was 

analyzed as a completely randomized design. 

Complementation tests for the transparent testa character in KG3. 
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To determine if the transparent testa character of KG3, which arose by a 

spontaneous mutation, KG3 was crossed to stocks homozygous for the markers 114 

and IIg (Koornneef 1981). Complementation tests were done using these two 

transparent testa markers, tt4 and ltg, whose chromosomal location is known 

(Koornneef 1981). All F1, F2 and F3 seeds from these crosses were scored for 

seed coat color. 

Genetic Mapping of the ACA resistance locus (aca-l) using known morphological 

markers. 

To determine the chromosome location of ACA resistance in KG3, KG3 

was crossed as a parental parent to marker line W100 in the Landsberg erecta 

background. W100 contains 10 visible homozygous recessive markers with known 

chromosomal location (Koornneef, 1987). These are angustifolia (an) and apetala 

(apl) on chromosome I; erecta (er) and pyrimidine requiring (PY) on Chromosome 

II ; long hypocotyl (hy2) and glabrous (gt) on chromosome III; brevipedicellus (bp) 
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and eceriferum (cer2) on chromosome IV; and male sterile (msJ) and transparent 

testa (113) on chromosome V. Fl plants from this cross were selfed to obtain a F2 

population. Before attempting large-scale scoring of a F2 population, it was 

necessary to determine the genotype of the transparent testa character of KG3 

which was mated to WlOO. This was necessary, since WlOO contains the tt3 gene 

for transparent testa and KG3 contains tt4 gene for transparent testa. To avoid 

the confusion between the two genes during scoring for yellow seed, families 

containing the tt4 gene were not included in the mapping study. In order to 

identify these families a 30-plant sample from 11 F2 families were grown 

individually (one plant per cup) and scored for the segregation of different 

markers and seed coat color. F3 seeds from these F2 plants were also scored for 

ACA resistance using the root assay method. 

For the scoring of different visible markers, F2 plants were grown individually 

(300 cups containing one plant per cup) in the greenhouse. Scoring for long 

hypocotyl was done immediately after seedling emergence and scoring for other 

characters was done as the plants matured. Pyrimidine requiring plants were 

identified by a chlorophyll deficiency after the first leaves appeared. Angustifolia 

(an) was recognized by narrow leaves and slightly crinkled siliques, and apetala 

plants were identified by their reduced petals and large sepals. Brevipedicellus 
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(bp) was characterized by a short pedicel, siliques were bent downward and its 

plant height was reduced. Eceriferum (cer2) was recognized by its bright green 

stem and siliques due to a reduced wax layer. Scoring for male sterility was done 

on the basis of silique formation and seed content. In male sterile plants, pollen 

decays and anthers fail to open. So, male sterility was scored by reduced or no 

silique formation and also by reduced seed content in siliques. Transparent testa 

was scored after the seeds were harvested individually from each plant. Scoring 

for ACA resistance was done with seeds produced on each F2 plant (F3 

generation) from each family by the root assay method. At this stage the number 

of F2 plants scored for different markers was 180, as some of the seedlings had 

died after the initial scoring and some did not survive. Some families did not 

produce enough seeds to do the ACA scoring. So, these families were not 

included in the mapping studies. 

Cross: KG3 x Vi 

To determine the map location of ACA resistance in relation to other 

markers, another marker was obtained from Dr. M. Koorneef. This was yi, which 

has yellow inflorescence and "yellow-grayish sharper" leaves. The leaf shape is 

lanceolate in this marker which is different from the wild type (oblanceolate). A 

cross was made between KG3 and yi, using KG3 as the maternal parent. The Fl 
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progeny were selfed to generate a F2 population. A total of 139 F2 plants were 

grown individually and scored for the presence of the yellow inflorescence. Seeds 

(F3) were harvested from each F2 plant and ACA resistance was scored by the 

root assay method. 

RESULTS 

Genetic Analysis of F2 progeny of cross between KG3 x Col-O. 

The segregation of ACA sensitivity to ACA resistance was 3:1, indicating 

that ACA resistance behaves as a recessive trait (Table 4). Similarly, NaCl 

tolerance in the same F2's segregates as three sensitive to one resistant, indicating 

that resistance is a recessive trait (Table 5). The ACA resistant gene was 

designated as acal and the NaCl tolerance gene as sadl, respectively. 

Test of segregation and independence of ACA resistance (acal) and glabra (gil) in 

F2 progeny of KG3 x Colon 

Scoring for glabrous phenotype (gIl) and ACA resistance (acal) was done 

for all F2 plants from this cross. The marker gil segregated independently from 

ACA resistance. A chi-square test for the 9:3:3:1 ratio was done and the 

differences from the expected ratio were non-significant (Table 4). 



Table 4. Tests tor segrqation and independence ot ACA ~sistance and gl&bra marker (gil) in F2 progeny ot 
Columbia wild type mated. to KG3. 

ACA phenotype Glabra phenotype Independence of ACA 
SensitiveIResistant Trichome/No trichome resistance from glabra 

Phenotype- No. Ratio i- P Ratio >l p Ratio i-. P 
ACA Glabra Plants tested tested tested 

~IXKG~ 

+ + 88 

+ 26 3:1 2.23 0.1-0.2 3:1 0.088 0.7-0.9 9:3:3:1 2.59 0.3-0.5 

+ 36 

13 

KG3 x C21 

+ + 48 

+ 12 3:1 0.154 0.7-0.9 3:1 0.426 0.5-0.7 9:3:3:1 1.03 0.7-0.9 

+ 13 

5 
* + - ACA senSItIve! 'I nchome present. - - ACA resIStance! 1 nchome absent. 

\0 
w 



Table S. Tests for segregation and independence of NaCi addiction and ACA resistance 
In F3 progeny Columbia wild type mated to KG3. 

NaCl Phenotype 
Not addicted/Addicted 

Phenotype No. Ratio 'l P 
NaClACA Plants tested 

*+ + 36 

+ 8 3:1 0.088 0.7-0.9 

+ 13 

3 

* + = Not addicted I suscepbble 
- = Addicted I resistant 

ACA phenotype Independence of NaCl from 
SensetiveIResistant ACA resistance 

Ratio l P Ratio >? P 
tested tested 

3:1 1.422 0.3-0.5 9:3:3:1 1.50 0.7-0.9 

\0 
~ 



Linkage analysis of ACA resistance and NaCI tolerance in F2 progeny of 

KG3 Col-O. 
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Linkage analysis of the F3 population from the cross KG3 and Columbia 

(Col-D) wild type showed that one quarter of this population had better fresh 

weight accumulation after NaCl treatment than the control. Three quarters 

showed a reduction in growth indicating that NaCl-tolerance segregated as a 

recessive trait (Table 5). Fresh weight accumulation of NaCl-tolerant (mutant 

families that grew better than the control when recovered from 100 mM NaCl) 

mutant families in the presence or absence of 100 mM NaCl is shown in Table 6. 

The mean fresh weight of 8 NaCI "requiring' mutant families was comparable with 

the mean fresh weight of 29 NaCl sensitive (families that showed reduced growth 

than the control after NaCI challenge) mutant families. The fresh weight of NaCI

tolerant mutant families had increased after the NaCI treatment as compared to 

the control. In contrast, the fresh weight of NaCl-sensitive mutant families 

decreased after the NaCI treatment as compared to the control. 

Scoring for acal resistance in the same population was done for linkage 

analysis. Segregation analysis for a 9:3:3:1 ratio of the data showed that the two 

phenotypes (acal and sadl) segregated independently (Table 5). 



Table 6. Effect of NaCI addiction mutation (sad-i) on seedling growth 
in the presence and absence of 100 mM NaCI (Mean + SE). 

NaCI (mM) 

o 
100 

NaCI Phenotype 

Not Addicted 

Fresh weight(mg/seedling) 

3.77 + 0.44 

2.67 + 0.15 

Addicted 

2.60 + 0.18 

3.27 + 0.20 

\0 
0\ 
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Complementation test for the transparent testa character in KG3. 

All F1, F2 and F3 seeds from the cross between KG3 and tt4 were yellow 

indicating that the transparent testa in KG3 was allelic to the tt4 mutation. All Fl 

seeds from the cross between KG3 and ttg were yellow, F2 seeds were brown and 

F3 seeds segregated as brown or yellow. Therefore, transparent testa in KG3 was 

not due to the tlg mutation (Table 7). 

Genetic Mopping of the acal resistance gene using known visible markers. 

In the initial study, 11 F2 families were used to determine the linkage groups 

of the gene responsible for the transparent testa character in KG3 which was 

crossed to the WlOO marker line. It was determined that KG3 was heterozygous 

for tt3 (AaBB), and WlOO was homozygous for tt3 (AAbb) in the original parental 

cross. Segregation of the transparent testa was scored in all F2 families. Families 

showing a segregation of brown to yellow seed coat color were not included in the 

mapping study. However, once the genotype was established, families homozygous 

for tt3 were selected for the mapping study. As all these markers are recessive, 

each marker line was tested for a 3:1 segregation ratio. All markers showed a 

segregation of 3:1 ratio except msl. The segregation of acal resistance from other 

markers was done on the basis of calculated chi-square value for a 9:3:3:1 ratio for 

two segregating genes (e.g., an and acal, apl and acal, etc). It was 



Table 7. Complementation tests of transparent testa character of KG3. 

E1 seed color F2 seed color 
No. of plants 

Cross Brown / Yellow Brown: yellow 

ttg X KG3 Yellow 12 0 

tt4 X KG3 Yellow 0 12 

* Seed color segregated as brown and yellow from this cross. 
l = 3.06, P = 0.2-0.3 for 9:7 ratio. 

F3 seed color 
No. of plants 

Brown : Yellow 

108 64* 

0 255** 

** Seed color did not segregate as brown and yellow from this cross. 
l = 254.99, P = < <0.001 for 9:7 ratio. 

\0 
00 
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determined that acal resistance segregated independently from all markers except 

for two, msl and 1t3 (Table 8). These two markers are located on chromosome V. 

From the above analysis it was clear that all homozygous markers were 

segregating as recessive traits except male sterility. The data for male sterility did 

not fit a 3:1 ratio as expected. The number of plants scored as male sterile was 

less than one quarter of the total plants. The male sterile trait is usually 

maintained in heterozygotes, but the marker WlOO is homozygous for male 

sterility. Therefore, it was decided not to use male sterility data for mapping the 

location of acai. 

The segregation of acai and yi (another marker on chromosome V) was 

tested by calculating the chi-square value for a 9:3:3:1 ratio. The result showed 

that the two phenotypes segregated independently and were not linked (Table 8). 



Table 8. Test for independence of azetidine-2-carbooxylic acid resistance (seal) and ten recessive 
visible markers in single seed descent F2 progeny of selected marker lines mated to mutant 
KG3. 

Independence of ACA resistance 
from specified markers 

Chromosome Marker F2 Phenotype* No.of Plants Ratio X2 P 
no. Marker ACA tested 

I Angustifolia + +* 93 
n + 31 9:3:3:1 3.50 0.3-0.5 

+ 42 
n 14 

Apeta1a -1 + + 109 
n + 31 9:3:3:1 3.26 0.3-0.5 

+ 26 
" 14 

II Erecta + + 105 
n + 31 9:3:3:1 1.45 0.7-0.9 
n + 30 
n 14 

Pyrimidine + + 98 
+ 32 9:3:3:1 0.77 0.9-0.95 

n + 37 
n 17 

III Hypocotyl-2 + + 101 
+ 28 9:3:3:1 4.71 0.2-0.3 

+ 3S 
17 -

Cont'd 8 



Table 8 (continued): 

Independence of ACA resistance 
from specified marker 

Chromosome Marker F2 Phenotype No. of Ratio X2 P 
no. Marker ACA Plants tested 

IV Brevipedi- + + 107 
cellus + 28 9:3:3:1 3.06 0.3-0.5 

+ 35 
n 17 

Eceriferum + + 110 
+ 35 9:3:3:1 2.91 0.3-0.5 

+ 25 
n 10 

V Ma1e- + + 117 
sterile + 39 9:3:3:1 13.06 0.00-0.01 

+ 18 
n 6 

Transparent + + 108 
testa-3 + 22 9:3:3:1 18.16 >>0.001--

+ 27 
n 23 

Yellow + + 86 
inf10rescen + 26 9:3:3:1 3.36 0.3-0.5 
ce + 22 

6 

-- -~"SusceptIbTetoACA.-----=- ~res1stant-t:oACA. 0 

** - marker tt3 showing linkage with aca-1 is located on Chromosome V. -



102 

DISCUSSION 

A mutant line of Arabidopsis Ihalialla (KG3) was isolated that showed three 

different phenotypes: ACA resistance, NaCI tolerance, and transparent testa. To 

determine the genetic basis for ACA resistance (acal), this line was crossed to 

wild type and ACA resistance was scored in the F3 generation. Segregation data 

for this cross showed that ACA resistance was due to a single recessive mutation. 

Reciprocal crosses confirmed that ACA resistance was not maternally inherited. 

The results also showed that acal is not linked to the glabra marker (gil) which is 

located on chromosome III of ArabidopsLIj, but, instead is linked to markers on 

chromosome V. 

Genetic analysis of another phenotype, NaCI tolerance, showed that it was 

due to a single recessive mutation (Table 5). Linkage analysis of both phenotypes 

(ACA resistance and NaCI tolerance) confirmed that they are not linked. 

Therefore, the NaCl tolerance of this mutant could not be due to the ACA 

resistance phenotype. 

The transparent testa character of KG3 was complemented with a known 

gene (1t4) on chromosome V (Table 7). The chromosomal location of acal was 

established by determining the degree of linkage between acal and 10 recessive 

morphological markers located on 5 chromosomes (Table 8). The analysis showed 
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that all morphological markers segregated as 9:3:3:1 ratio from acal except msl 

and 113. These two markers are located on chromosome V, which indicates that 

acal is located on this chromosome. The acal gene showed tight linkage with 1t3 

(P = < 0.001). 

The scoring of ms-J was done on the basis of reduced seed content or no 

seed, since there were fewer male sterile families in the population than expected. 

Only 24 families out of the 180 families could reliably be scored as male sterile. 

The msl was the only homozygous marker among the 10 markers which did not 

show a 3:1 segregation (P = < 0.001). On the basis of this result, it was decided 

not to include ms-l data for mapping the location of aca-l. To position the aca-l 

gene more accurately on chromosome V, molecular mapping of aca-l was done 

using restriction fragment polymorph isms, which is described in the next chapter. 



CHAPTER VII 

MOLECULAR MAPPING OF AN ACA RESISTANT GENE USING 

RESTRICTION FRAGMENT LENGTH POLYMORPHISMS (RFLPs) 

INTRODUCTION 

Restriction fragment length polymorph isms 
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The use of restriction fragment length polymorph isms (RFLPs) as genetic 

markers was first proposed by Bostein et al., (1980). Such randomly dispersed 

polymorphisms represented a new tool and source of genetic markers in humans, 

where the low amount of variability and other factors complicated the application 

of conventional genetic analyses. The actual feasibility of utilizing RFLPs as 

genetic markers for the diagnosis of human diseases has been widely demonstrated 

(Gueslla et al., 1983). Probably the most exciting result of this approach has been 

the cloning of the human cystic fibrosis gene (Rommens et al., 1989). Tanksley et 

al.,(1983) reviewed the potential usefulness of such markers in basic plant genetic 

studies. They pointed toward the potential of using RFLPs in plant improvement 

programs. These markers have allowed the construction of high resolution genetic 

maps for many crops, such as maize (Helentjaris et al., 1986), tomato (Bernatzky 

and Tanksley 1986; Tanksley et al., 1992), potato (Bonierbale et al., 1988, Reiter et 
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al., 1990; Gebhardt et al., 1991; Tanksley et al., 1992), soybean (Apuya et al., 1988; 

Keirn et al., 1990), rice (McCouch et al., 1988; Jena et al., 1991), Brassica (Slocum 

et al., 1990; Song et al., 1991; Landry et al., 1991), citrus (Jarrell et al., 1992), 

barley (Graner et al., 1991, Heun et al., 1991), pea (Ellis et al.1992), common bean 

(Vallejos et al., 1992) and lettuce (Landry et al., 1987a). Such RFLP maps can 

also be used to analyze quantitative trait loci (QTL), and their availability can 

increase the selection efficiency for quantitative traits (Lander and Botstein, 1989; 

Paterson et al., 1988; Paterson et at ., 1990; Keirn et al., 1990, Edwards et al., 

1992). RFLP analysis was done to identify QTLs in soybean for seed protein and 

oil content (Diers et al., 1992). RFLP markers can also facilitate the transfer of 

qualitatively expressed genes, such as those conferring certain insect or disease 

resistances from wild species into cultivated genetic backgrounds (Tanksley, 1983). 

RFLPs can further be used to identify new genotypes for increasing the genetic 

variation in breeding programs. Analysis of genome organization and 

implementation of map-based cloning of tightly linked genes is yet another 

potential use (Tanksley et al., 1989). For example, a new locus (ll) in tomato 

conferring resistance to Fusirium oxyspornm has been mapped by RFLPs (Sarfatti 

et al., 1991). A blast resistance gene was tagged in rice (Yu et al., 1991) via 

linkage to RFLPs. A high resolution RFLP map around the root knot nematode 



resistance gene (Mi) in tomato was constructed (Messeguer et ai., 1991), which 

may aid cloning of this gene via chromosome walking. 

In general, to use RFLP methods effectively one needs the following: 
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1. A set of clones that represent single-copy genomic DNA fragments. One such 

source is a eDNA library. 

2. Restriction enzymes and lines to be screened for RFLPs. Lines that are not 

closely related inbreds should be selected, since closely related inbreds will 

show fewer polymorph isms. 

3. A comparison of segregation patterns derived from hybridization of 

homozygous parental lines is a way of obtaining RFLPs for mapping purposes. 

Linkage maps for the nuclear genome of Arabidopsis thaliana 

Linkage maps for the nuclear genome of Arabidopsis t/zalialla have been 

constructed using RFLPs (Chang et al., 1988, Nam et al., 1989, Hwang et al., 

1991). A map containing 300 randomly distributed molecular markers is physically 

very dense and is based on the meiotic segregation of a number of markers in two 

different crosses. The crosses were made with three different ecotypes of 

Arabidopsis: Niederzenz (Nd-O), Landsberg (La-O), and Columbia (Col-O), which 

contain different visible markers. These markers permit the positioning of RFLPs 
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on linkage groups established with morphological and biochemical mutations. A 

new map based on randomly amplified polymorphic DNA (RAPD) and 

recombinant inbred (RI) lines was recently published (Reiter et al., 1992). This 

map contains 252 new markers which were mapped relative to 60 previously 

mapped RFLP markers. RFLPs consist of both cloned Arabidopsis genes and 

random low-copy number genomic DNA clones that are able to detect 

polymorphism with the restriction enzymes EeoRJ, Bglll and Xbal. These cloned 

markers can serve as starting points for chromosome walking, allowing the 

isolation of Arabidopsis genes of known location (Meyerowitz, 1987). Isolation of 

functional genes using chromosome walking have been accomplished by Arondel 

et al., (1992) and Giraudat et al., (1992). In order to facilitate walking to the 

genes, different laboratories have constructed libraries of the Arabidopsis genome 

in yeast artificial chromosome (Y AC) vectors. The development of Y AC libraries 

with large inserts (Ward and Jen, 1990; Grill and Somerville, 1991; Matallana et 

al., 1992) has led to the cloning of the AB13 gene (Giraduat et al., 1992) and the 

identification of a 10-kb DNA region that may contain the ETRl gene (Chang et 

al., 1992), which confer resistance to elevated levels of ABA and ethylene, 

respectively. The ETRl gene was cloned by the method of chromosome walking 

(Chang et al., 1993). 
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The purpose of this study was to determine the accurate map location of 

the aeal gene in relation to known molecular markers on chromosome V. As 

outlined in the previous section, the aeal gene is located on Chromosome V and 

is linked to the tt3 gene. The location of the tt3 gene is at position 62.1 eM on 

chromosome V. 

Materials and methods 

Molecular markers. 

Molecular markers that detected polymorphism with the restriction 

enzymes EeaR/, BglII, and XbaI in a Columbia glabra x Landsberg erecta cross 

were obtained from the laboratory of Dr. Meyerowitz (California Institute of 

Technology, Pasadena, CA). Genomic DNAs from 42 aeal-resistant F4 families 

and two parental lines were used to determine the map location of the aeal gene 

with respect to different selected markers on chromosome V. Markers from other 

chromosomes were used as controls. Markers were selected based on the unified 

map of Arabidapsis lizalialla obtained from the "Arabidopsis Biological Resource 

Center" at Ohio State University (December 1992). The markers and restriction 

enzymes used in this study are listed in Table 9. 
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Table 9. A list of molecular markers used in this research, along with their 
chromosomal location and restriction enzyme used. 

Markers Chr. No. Chr. Location Restriction 
(cM) enzymes used 

nAt1511a I 109.9 EcoRI, BglII 
m605 II 41.0 BglII 
m448 IV 20.7 EcoRI 
PCITd90 V 0.0 EcoRI 
m217 V 10.0 EcoRI 
m291 V 34.4 EcoRl 
m331 V 73.3 XbaI 
m435 V 80.2 EcoRI 
m233 V 81.9 BglII 
m558 V 90.0 EcoRI 
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Generating mapping populations 

The steps involved in mapping acal were: (1) Collection and identification of 

potential RFLP markers; (2) performing crosses between homozygous parental 

lines; and (3) determining the linear order of RFLP loci and map distances 

between them by examining the segregation of RFLPs. The primary source of the 

RFLP clones was a collection of random low-copy-number clones obtained by 

screening an arabidopsis total genomic lambda library (estimated average insert 

size of 12.5 kb) (Pruitt and Meyerowitz, 1986). The cross was made between 

Columbia and Landsberg. A population of 42 F3 families, homozygous for acal 

was selected using the root assay method (described in Chapter 5). 

In order to have a uniform mapping population, all ACA resistant families 

were selfed to the F4 generation. For this purpose, plants from each F3 family 

were grown in large styrofoam cups (472 ml). Four cups were grown for each 

family with 10-15 plants per cup to generate enough seed for 10-15 gm plant 

material. 

The various steps involved in RFLP analysis are : 

(1) DNA isolation, (2) restriction digestion, (3) agarose gel electrophoresis, (4) 

Southern transfer, (5) DNA labeling, (6) DNA hybridization, (7) washes, (8) X

ray film exposure and evaluation of films and (9) statistical analysis. 
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1. DNA ISOLATION 

Harvesting plant material 

The parental lines Columbia (Col) glabrous and Landsberg erecta were 

grown in plastic trays (26.7 x 53 cm) for DNA extraction. About 2000 seeds were 

suspended in 0.15% (w/v) agar solution and uniformly sprayed onto each tray 

using a squirt bottle. Trays were sub-irrigated until the seedlings emerged and 

later watered from the top. Plants were harvested between 14-21 days later, 

before flowering. They were cut off above the soil and ground in liquid nitrogen 

using mortar and pestle. Similarly, all 42 F4 families were grown and plant 

material harvested for DNA extraction. The ground material was stored at -70°C. 

Extraction of plant DNA 

In order to obtain good digestible DNA, 2-3 week-old plants were used. 

The most common problem with the DNA isolation is contamination with 

polysaccharides that inhibit restriction enzymes. All polysachharides must be 

removed in order to assure digestion. This problem can be solved by using young 

plants that have not accumulated much polysaccharides (Meyerowitz, 1987). 

DNA was extracted using a modification of the miniprep procedures 

available for Arabidopsis. I used a protocol that combined procedures of 

Dellaporta et ai.,(1983) and Meyerowitz (1987) that gave a good yield of 



restrictable DNA. 

Extraction procedure 
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The first 6 steps were according to Dellaporta et al., (1983) and the rest of 

the procedure was according to Meyerowitz (1987). 

Step 1: 1 g frozen ground plant material was transferred into a 30 ml 

centrifuge tube. 

Step 2: 15 ml extraction buffer was added to the material and mixed 

well by stirring with glass rod. 

Extraction Buffer: 100 mM Tris pH 8, 50 mM EDT A 

pH 8, 500 mM NaC} and 10 mM mercaptoethanol. 

Step 3: 1.0 ml of 20% SDS was added, mixed and incubated at 65°C for 

10-15 min. 

Step 4: 5.0 ml of 5 M potassium acetate was added, mixed well and 

incubated on ice for 30 min. 

Step 5: Tubes were spun at 12,500 rpm for 20 minutes in a Sorvall HB6 rotor at 

4°C. The supernatant was poured through miracloth into a clean tube 

containing 10 ml isopropyl alcohol (IPA), mixed well and incubated at -

20°C for 30 min to overnight. 

Step 6: The tubes were spun at 11,000 rpm for 15 minutes to pellet DNA in a 
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Sorvall HB6 rotor at 4°C. The supernatant was 

poured off gently and the pellet was dried by inverting the tube on paper 

towels for 10-15 minutes. 

Step 7: Cesium chloride gradient cleaning of DNA. 

(a) The pellet was resuspended in 2 ml TE. 

TE : 10 mM Tris-CI, 1 mM EDT A, pH 8 

0.95 gm CsCI mr! was added and refractive index of the solution was 

adjusted to 1.3860 (Maniatis, 1982) so that the DNA band forms at the 

middle of the CsCI gradient. Ethidium bromide (150 J.LI) 

1.5 mg EtBr/quick seal tube (stock 10 mg/mt) was added to the 

solution, mixed and transferred to a Beckman quick seal tube and sealed. 

The tubes were spun at 42,000 rpm for 16-20 hours in a VTi 80 

rotor at 20°C in a Beckman LS-80 ultracentrifuge. 

(b) The DNA band was removed from the gradient with a Gilson P1000 

pipette under UV light after cutting the top of the tube and diluted 

with water in 1:1 ratio, 4 volumes of 2-butanol was added to the DNA 

solution, and mixed carefully. The mixture was allowed to sit in the dark 

with occasional shaking for 30 min to 1 h or until the aqueous phase 

was clear. Butanol extraction was repeated by transferring DNA phase to 



another tube and adding fresh butanol until the DNA phase was clear 

white. Phase separation was accelerated up by spinning the mixture at 

3,000 rpm for 5 min using Beckman J6B centrifuge. 

(c) Two volumes of 100% ETOH (room temperature) was added to the 

DNA solution and incubated at 4°C for overnight to aid 

precipitation. 

(d) The tube was spun at 10,000 rpm for 30 minutes using a HB4 

rotor in a Sorvall RC-2B centrifuge. The supernatant was discarded 

and the pellet was dissolved in 400 I.Ll of TE and transferred to 

an eppendorf tube. 

(e) To this solution, 40 J.tL of 3M NaOAc (1/lOth of TE) 

and 1000 J.tL of 100% EtOH (2.5 x TE) were added and 

incubated at -20°C for 1 hr to over-night to aid precipitation. 

Step 8: The eppendorf tube was spun at 10,000 rpm for 30 minutes in a 

table-top centrifuge at 4°C. The supernatant was discarded. 

Step 9: The pellet was washed with 70% ETOH, spun at 10,000 rpm for 10 

minutes, the EtOH drained off, and dried in the Speedvac for 5 

minutes. The DNA was dissolved in 50-100 J.tl TE and stored at 4°C. 

To determine the concentration of DNA, a lambda standard (stock: 5 
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nglld) was used. Different quantities of plant DNA (e.g. 1 ILl, 5 ILl, and 10 ILl) 

were loaded on a 1% agarose gel (T AE buffer), along with known amounts of 

lambda standard. The gel was run at 100 volts for 1-2 h. The intensity of the 

plant DNA band was compared to the known lambda standard band and the 

concentration of the DNA was estimated. 
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The purity of the DNA was determined by absorbance at wavelengths of 260 

nm and 280 nm. The optical density (00) at 260 nm allowed calculation of the 

concentration of nucleic acids in the sample. The 00 at 280 measures the 

protein content. An 00 of 1 corresponds to approximately 50ILl/ml of double 

stranded DNA. The ratio between the readings at 260 nm and 280 nm 

(00260100280) provided an estimate for the purity of the nucleic acids. The DNA 

preparation should have an OD26ofOD28o of 1.8 (Maniatis, 1982). Nevertheless, 

DNA with higher and lower values (1.7- 2.0) were also used for these experiments. 

Isolation of DNA for different markers 

Molecular markers were cloned in three different vectors. These were PUC 18 

(plasmid), PCIT30 (cosmid) and Sep 6 lambda phage. 

Extraction of Plasmid and Cosmid DNA 

Plasmid and cosmid DNA were isolated using the same protocol. The only 

difference was that the CsCl gradient purification was omitted with cosmid 
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preparations. Marker nat1511a, which is a 2.5 kb DNA fragment located on 

chromosome I , was cloned into the EcoRI site of PUC18. PUC18 is a 2.7 kb vector 

containing the ampicillin resistance gene (Yanisch-Perron et al., 1985). Other 

markers were cloned in the BglII restriction site of the cosmid PCIT30, which is a 

10.4 kb vector and contains the spectinomycin resistance gene. Bacteria were grown 

overnight at 37°C on LB (Maniatis 1982) plates containing the appropriate antibiotic 

(100 J,tg mrl ampicillin, 50 J,tg-lml spectinomycin). A single colony was picked using 

a sterile toothpick and grown in a 250 ml flask containing 50 ml dyT media and 

antibiotic (Maniatis 1982). The liquid culture was grown overnight in a 37°C shaker 

incubator. 

Extraction procedure 

Step 1: The culture was spun at 3000 rpm for 10 minutes in Beckman J6B 

centrifuge. The supernatant was discarded and cells were dried 

by inverting the tube on a paper towel. 

Step 2: The bacterial pellet was resuspended in 1.7ml ice cold solution I (50 mM 

glucose, 25 mM Tris [pH 8.0],10 mM EDT A [pH 8.0]) and stored at 4°C. 

Then 3.4 ml of solution II (0.2N NaOH and 1% SDS) was added, 

mixed gently, and put on ice. After 5 minutes, 2.6 ml of 

solution III (5 M potassium acetate, 60.0 ml; glacial acetic acid, 11.5 ml; 



H20, 28.5 ml) was added and mixed gently, and allowed to sit on ice 

for 60 minutes. 
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Step 3: The mixture was spun at 4000 rpm for 10 minutes in J6B centrifuge and the 

supernatant was transferred into a corex tube. 

Step 4: To precipitate the DNA, 2 volumes of 100% ethanol was added to the 

supernatant and incubated at - 20°C from 30 minutes to overnight. The 

tube was spun in a Sorvall HB6 rotor at 10,000 rpm for 10 minutes and the 

supernatant discarded. 

Step 5: Cesium chloride gradient purification of DNA was done as described 

above for plant DNA. 

Fragment isolation from Plasmid DNA 

Plasmid DNA was cut with EeaR! and the 2.5 kb fragment was isolated from the 

agarose gel and cleaned using "The GENECLEAN II kit" (BIO 101 Inc. P.O. Box. 

2284, La Jolla, Ca) or cut-out of low melting agarose. The fragment was stored 

at - 20°C and later used for labeling. 

Geneclean II procedure 

Step 1: The weight of the agarose piece containing DNA band was taken 

after it was placed into a microfuge tube. 

Step 2: Three volumes of Nal were added and incubated at 45 -55°C for 



5 minutes to dissolve the agarose. 

Step 3: 5 10'1 of the glass mix was added, mixed and incubated on ice for 

5-10 minutes. 

Step 4: The DNA-glass mix complex was spun for 5 seconds in 

table-top centrifuge and the supernatant discarded. 

Step 5: 200-300 10'1 ice cold Ifnew wash" was added to the pellet and mixed 

by pipeting up and down. The mixture was spun for 5 seconds 

in a table-top centrifuge and the supernatant was removed. 

This step was repeated 2 more times. 

Step 6: The pellet was resuspended in 50-10010'1 of TE or sterile water and 

incubated at 45°_ 50°C for 2-3 minutes. The mixture was spun for 30 

seconds and the supernatant was transferred into a fresh tube. 
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The DNA solution was concentrated to 10-20 10'1 in a vacuum desiccator. 

Low melting agarose gels 

A minigel was prepared using 10 cm x 8 cm glass and plastic plates, the plates 

were put together with plastic spacers and a fine comb to match the space. The 

minigel apparatus was assembled tightly with clips and 1.2% low melting agarose 

in T AE buffer was loaded between the two plates avoiding any bubbles. The 

minigel was placed in the cell (Mighty small II, SE 250) in an upright position and 



restricted ONA was separated by running the gel at 30 rnA for about an hour. 

The desired band was then cut from the gel under uv light and stored in an 

eppendorf tube at -20°C. 

Growth, purification, and DNA extraction of bacteriophage lambda 
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Most of the markers are cloned in the lambda vector SEP6 (E. M. Meyerowitz 

and O. J. Kemp, unpublished). Inserts are cloned in the EeoRI sites of this 

vector. 

Plating cells 

Step 1 : TAP 90 bacteria were grown overnight in 10 ml liquid media containing 

10 mM MgS04 and 0.2% maltose at 37°C with moderate agitation in a 

rotary shaker. Bacteria grown in the presence of maltose adsorb 

bacteriophage lambda more efficiently. 

Step 2: The culture was spun at 4000 rpm for 10 minutes in a J6B centrifuge. 

Step 3: The supernatant was discarded and the pellet was resuspended in cold 

10 mM MgS04 and kept on ice. 

Step 4: Optical density of the bacterial suspension was determined (00600 =2.0, 

means 1.6 x109 cells mrl). For plating, the density of the cells was 

adjusted with 10 mM MgS04 to 00600 = 0.5. 
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Titration of the phage stock 

Step 1: To check the plaque forming unit (pfu ILl:!) of phage stock, LB plates 

were made containing 1.5% agar. The phage stock was sequentially diluted 

in SM buffer (100X, 1000X and 10,000X). 

Step 2: 100 ILl of bacterial cells were mixed with 10 ILl of phage in a sterile glass 

tube and incubated at 37°C for 15-20 minutes to allow phage particles to 

adsorb to the bacteria. 

Step 3: 2.5 ml of top agar (melted and kept at 48°C) was added to the cell

phage mixture mixed and poureG on LB plates. The plates were swirled 

gently to distribute the bacteria and top agar, and incubated at 37°C for 

overnight in inverted position. Plaques begin to appear after about 7 hours 

of incubation and should be counted after 12-16 hours. 

Step 4: The number of plaques on each dish was counted and pfu ILr1 for the 13 

markers was determined. 

Large scale lambda phage DNA Extraction 

The procedure for phage DNA extraction (Carlock, 1986) was scaled down for 

50 ml cultures. 

Step 1: Plating cells were prepared as before. 

Step 2: 10 ILl of phage were adsorbed to 100 ILl of bacterial cells as described 
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above. The cel1s were added to 50 ml of LAM medium (LB + 10 mM 

MgS04) and grown overnight at 37°C in a incubator shaker. 

Step 3: After 16 hours, 500,u1 of chloroform was added to the culture and 

incubated again at 37°C for 15 minutes. The culture was spun at 4,000 

rpm for 15 minutes in a J6B centrifuge and the supernatant was 

transferred into another bottle excluding any chloroform. 

Step 4: 100,ug of Ribonuclease A and 500 p.g of DNase 1 were added to the 

supernatant, mixed and incubated at 4°C for at least 1 hour. 

Step 5: 2.875 gm of NaCl and 5.0 gm of PEG-8000 were added to the solution 

and dissolved completely by rocking the tube. The mixture was 

incubated on ice for at least 4-5 hours. 

Step 6: The tube was spun as before and the supernatant was discarded. 

The pellet was dried by inverting the bottle and then dissolved in the 

following solutions: 

360 ,ul of 50 mM Tris-HCl 

40,u1 of TES 

20 p.g of Proteinase K 

The mixture was incubated at 37°C for 1 h. 

Step 7: Phenol and chloroform extraction. 
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The mixture was transferred to a 15 ml plastic tube, an equal volume of 

phenol was added and mixed by rocking the tube for 10- 15 minutes. 

The mixture was spun at 3,000 rpm for 10 minutes in a J6B centrifuge, 

the aqueous phase was transferred to another tube and extracted with an 

equal volume of cold chloroform. The chloroform extraction was 

repeated once more. 

Step 8: To the final aqueous solution, 3 M NaOAc (1/lOth of the aqueous 

solution) and 2 volumes 100% EtOH were added and precipitated at -

200 e for 3 minutes. The tube was spun at 10,000 rpm for 15 minutes. 

The supernatant was discarded and the pellet was washed with 70% 

ethanol, dried and dissolved in 50-100 p,l of TE and stored at 4°e. 

2. RESTRICfION DIGESTION 

Restriction Digestion of Genomic DNA 

Plant DNA was digested with the Enzymes EcoRI, BglII, and XbaI 

(obtained from Stratagene). Restriction digestion reactions were set up by mixing 

3-4 p,g plant DNA with the recommended lOx buffer, 20-30 U of enzyme per p,g 

of DNA and 12.5 mM spermidine. The reaction was usually carried out in a 

volume of 100-120 p,l, depending on the concentration of the plant DNA, and 

incubated overnight at 37°C, 
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3. AGAROSE GEL ELECTROPHORESIS 

Preparing and running the gel 

A 20 X 15 cm vertical gel was prepared in a clean plastic gel tray using 200 ml of 

1 x TAB buffer and 0.8% agarose. A comb with 15 teeth was positioned 1 cm 

away from one end of the tray to form wells. The gel was submerged in 1 x TAB 

buffer and the wells were loaded with the prepared samples. The volume of the 

samples was reduced to 50 f.tl in a vacuum desiccator for 30 minutes, 5 f.tl of dye 

(Stopmix) was added, mixed and then loaded onto the gel. Lambda DNA cut 

with BstII was loaded on both ends of the gel. 

Each gel contained DNA from 10 different families and both parents with 

markers at both ends. Restriction digestion of all 42 families was done using the 

same protocol with EeoRI, BglII and }{bal. Electrophoresis was carried out at low 

voltage (20-25 volts) overnight at room temperature. The gel was photographed 

using a UV light box with a Quick Shooter camera (Polaroid). A ruler was used 

to measure the migration of DNA bands relative to the lambda DNA marker. An 

even smear of DNA would be seen on the gel with some clear banding pattern. 

4. SOUTHERN TRANSFER 

For transferring DNA, 0.45 f.tm nitrocellulose membrane was used. The 

membrane was cut 3 mm larger in all dimensions than the gel and soaked in 
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distilled water. Two to three sheets of Whatman 3 MM paper were cut the same 

size as the nitrocellulose. A wick was prepared and placed in a large tray and 

covered with 10 X sse solution. A stack of glass plates was placed under the 

wick. All air bubbles were removed by rolling a glass rod over the wick. 

Denaturation 

Denaturation was done by slowly shaking the gel in denaturating solution for 20-

30 minutes at room temperature. Denaturating solution was poured off very 

carefully. 

Neutralization 

Neutralizing solution was added and neutralized for 30-40 minutes at room 

temperature using a constant shaker. The gel was laid on top of the Whatman 3 

MM wick and all air bubbles between gel and wick were removed. Then plastic 

wrap was used to cover the tray around the gel to minimize evaporation and allow 

efficient flow of sse through the gel. The nitrocellulose membrane was laid on 

top of the gel avoiding air bubbles. It was very important to lay the filter precisely 

the first time, as the transfer of DNA could take place immediately. 

One piece of cut Whatman 3MM paper was soaked in 10 x sse and placed 

on top of the nitrocellulose membrane. Another piece was placed on top of the 

first and a stack (5-10 cm thick) of paper towels were placed on top. Weight (1 
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kg) was added by placing a glass plate and an old catalog on top of the stack. 

The transfer was allowed to proceed overnight. The pyramid was taken apart 

without disturbing the nitrocellulose membrane. The location of the wells was 

marked on the membrane with fine tip markers before removing the nitrocellulose 

membrane from the gel. The membrane was then floated on distiIled water for 5 

min to remove excess salt, blotted dry on a paper towel and air dried for a few 

min. It was baked between two sheets of 3MM paper for 2 h at 80°C in a 

vacuum oven. 

5. DNA LABELING 

Random Primer labeling 

The stocks were prepared according to Feinberg and Vogelstein (1983) and 

stored at -80°C. 

BSA = 10 mg/ml restriction grade 

LS = 1 M Hepes2 (pH 6.6)/solution, DTM/solution, OL (25/25/7). (TM= 250 

mM Tris-HCl, 25 mM MgC12, 50 mM 2-mercaptoethano], pH 8.0. DTM = 100 

p.M each of dATP, dGTP, dTTP in TM. OL = 1 mM Tris, 1 mM EDTA, pH 7.5, 

to which 90 optical density units per ml of oligodeoxyribonuc1eotides were added). 

Step 1 : 0.05-0.2 p.g of DNA was added in 8.1 p.l of water, boiled for 5 minutes, 

quickly chilled on ice, and centrifuged briefly to recover the solution to 
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the bottom of the tube. 

Step 2 : 11.4 J,LI LS, 1 J,LI BSA, 2.0-3.5 J,LI of 32p dATP and 32p dCfP (20 J,Lei) were 

added to the DNA solution. One unit (0.5 J,LI) of Klenow fragment of 

DNA polymerase I was added to the above solution. 

Step 3 : The reaction was incubated overnight at room temperature. 

Step 4 : Labeled DNA was diluted with 65 J,LI TE (20 mM Tris, 2 mM EDT A) and 

purified through a shepadex G-50 column (Maniatis, 1982). 

Shepadex G·50 Column 

1. A Shepadex G-50 column was prepared in a small glass pasteur pipette 

plugged with sterile glass wool. The column was washed with several column 

volumes of 2 x TE. 

2. Labeled DNA sample was applied to the column. The flow of the column was 

maintained by constantly adding TE to the column. The radioactivity of the 

solution was measured by using a hand held minimonitor (mini-1, type 5.40). 

The leading peak of radioactivity consists of nucIeotides incorporated into 

DNA, while the trailing peak consists of unincorporated [32p] dNTPs. 

3. The progress of the incorporated and unincorporated [32p] dNTPs through the 

column was followed by using a minimonitor and the leading peak was 

collected as it eluted from the column. The column was discarded as 
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radioactive waste. 

Denaturation of Labeled DNA 

Ten ml of hybridization buffer was added to the labeled DNA and heated at 80°C 

for 20 minutes. The DNA was chilled on ice. 

6. DNA HYBRIDIZATION 

Prehybridization 

The filters were put in a "Seal-a-MeaI" bag, 5 to 10 ml of hybridization solution 

(50% Formamide, 6X sse, 0.25% dry milk) was added and the bag was sealed. 

The filters were pre hybridized in a 42°e water bath shaker for 1 h to 1 h 30 min. 

The solution was removed from the bag and denatured probe was added to the 

bag. The bag was resealed after evenly distributing the probe and the 

hybridization reaction was allowed to proceed overnight in a 42°C water bath as 

before. 

7. WASHES 

Washing the Filters 

Step 1: After hybridization, filters were removed from the bag and washed in 

plastic container with 50-100 ml of wash I (2 X sse and 0.1 % SDS) for 

15 minutes at room temperature on a shaker. Wash I was poured off 

into a radioactive waste container and more wash I was added and 
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washed for another 45 minutes. 

Step 2: The filters were washed in wash II (0.1% sse and 0.1% SDS), in a 60De 

water bath shaker for 30 minutes. 

Step 3: Filters were taken out and excess liquid dried with paper towel, covered 

with saran wrap and checked for presence of radioactivity. The filters 

were then mounted in a X-ray cassette and XAR-5 film was placed on 

top. 

8. X-ray FILM EXPOSURE 

Step 1: The film was exposed at -70 De with intensifying screens from 16 h to 7 

days. 

Step 2: The Autoradiogram was developed in a X-ray developing machine 

(Konica OX-130A plus). The film was aligned with filters and the 

position of each well was marked. 

In order to remove the radioactive probe from the filters, they were washed in 

boiling water containing 1 % SDS for 10-15 min. The filters were then dried on 

paper towels and baked at 80 De in a vacuum oven for 1-2 hrs. Filters were 

stored in a plastic box at room temperature until the next use. 
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RESULTS 

Scoring of RFLPs and their analysis 

The mapping population used in this study came from the parents Columbia 

and Landsberg. Therefore, all the molecular markers used were selected based on 

the polymorphism detected in the cross Columbia x Landsberg erecta (Chang et 

al., 1988). Polymorphisms in this cross were detected using 5 different restriction 

endonucIeases. These enzymes were EcoRl, BglII, Xbal, Sacl, and XlzoI. Each 

marker showed polymorphism with different restriction enzymes, some markers 

were also polymorphic with more than one restriction enzyme. Molecular markers 

that showed polymorphisms with the three restriction enzymes EcoRl, BglIl, and 

Xbal were used for this work. DNA was prepared from 42 ACA resistant families 

(F4 generation) and from both parents. To examine the segregation of RFLPs, 

DNA probes were hybridized to genomic blots containing digested F4 DNA from 

each family (Figs. 9 and 10). Each family was scored with respect to the parental 

DNA restriction patterns as being either homozygous for one of the parental types 

(Co and Ler on the figure) or heterozygous (H). For each molecular marker 

used, all 42 ACA resistant families were scored as above. All ACA resistant 

families are homozygous recessive for the acal mutation (Chapter 5) and 

originated from Columbia background. These families were expected to show a 
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Figure 9. Segregation of RFLPs in F4 progeny is shown in autoradigrams of a 
genomic blot hybridized with unlinked probe. Lanes 1,3,4,6,8,9 are 
hybrids; 2 is Ler; 5 and 6 are Co, respectively 
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1 2 3 4 5 6 7 8 9 10 11 12 

Figure 10. Segregation of RFLPs in F4 progeny is shown in autoradigrams of a 
genomic blot hybridized with linked probe. Lanes 1, - 8, are Co 9 is not 
visible. 10 ishybrids; Lanes 11 and 12 are parents Ler are Co, 
respectively 
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segregation of 1:2:1 (C:H:L) ratio with markers that are not linked to acal 

mutation. If markers are located close to the acal mutation, there will be more 

Columbia parents in the population than heterozygotes and Landsberg parents. A 

ratio of 1:2:1 (C: H: L) segregation was expected from the F4 families, when 

probed with the markers that had shown no linkage with acal mutation. A 

significant deviation from this ratio would indicate linkage between the markers 

and acal mutation (Table 10). 

A X2 test was used to ensure that the observed segregation was statistically 

significant (P= 0.05). Linkage analysis showed that RFLP m233 lies 

approximately 6.4 eM from the acal gene, which placed acal at 66.9 eM on the 

lower arm of chromosome V. Examples of RFLP scoring for different probes are 

shown in Fig. 9 and 10. From this RFLP analysis it was determined that acal is 

located between 62-67 eM on chromosome V (Fig. 11). 
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Table 10. Linkage analysis for aeal resistance and RFLP 
markers on chromosomes I, II, IV and V. 

Genotype 
Co. ColLer. Ler. 

Markers Chr No. No. of F4 Families Ratio X2 P 

nat1511a I 12 23 6 1:2:1 2.35 0.3-0.5 
m605 II 14 21 6 1:2:1 3.01 0.2-0.3 
m448 IV 14 21 6 1:2:1 3.01 0.2-0.3 
PCITd90 V 11 15 8 1:2:1 1.26 0.5-0.7 
m217 V 11 15 8 1:2:1 1.26 0.5-0.7 
m291 V 12 15 7 1:2:1 1.99 0.3-0.5 
m558 V 12 23 6 1:2:1 2.35 0.3-0.5 
m331* V 29 2 0 1:2:1 77.76 «0.001 
m435* V 25 6 3 1:2:1 42.68 «0.001 
m233* V 28 6 7 1:2:1 42.01 «0.001 

* = Markers showing linkage with acal resistant families are located on 
chromosome V. 
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29.S- ms-1 

62.1 tt3 =t aca-l 
m331 

SO.2- m43S 
S1.9- m233 

90.0_ mSSS 

96.0- yi 

--- = 5 cM 

Figure 11 • Location of aca-l on chromosome V. Map distances 
of markers are in cM as in the genetic map of Arabidopsis 
thaliana. 
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DISCUSSION 

The map location of acal in Arabidopsis was established by determining linkage 

between the mutant gene and RFLP markers from the five different 

chromosomes. Markers on chromosomes I, II, and IV showed independent 

segregation (1:2:1 ratio), which indicated no linkage between these markers and 

acal resistance. However, linkage was detected with three out of seven probes 

tested on chromosome V. These probes are m331, m435 and m233, previously 

mapped to chromosome V (Chang et a/., 1988). Two recombinants were scored 

among the 31 families with probe m331. For probe m435, six recombinants were 

scored among the 34 families, and for probe m233, again six recombinants were 

scored among 41 families. From this data, it was concluded that acal is linked to 

these RFLP probes. Probe m331 lies at 73.3 cM, m435 at 80.2 cM and m233 at 

81.9 cM on the lower arm of chromosome V. The acal gene is more closely 

linked to the marker m331 than markers m435 and m233, since only two 

recombinants were found between acal and m331. This was confirmed by the 

calculation of the percentages of recombination from the RFLP data. The 

distance of acal to m331 was calculated to be 6.4 cM, 14.6 cM to m233 and 17.6 

cM to m435. Thus, acal can be placed between positions 62-67 cM on 

chromosome V. This result is consistent with the findings of genetic analysis using 
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morphological markers (chapter VI). Marker tt3 showed close linkage with acal 

and is located at 62.1 cM on chromosome V. Therefore, the findings of both the 

morphological and molecular genetic analyses, confirmed the map location of the 

acal mutation between 62-67 eM on this chromosome. The isolation of the acal 

gene will be the next step in this research. In order to reduce the distance 

between the markers and the gene, a detailed molecular mapping of this region of 

the chromosome can be done to identify more closely linked markers. In this 

research, only the three markers that were used had been located in this region. 

An even more closely linked marker can facilitate the isolation of the gene and 

can be used as a starting point for chromosome walking, or for probing 

overlapping YAC clones in this region for further marker development. 

A novel locus (acal) conferring ACA resistance in Arabidopsis tlzaliana has 

been described in this work. The recent advancement in chromosome walking 

techniques should allow the isolation and cloning of the gene that has been 

identified through a genetic approach. Sequence comparison of this gene with 

other genes will reveal clues about its function and biochemical importance in 

proline transport. A detail analysis of this mutation may provide new perspectives 

for application to salt tolerance breeding and understanding of this phenotype in 

higher plants. 
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This research showed that Arabidopsis is a suitable plant to study the 

adaptive significance of salt-induced amino acid accumulation in higher plants. It 

was also shown that Arabidopsis is similar to other glycophytes in its tolerance to 

NaCl and its response to NaCI stress by the accumulation of proline. It was 

demonstrated that NaCI tolerance of Arabidopsis can be increased by mutation 

and exogenously applied proline. 

The research showed that the strategies used for isolating proline 

overproducing mutants in prokaryotes are also applicable to Arabidopsis. 

Arabidopsis is sensitive to amino acid inhibitors and this character can be used for 

positive s~lection of resistant mutants. Mutants resistant to the proline analog, 

azetidine-2-carboxylic acid (ACA), have been isolated and one proline 

overproducing mutant was identified. Findings of this research showed that 

proline overproduction did not lead to NaCI tolerance. This research 

demonstrated that the salt tolerance trait can be induced in Arabidopsis through 

mutagenesis. The genetic analysis of one mutant with elevated salt tolerance 

showed that the trait is heritable. This information will be important to plant 

biologists in designing experiments to improve salt tolerance by genetic and 
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physiological analyses. 

This research lead to the mapping of an ACA-resistant gene (acal) in 

Arabidopsis mutant KG3 using morphological and molecular markers. Genetic 

analysis of this mutant showed that acal is a recessive, single gene mutation that is 

located on chromosome V of Arabidopsis. Results obtained from this work will be 

useful for isolating and cloning acal which could become an important marker for 

mapping studies. 

In the future, mapping of salt-tolerance genes can be done using 

morphological and molecular markers. In order to further map the salt tolerance 

trait, the screening method for salt tolerance needs to be improved. Mutant 

families showing enhanced salt tolerance did not grow as well as wild type under 

normal growing condition. These mutants need to be backcrossed with wild type 

plants for 3-4 generations to increase vigor and remove of any unwanted traits. 

After each generation of back crossing and selfing, these mutants need to be 

screened for salt tolerance, and once vigor is improved, they can be used for 

mapping studies of the sadl gene. The results obtained from this work suggest 

that it should be possible to locate sadl in a similar way as I have demonstrated 

for acal. 
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