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ABSTRACT

A genetic map of papaya (Carica papaya L.) was constructed using 54 F2 plants

derived from cultivars Kapoho and SunUp. Fifteen hundred and thirteen AFLP markers,

together with the papaya ring spot virus coat protein marker, morphological sex type, and

fruit flesh color were mapped into 12 linkage groups at an LOD score of5.0 and

recombination frequency of 0.25. The number of markers per linkage group ranged from

27 to 414, and the length ranged from 86.2 to 865.2 cM. However, the large differences in

length of the linkage group were not caused by translocation during meiosis. The 12 major

linkage groups covered a total length of3464.1 cM, with an average distance of2.3 cM

between adjacent markers. This map revealed that around the sex locus, the recombination

was highly suppressed and the cytosines were highly methylated. More sex co-segregating

markers were generated from AT rich selective nucleotide primers than GC rich primers,

and the biggest marker cluster occurred around the sex locus. The sex co-segregating

maIker W ll identified four positive clones, which could be starting points to clone the sex

determination gene.
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CHAPTER 1

GENERAL INTRODUCTION

In plant genomic research, considerable efforts have gone into the genetic mapping

of many plant species. High-density genetic maps have been the objective ofmany ofthe

plant genome initiatives. High density mapping is important because genetic mapping is

not only the first step toward isolating and cloning the genes of interest via chromosome

walking or chromosome landing (Tanksley et aI., 1989; Martin et aI., 1993; Tanksley et aI.,

1995; Alpert and Tanksley, 1996; Frary et aI., 2000; Lodish et aI., 2000; Vrebalov et aI.,

2002), but also it is an important tool in genome characterization (Tanksley et aI., 1992;

Davis et aI., 1994; Young et aI., 1999). In addition, it is important in marker-assisted

selection (Lande and Thompson, 1990; Urasaki et aI., 2002), comparative analysis ofplant

genome (Tanksley et aI., 1995; Messing and Llaca, 1998; Person et aI., 2000), and

integration ofgenetic, physical and cytomolecular maps (Klein et aI., 2000; Draye et aI.,

200I; Chen et aI., 2002).

Classical genetic maps are based on genetic factors, which are unambiguously

inferred, and constructed by crossing different genotypes in order to determine whether the

two gene loci are linked or not (Tanksley, 1993). By the early 1980s, isozyme markers,

which met with considerably more success than previous studies using morphological

markers (Tanksley et aI., 1982; Edwards et aI., 1987; Weller et aI., 1988), were employed as



a general tool for mapping quantitative trait loci (QTLs) in plants. They were successful

because discrete morphological mutant and isozyme markers are comparatively rare in

natural populations, and most of the important traits are quantitative and controlled by a

number of trait loci, each of which contributes only a small effect.

Following the development ofONA marker technology in plants, classical linkage

mapping was rejuvenated (Botstein et aI., 1980). The advantages ofONA markers include

their abundance, a relatively high rate ofpolymorphism in many populations, usually

robust/routine technologies for scoring, frequent comparability across species, clear

dominance or codominance in most situations, lack of epistasis, and no detectable

phenotypic effect (Tanksley, 1993; Strachan and Read, 1999). Soon after restriction

fragment length polymorphism (RFLP) was introduced (Botstein et ai, 1980), another

generation ofONA-based genetic markers, based on the polymerase chain reaction was

also developed (Weber and May, 1989; Williams et al., 1990). In 1988, the first study was

published in which molecular markers, covering an entire genome, were used to map

quantitative traits (paterson et aI., 1988). The availability of a complete genome map also

opened up the opportunity for new statistical approaches for detecting QTLs (Liu, 1998;

Kao et aI., 1999).

In the last 15 years, genetic linkage maps have been reported for many plant species.

However, high resolution genetic maps, which are essential for genomic studies, were

2



limited to maize (Davis et aI., 1999), rice (Harushima et aI., 1998; Wu et aI., 2002), tomato

(Tanksley et aI., 1992; Haanstra et aI., 1999), wheat (Boyko et aI., 1999), soybean (Keirn et

aI., 1997), Arabidopsis (peters et aI., 2001), and rape seed (Lombard and Delourme, 2001).

The genetic mapping of papaya lagged behind that of many other plant species because of

its low level of polymorphism (Sharon et aI., 1992; Stiles et aI., 1993; Kim et al., 2002).

Papaya is a fast growing, herbaceous, all-season fruit crop, which is believed to

have evolved in southern Mexico and Central America. Papaya is valuable not only for its

nutritious fruit, which is an excellent source ofvitamins A and C and potassium, but also

the enzyme papain, which is widely used in the beer and meat industries. Papaya is the

second most important fruit crop in Hawaii, with an annual production valued at $14.6

million in 2001. Most of it is exported to U.S. mainland and other world markets.

Papaya is a polygamous plant with female, male, and hermaphrodite trees. The

pear-shaped hermaphrodite fruit is preferred by consumers. However, seeds from

hermaphrodite fruit segregate into hermaphrodite and female plants, so it has been general

practice for farmers to plant three to five seedlings per hill to ensure that the hermaphrodite

plants are evenly distributed in the field. The plants in each hill must be grown for four to

six months before their sex types can be determined at flowering. Because this practice is

inefficient in time and labor, and results in delayed production, many genetic studies in

papaya have been directed at sex determination. Based on cross and progeny observation,
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several hypotheses were proposed dozens ofyears ago for papaya sex determinations;

however, these hypotheses were never proved at the molecular level.

In light ofrecent advances in our understanding of gene regulation in plant growth

and development, it is now possible to clone the genes controlling the sex determination

process in papaya. This advance will result in the development ofa method to eliminate

female seeds or plants before seedlings are transplanted. As the first step toward cloning

the sex determination genes in papaya, the sex locus has to be characterized.

Papaya is diploid with nine pairs of chromosomes (Meurman, 1925; Storey, 1941)

and a small genome size of372 Mbp (Arumugannthan and Earle, 1991). Because of

several factors -- the availability ofgenetic transformation, efficiency of making crosses,

short reproductive time, production of large numbers of offspring, continuous flowering

throughout the year--, papaya has become an attractive model plant for fruit tree genetic

and genomic research (Storey, 1953; Manshardt and Drew, 1998; Manshardt and Drew,

1998; Ming R. et aI., 2001). It is timely to construct a papaya high-density genetic map as

the first and essential step for conducting extensive genomic research on this crop.
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CHAPTER 2

LITERATURE REVIEW

2.1 Linkage Mapping

A DNA-based genetic linkage map is important for genetic analysis, marker

assisted selection, and map-based gene cloning. The map will be most useful if the

intervals are small or the mapping resolution is high (Lukowitz et al., 2000). Constructing

a high-resolution map requires a large mapping population and a high density ofgenetic

markers. High-resolution maps have been constructed for many important crops and

model plant species.

2.1.1 Mapping populations

The greater the DNA sequence variation, the easier it is to generate polymorphic

markers. Therefore, the parents ofa mapping population should have sufficient variation

for the traits of interest at both the DNA sequence and phenotypic levels. Several

strategies have been employed to create mapping populations in crop species. These

include recombinant inbred lines (RILs) (Keirn et aI., 1997; Cardinal et aI., 2001), F2

populations (Landryet aI., 1991; Jeuken et aI., 2001), backcross populations (Tanksley,

1988; Wu et aI., 2000), near-isogenic lines or introgression lines (Bonnema et aI., 2002;

Sherman and Talbert, 2002), self-pollination (Hoarau et al., 2001), and double-haploid

populations (Lombard and Delourme, 2001). For forest tree species, because oflong life

cycles and heterozygous characteristics, the populations of half-sib families (Travis et al.
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1998; Lebrun et aI., 2001) and random out-crossing (Remington et aI., 1999) have been

commonly used in genetic mapping.

2.1.2 DNA marker systems used for mapping

DNA polymorphisms are ideal sources ofheritable variation. They can provide a

set of markers that are numerous and spaced across the entire genome (Strachan and

Read, 1999). DNA markers are used not only for genetic mapping but also for

quantification ofgenetic diversity for characterizing accessions in plant germplasm

collections (Gupta et aI., 1996; Russell et aI., 1997). Since the 1980s, a wide variety of

techniques have been developed to detect DNA sequence polymorphisms following the

strategy of DNA hybridization-based techniques or PCR-based techniques.

2.1.2.1 Restriction fragment lengthpolymorohism (RFLP)

RFLP was first used in 1974 (Grodzicker et aI., 1974) to map temperature

sensitive adenovirus mutants. Botstein et a1. (1980) developed the theoretical framework

for identifYing polymorphic single-base-pair sites and using them as marker loci to

construct a genetic linkage map in human. Since then, the technique has been widely used

in plant species (Landry et aI., 1985; Helentjaris et aI., 1986; Chang et aI., 1988; Paterson

et aI., 1988; Tanksley et aI., 1988; Slocum et aI., 1990; Huen, 1991). In contrast to

morphological and isozyme markers, RFLP markers have the advantage ofbeing

numerous, neutral, and co-dominant (Hulbert et aI., 1988).
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RFLP DNA fragments are generated by using restriction endonucleases to cleave

DNA at specific recognition sites. When a single base-pair change occurs within a

recognition site, the site is no longer cut by the restriction endonuclease, whereas an

intact site elsewhere in the genome can be cleaved. As a consequence of the allelic

difference, DNA digestion with a particular enzyme produces DNA fragments of

different sizes that are separated by running agarose gel electrophoresis and visualized by

ethidium bromide staining or Southern hybridization. Since the genome ofmost

eukaryotic organisms is highly reiterated, two approaches can be used to develop RFLP

probes that are locus specific and represent low copy DNA fragments. One is based on

cDNA clones (Bernantzsky and Tanksley, 1986) and the other is based on genomic

clones including pre- and post-eloning selection (Figdore et aI., 1988; Tanskley et aI.,

1988). Currently, the plant DNA used to generate RFLP fragments come from nuclear,

chloroplast, and mitochondrial genomes.

RFLPs have been used to develop genetic maps in maize (Coe et aI., 2002),

sorghum (Draye et al., 2001; Mennz et aI., 2002), tomato (Tanksleyet aI., 1992; Haanstra

et al., 1999), and soybean (Keirn et aI., 1997). An RFLP marker was also used to locate

sex determination genes in Asparagus officinalis L. (Bracale et aI., 1991).

2.1.2.2 Random amplified polymomhic DNA markers CRAPO)

In 1990, RAPD technology was introduced to generate polymerase chain reaction

(PCR) amplification products from genomic DNA based on use of one or two short (9-10

bp), GC-rich (50-80%) arbitrary oligonucleotide without palindromic sequences (Welsh
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and McClelland, 1990; Williams et aI., 1990). Possible sources of polymorphisms include

deletions of a primer-binding site, insertions, or inversions that change the size of the

DNA fragment amplified (Williams et al., 1990).

The RAPD procedure has several advantages over RFLP: universal primers can

be used for all plant species; greater polymorphisms can be detected; it can be easily and

rapidly conducted, and it can be automated (Glick and Pasternak, 1998). However, the

amplified fragments come from candidate sites favored by a given PCR amplification

protocol. Therefore, this method is greatly affected by both the components and the

conditions used in the PCR.

Mapping traits of interest has been made faster by the combination ofRAPD

techniques applied to NILs (near-isogenetic lines) or a population subset for pooled

analysis by BSA (bulked segregant analysis) methodology (Martin et aI., 1991;

Michelmore et at, 1991). Diverse RAPD markers linked to genes conferring resistance to

plant pathogens (Haleyet al., 1993; Adamblondon et at, 1994; Borovkova et at, 1995;

Chague et al., 1996) and to genes encoding morphological traits (Deputy et aI., 2002;

Urasaki et al., 2002) have been identified. Many RFLP markers have been converted to

RFLP probes or SCAR primers that are useful for tracking tagged traits through breeding

procedures. Markers linked to quantitative traits such as resistance to pathogens in

Brassica (Grandclement and Thomas, 1996), leafvariation in poplar (Wu et at, 1997),

and control ofgrowth, wood quality, and vegetative propagation in Eucalyptus

(Grattapaglia et aI., 1995 and 1996) have all been detected with RAPD analysis. In
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papaya, Sondur and co-workers (1996) reported that the sex locus was flanked by two

RAPD markers covering 14 eM.

2.1.2.3 Mini- and microsateIIite markers

MinisateIIites and microsateIIites are series ofrepeated DNA sequences arranged

in tandem array that may be present throughout a genome. The differences between these

two markers are the lengths ofrepeats. A minisateIIite is more than 5 nucleotides in each

repeat unit, while a microsateIIite is only I to 5 nucleotides in each repeat unit.

MinisateIIites are also called variable number of tandem repeats (VNTR), which

range from 9 to over 100 base pairs (bp) in length, depending on the locus in the genome.

Minisatellites can be detected using either hybridization or PCR approaches (Lillo 1998;

Bios and Jeffreys, 1999).

MicrosateIIites were first introduced in 1989 to characterize simple sequence

stretches amplified by PCR (Litt and Luty, 1989), and are also referred to as simple

sequence repeats (SSRs), short tandem repeats (STRs), or simple sequence length

polymorphism (SSLP). The SSRs have codominant character, are highly abundant and

polymorphic, and display Mendelian fashion inheritance in a population (Weber and

May, 1989; Weising et aI., 1995; Gupta et aI., 1996). These features make SSRs ideal

genetic markers for certain types of genetic analysis and mapping, although identification

of a large number of such microsatellites requires more effort than other PCR-based

DNA surveys.
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Microsatellites are randomly and more evenly distributed in the genome than

minisatellites, because minisatellites are generally confined to telomeres. Since the DNA

sequences flanking both microsatellites and minisatellites are known to be conserved in

the same manner, these conserved sequences have been used for designing suitable

primers for PCR amplification of their loci.

Parasnis et al. (1999) employed six microsatellite probes and two minisatellite

probes to identify sex-specific differences in papaya. One microsatellite probe, (GATA)4'

demonstrated sex-specific difference in all the materials analyzed. In rice, (CAC)s was

used for DNA fingerprinting and was homologous to gene transcripts (Gupta et aI.,

1994). Recently, a high-throughput genetic mapping method based on microsatellite

length polymorphisms was introduced in Arabidopsis (ponce et aI., 1999). This procedure

involves simultaneous co-amplification ofmany microsatellites, using a multiple PCR

mixture containing all the correspondent primer pairs and each oligonucleotide labeled

with one of three fluorescent dyes having different emission wavelengths. This method

can be used to map a gene position in a short period of time.

2.1.2.4 Sequence tagged sites (STSs) and expressed sequence tags (ESTs)

STSs are 200-500 bp sequences that are operationally unique in a genome (Olson

et aI., 1989). Polymorphic STS markers have been used for plant genome analysis (Mazur

and Tingey, 1995). STSs are primarily used to join large cloned fragments in a physical

map. If a polymorphism can be detected by the STS probe, then the anchor points

between genetic and physical maps can be established (Liu, 1998).
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An EST is a partial cDNA sequence representing genes expressed in a particular

tissue at a certain time. ESTs have the advantage ofrepresenting real functional genes,

and therefore are more informative as genetic markers than nonfunctional sequences. Wu

et al. (2002) constructed a comprehensive rice transcript map containing 6591 EST sites.

The results indicated that the ESTs are densely distributed on the distal regions of each

chromosome arm and less densely distributed close to centromeres. The barley Ror1gene

was fine mapped to a 0.2-0.5 cM marker interval by PCR based STS markers (Collins et

aI., 2001). In maize, Davis and co-workers (1999) reported a 1736-locus map with ESTs.

2.1.2.5 Single-strand conformational polymorohism (SSCP)

SSCP is based on the conformational differences of short single-stranded DNA

fragments that can be detected as a mobility shift in non-denaturing polyacrylamide gel

electrophoresis (Orita et aI., 1989). This method follows either (I) digestion ofgenomic

DNA with restriction endonucleases, denaturation and electrophoresis on a gel, and

finally a Southern blot of the gel with a specific fragment as a probe; or (2) using PCR to

amplify the specific fragment, which is then run on a conformational gel (Liu, 1998).

SSCP can detect DNA sequence differences as small as a single nucleotide at a variety of

positions in DNA fragments. SSCPs also are allelic variants of true Mendelian traits, so

the technique can be used for linkage mapping. The limitation of SSCP is that only small

DNA fragments can be analyzed (Hayashi, 1991). A similar approach called denaturing

gradient gel electrophoresis (DGGE) utilizes small differences in the melting temperature

between wild and mutant DNA fragments. These dsDNA fragments, which can be
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detected by differences in their mobility, meet at different gradient points ofdenaturant

concentration, or temperature, depending on their sequence. Fukuoka et a!. (2002) used

SSCP to map sequence-tagged sites (SIS) in F2 rice population; some novel SISs were

successfully localized on the rice genetic map.

2.1.2.6 Amplified fragment length polymorphism (AFLP)

AFLP analysis combines ofRFLP with PCR amplification using primers that are

both sequence-specific and arbitrary. In typical AFLP analysis, genomic DNA is

digested with both a rare cutter restriction enzymes such as EcoR I, and frequent cutter

restriction enzymes such as Mse 1. Small DNA fragments are generated and double

stranded DNA adapters are ligated to the ends of the restricted DNA fragments, which

are used as templates for two rounds of amplification. The first amplification, termed

pre-amplification, uses two primers, which are complementary to the adapter-ligated

ends with one preselected nucleotide at the 3' end to amplify flanking regions containing

the primer binding site and the restriction site. The second selective amplification is

carried out on subsets ofpre-amplified templates. The selective primers are designed

with one to several additional arbitrary nucleotides at the 3' ends of the pre-amplification

primers. The selective amplification products are separated by denaturing

polyacrylamide gel electrophoresis and visualized by radioactivity or silver staining (Vos

et aI., 1995), or by using infrared dye-labeled primers and fluorescent detection of the

AFLP fragments on a gel scanner (Myburg et a!., 2001).
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AFLP shares the reproducibility ofRFLP and the simplicity ofPCR and is

currently the most powerful and efficient technique for generation of large numbers of

anonymous DNA markers in plant and animal genomes (Myburg et aI., 2001). Bohn et al.

(1999) compared RFLPs, AFLPs, and SSRs in winter wheat cultivars and reported that

AFLPs had the highest marker index. AFLP markers have been used to identify

economically important traits in potato (Ballvora et aI., 1995; Meksern et aI., 1995). A

large number of AFLP markers have also been developed to facilitate the construction of

genomic maps of barley (Qi and Lindhout, 1997). AFLP markers linked to Striga

resistance in cowpea were developed recently (Ouedraogo et al., 2001). AFLP was also

used to construct integrated genetic and physical maps in sorghum (Klein et aI., 2000). In

soybean, an AFLP linkage map was developed and used to characterize its genome DNA

methylation pattern (Young et aI., 1999).

Recently, Bachem and co-workers (1998) reported step-by-step AFLP protocol

based on eDNA rather than genomic DNA. This high-throughput transcript profiling

technology is not only used in the construction ofgenome wide transcriptome maps but

also efficiently used to identify novel genes and promoters (Brugmans et aI., 2002, 2003;

Paleman, 2003; Van Haaren, 2003).

The use of other PCR-based markers in plant has been reported, such as

techniques using PCR and restriction endonuclease digestion ofPCR products (PCR

RFLP), cleaved amplified polymorphic sequences (CAPS) (Baumbusch et aI., 2001), and

mapped restriction site polymorphisms (PCR-MRSP) (Wolfe et al. 1997). Another PCR
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technique, inter-miniature inverted-repeat transposable elements (IMP), involves

amplification between two adjacent miniature inverted-repeat transposable elements

(Chang et a!., 2001). Other new markers have emerged in human and animal research,

such as single-nucleotide polymorphisms (SNPs) (Wang, 1998), but these have not been

widely used in plant species.

2.1.3 Map function and software used in map construction

Because recombination fractions are not additive, map functions have been

developed to quantify relative positions of genes or genetic markers on the map in an

additive fashion (Liu, 1998). In Drosophila gene mapping, the map distance was

estimated by a recombination fraction, which was called Morgan's map function.

Haldane (1919) derived his mapping function as -o.510g (I-2r), where r is the

recombination between two genes or markers ifcrossover interference is ignored.

However, crossover interference exists and occurs non-randomly in genomes. Taking this

into consideration, Kosambi (1944) proposed his mapping function as (log (I+2r)/(I

2r»/4. Although many new mapping functions were proposed later, only Haldane's and

Kosambi's mapping function were widely used in plant genetic mapping in the last 20

years.

Various computer programs are available to create genetic maps. The following is

some commonly used software for mapping:
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LINKAGE-I; Based on chi-square analysis and allows only the evaluation of

pairwise analysis of recombination values (Suiter et aI., 1983).

G-MENDEL: Uses a log-likelihood method to analyze segregation and linkage of

individual or multiple progeny population (Liu and Knap, 1990).

JOINMAP: Accepts data with different expected segregation ratios and integrates

data from different populations (Starn, 1993).

MAPMAKER: Performs multipoint analysis using maximum likelihood in F2 and

backcross generations (Lander et al., 1987).

DRAWMAP: Recently developed for drawing genetic linkage map (Van, 1994).

There are many more programs for genetic mapping. Detailed information can be

found in Liu, 1998; Simon and Bonierbale, 2003; Garbe et aI., 2003.

2.1.4 Map construction

Linkage map construction includes five steps: single locus analysis, two-locus

analysis, linkage grouping, gene ordering, and multi-point analysis. Single locus analysis

involves estimation of allelic and genotypic frequencies and detection of segregation ratio

distortion compared with theoretical segregation ratio. Two-locus analysis includes

linkage detection and estimation of the recombination fraction. Linkage can be tested by
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goodness of fit, log likelihood ratio test statistics, or general likelihood approaches. The

recombination fraction is estimated by the maximum likelihood approach. A linkage

group is a group of loci located on the same chromosome. It is statistically referred to as a

group ofloci inherited together according to certain statistical criteria. For a pair ofloci i

andj, if {[6ij <=c] and/or [pij<=b]} then the two loci belong to the same group, where 6ij

is the two-point recombination fraction. Pij is a significant P-value, c is the maximum

recombination fraction value to be declared a linkage, and b is the maximum significant

P-value for declaring a linkage. If the LOD score and recombination fraction are used in

combination for linkage grouping, the criteria are: {[6ij <=c] and/or [Zij=>a]}, where 6ij

and c are the same as above, Z;j is an LOD score, and a is the minimum LOD score value

to declare a linkage. Locus ordering is critical for linkage mapping. Since 1987, several

methods have been developed for three-locus ordering, including seriation, minimum

sum of adjacent recombination fractions, minimum product ofadjacent recombination

fractions, maximum sum of adjacent LOD scores, minimum sum of the probability of

double recombinants, and maximum likelihood (Liu, 1998). The extension of three-locus

ordering results in multiple-locus ordering, which can construct an accurate genetic map

(Lander and Green, 1987).

2.1.5 High resolution linkage map

Map resolution is determined by the number of markers and the plant species

since different species have different genome sizes (Arumuganathan and Earle, 1991).

Most plant genetic linkage maps constructed 10 years ago consisted of fewer than 1000

markers (O'Brien, 1993). These maps have been proven to be invaluable resources for the
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identification and cloning ofgenes involved in crucial cellular functions and the

evaluation of phenotypic variation (Tanksley, 1993). However, highly saturated linkage

maps will have a more profound impact on efforts to clone genes encoding monogenic

traits, dissect the genetics of polygenic traits, integrate genetic and physical maps,

construct genome-wide physical maps, understand the evolution and relationship between

genotype and phenotype, and compare genome evolution (Lukowitz et al. 2000; Paterson

et al., 2000; Vision et aI., 2000; Draye et aI., 2001; Coe et al., 2002). Currently, more

than 1000 markers are used for the construction of high-resolution genetic maps of the

major crop species and Arabidopsis (Table 1). Very-high-density maps will eventually

include tens of thousands ofmarkers (Wang et al., 1998).

2.1.6 Genome characterization based on linkage maps

Uneven distribution of the markers in a linkage map can indicate either

centromere or telomeric regions, because the recombination within these regions is

generally suppressed (Tanksley et aI., 1992; Round et aI., 1997). In other words, a

decrease in recombination frequency could be a way to locate specific regions (Davis et

aI., 1994; Harushima et aI., 1998). However, high-density linkage maps in many plant

species showed that many non-EST markers cluster near centromeric regions (Tanksley,

1992; Round et aI., 1994; Keirn et aI., 1997; Haanstra et aI., 1999; Lombard and

Delourme, 2001; Peter et aI., 2001; Menz et al., 2002). In the rice genetic map with 6591

ESTs, EST-dense regions were distributed on the distal regions of each chromosome

arm, but lower EST density was found flanking the centromeric regions (Wu et aI.,
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Table 2.1 Number of markers used to construct high-resolution map in some plants.

Plant species Genome size Marker Marker type Reference
(Mb, haploid number

nucleus)

Maize 2500 1000 RFLP Coe et aI.,
(Zea mays L.) 2002

Maize 2500 1051 SSR Sharopova et
(Zea mays L.) al.,2002
Maize 2500 1736 EST+STS Davis et aI.,
(Zea mays L.) 1999
Arabidopsis 125 1267 AFLP Peters et aI.,
(Arabidopsis thaliana) 2001
Sorghum 760 2926 AFLP+RFLP Menz et aI.,
(Sorghum bicolor L. +SSR 2002
Moench)
Sorghum 760 2500 RFLP Draye et aI.,
(Sorghum bicolor L. 2001
Moench)
Rice 430 6591 EST Wuet
(Oryza sativa L.) al.,2002
Rice 430 2275 EST Harushima et
(Oryza sativa L.) aI., 1998
Tomato 954 1175 AFLP+RFLP Haanstra et
(Lycopersicon) aI., 1999

Aegilops tauschii (Coss) 4024 546 AFLP Boyko et aI.,
1999

Aegilops tauschii (Coss) 4024 732 RFLP+Retro- Boyko et aI.,
Transposon- 2002
based markers

Rape seed 1182 992 Isozyme+ Lombard and
(Brassica napus L.) RFLP+RAPD De1ourme,

+AFLP 2001
Soybean 1115 840 RFLP+RAPD Keirn et aI.,
(Glycine max L.) +AFLP 1997
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2002). Since the EST markers represent functional genes, lower density near the

centromere means that only a relatively few expressed genes are located in these regions.

This accords with the recent analysis that mostly repetitive DNA and inactive genes are

in the centromere regions in Arabodopsis (Copenhaver et aI., 1999). In tomato and

potato, RFLP linkage maps revealed regions corresponding to centromeres, centromeric

heterochromatin, and even teiomeres, all of which experienced a high degree

recombination repression (Tanksley et aI., 1992).

2.2 Fine Mapping

Fine mapping involves the identification ofmarkers that are tightly linked to the

targeted gene(s). Because morphological or isozyme markers are rare and widely spaced

on the chromosome ofplants, they do not permit fine mapping. The advent of DNA

markers has facilitated fine mapping in those plants that can be crossed to produce a

family with segregating DNA polymorphisms.

A typical fine mapping procedure includes five steps: (I) A variant parent plant mutation

is crossed to one or several diverged accessions to create F2 mapping populations. A

second mapping cross is usually advisable in case complications are encountered with the

first population (Lukowitz et aI., 2000). (2) DNA markers are generated to construct a

linkage map, then the linked markers are identified, and the variant is roughly assigned

on the genetic map. (3) Two robust flanking markers are identified and a genetic interval

containing the variant is defined. (4) Utilizing the flanking markers, the mapping
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population is screened for recombinants in the vicinity ofthe polymorphic locus. (5) The

genetic interval is narrowed down by creating and analyzing new markers in this region.

In order to create new molecular markers closer to the mutation, arbitrary

guessing or comparing the DNA sequence of two accessions involved is commonly used

(Lukowitz et aI., 2000). Recently, high-performance liquid chromatography (HPLC) was

successfully used to find the additional marlcers for fine mapping, which can shorten the

interval to about 50 kb (Spiegelman et aI., 2000).

Fine-mapping a gene is usually an essential step in map-based gene isolation

(Vizir et aI., 1996). With a fme map, marker-assisted selection can become very precise

and comparisons ofmap positions can be accurately made with other species. Problems

related to the generation ofa fine map around any plant gene are that plants have

relatively large genomes compared with bacteria and many other simple organisms, and

recombination is relatively rare in plants. Therefore, most DNA markers will not be

linked to any given locus, they may be on different chromosomes, and most of the linked

markers are many cM away from the targeted gene. To compensate for these difficulties

in producing a higher accuracy of fine map, large sizes of segregating populations are

required. In addition, marker polymorphism may be limiting in some mapping

populations, because populations with low levels ofpolymorphism will not allow the

location ofmost tightly linked markers. However, as genomic technologies generate

better tools for high-throughput mapping, the generation ofgenetic fine maps should be

possible for almost any plant species.
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Many genes controlling plant resistance to pathogens have been isolated using

map-based cloning procedures, such as the genes ofNIMI (Ryals et aI., 1997). In

common bean, fine mapping ofthe Co-410cus in a population of 1018 individual

population size revealed a resistance gene candidate (Melotto and Kelly, 2001). Collins

et al. (2001) using STS markers, fine mapped a broad-spectrum resistance to powdery

mildew gene, Rorl, to a 0.2 to 0.5 cM marker interval in the centromeric region of barley

chromosome IH. Genes of important agronomic traits have been cloned based on fine

mapping. For example, the fw2.2locus, which is responsible for tomato fruit size, was

mapped in 3472 F2 individuals, and then the gene of ORFXwas identified (Frary et aI.,

2000). Other cloned genes include the flowering-time gene Co in Arabidopsis (putterillet

aI., 1993), and Superman that maintains Arabidopsis floral whorl boundaries (Sakai et aI.,

1995). Another two MADS-box genes for tomato fruit ripening were also isolated

recently (Vrebalov et aI., 2002) based on the same strategy.

If a gene or QTL is located in the centromeric region, fine mapping efforts will be

ineffective, since recombination in this region can be severely suppressed (Lukowitz et

aI., 2000). In addition, prevalent repetitive DNA units in this region can make

identification of inter speared single-copy sequences for generating genetic markers

problematic (Round et aI., 1997).
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2.3 DNA Methylation of Plant Genome

DNA methylation varies among plant species and developmental stages (Ariel et

aI., 1991; Zhu et aI., 1994; Flavell and Moore, 1996). It has been reported that about one

fourth of all cytosine residues in plants are methylated to 5-methylcytosine at specific

positions, which consist ofeither the CpG dinucleotide or the CpNpG trinucleotide

(Inamdar et aI., 1991; Warner, 1996). The pattern ofDNA methylation is an important

feature of genome organization (Flavell and Moore, 1996) and is central to many

processes (Wang et aI., 1996; Kass et al., 1997; Jones et aI., 1999; Strichman-Almashanu

et aI., 2002; Sherman and Talbert, 2002). When DNA is hypermethylated in a particular

segment, gene expression may be switched offby changing chromatin structure, or

reducing accessibility of transcription factors to promoters or enhancer sites, or becoming

a binding site for transcriptional repressors (Bird, 1986; Inamdar et aI., 1991; Flavell,

1994; Daveyet aI., 1997; Davag et aI., 1997; Kass et aI., 1997; Jackson et aI., 2002).

High levels ofDNA methylation appear to correlate with high levels ofrepetitive

sequences in the genome. The low levels of cytosine methylation in small regions close

to active genes provide ways of isolating genomic fragments with active genes. Short

umnethylated DNA fragments enriched for single- or few copy sequences can potentially

be isolated with specific restriction endonuclease, such as pst I, Msp L Hha I and Not I,

since those enzymes cleave the motifs only when the cytosines are not methylated

(Gruenbaum et al., 1981; Zhu et aI., 1994; Flavell and Moore, 1996).
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DNA methylation analysis can be used as another tool to dissect the genome since

high-density cytosine methylation might prevent transcription by binding of 'silencing'

proteins or stimulation of chromatin conformation to suppresses gene expression

(Finnegan et aI., 1993). Evidence in humans shows that tumor suppressor genes such as

CDKN2A, VHL, RBI and MLHI are often silenced by methylation mechanisms (Strachan

and Read, 1999). Based on AFLP linkage map of soybean, Young et al. (1999) found that

a high level of cytosine methylation exists in the heterochromatic regions surrounding

centromeres.

2.4 Papaya Genetics

2.4.1 Genetic diversity

Papaya (Carica papaya L.) is a member of the family Caricaceae. It is a popular

crop and cultivated in tropical and subtropical regions worldwide for its edible fruits and

milky latex. It is polygamous with three basic sex types: stable monotypic female, male,

and hermaphrodite whose flowers vary in sex expression under different environmental

conditions (Hofmer, 1938; Storey, 1941,1953). Although morphological traits such as

fruit size, shape, color, quality, and stem color and others may differ significantly in

papaya, only limited DNA level polymorphisms have been reported (Sharon et aI., 1992).

RAPD and AFLP based markers detected a narrow diversity within the domesticated

papaya germplasm (Stiles et aI., 1993; Kim et aI., 2002).
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2.4.2 Sex determination

Since higher value fresh fruit is from hermaphrodite trees and higher yield of

papain is obtained from female trees, these two sex types are preferred by farmers for

different products (Storey, 1938, 1941; Parasnis et al., 1999). Extensive research has been

conducted in papaya to study the mechanisms of sex determination (Ioms, 1908; Higgins

and Holt, 1914; Hofrneyr, 1938, 1953; Storey, 1938; Kumar, 1951, 1952; Hamilton,

1954; Lange, 1960). Several hypotheses based on experimental observations have been

proposed to explain the sex inheritance mechanism in papaya.

Early genetic studies described papaya sex determination in terms of simple

Mendelian factors (namely M], M2, and m) that were assumed to be three alleles of a

single gene. The hypothesis stated that male individual (Mlm) and hermaphrodite

individual (M2m) are heterozygous, whereas female individual (mm) is homozygous

recessive. The dominant combinations of MIMI, M2M2 and M1M2 are lethal (Hofrneyr,

1938; Storey 1938,1941). After 15 years, this initial hypothesis was modified by both

authors. Storey proposed that the sex in papaya is determined not by a single gene, but

rather by a complex ofgenes that are confined to small regions on the sex chromosome

within which crossing over is precluded. The different segments are closely linked

together and behave as unit factors (Storey, 1953, 1967; Hofrneyr, 1967). Hofrneyr

proposed that the symbols MI and M2 represent inactivated regions ofslightly different

lengths on sex chromosomes in which vital genes are missing (Hofrneyr, 1967; Storey,

1976).
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Horovitz and Jimenez (1967) postulated that dioecism is a primitive state in the

Caricaceae. Based on interspecific hybridization in Caricaceae, they proposed that sex

determination is ofXX-XY type. The genotype ofmale is proposed as XV, female XX,

and hermaphrodite XY2. In this hypothesis, Y2 is the modified Y chromosome, the Y

chromosome has a lethal region and the Y2 chromosome preserves this lethal region.

All the hypotheses mentioned above share the same feature: the genetic factor

controlling sex expression for male and hermaphrodite exists as heterozygous, while the

female is homozygous. This feature accords with the papaya sex-specific DNA markers

developed recently (parasnis et al., 1999;Urasaki et aI., 2002; Deputy et al., 2002). Based

on the recent advance in gene regulation and floral development, a new model has been

proposed to explain papaya sex inheritance (Sondur et aI., 1996). In this model, the male

allele, SEXI-M, is postulated to encode a trans-acting factor that induces male floral parts

but inhibits carpel development. The hermaphrodite allele, SEXI-H, is considered

intermediate with the ability to make male structures but only reduces carpal size rather

than inhibiting it. The female allele, sexI-/, is incapable ofinducing male structures.

Functional carpels remain in SEXI-H/sexI-jplants. The lethal mutant tightly linked to the

SEXI-Mand SEXI-H alleles the lethality of SEXI-M or SEXI-H homologue could result

from an additional required function present only in the sexI-jaliele. Based on a primary

linkage map, the papaya sex locus was mapped to a linkage group called group I and in a

14 cM region flanked by RAPD makers (Sondur et aI., 1996).
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2.4.3 Genetic maps

The first papaya genetic linkage map, based on a three-point test with three

morphological markers -- sex, flower color, and stern color-- was produced 60 years ago,

(Hofineyr, 1939). This map covered 41 cM. The second genetic map was produced 57

years later based on 62 randomly amplified polymorphic DNA (RAPD) markers (Sondur

et aI., 1996). The second linkage map covered 999.3 cM on 11 linkage groups. Although

this was a large advance, the resolution of the second map is too low compared with other

plant species maps and does not support a comprehensive genomic analysis. High

resolution maps reported in other plant species have an average density of about 3.4

marker/Mb (Table I). On this basis, at least 1265 markers would be required for papaya

to reach this level.

2.4.4 Sex specific markers

Papaya sexes cannot be identified from vegetative morphological characteristics,

meaning that sex determination is delayed until flowering at four to six months of age.

Recently, one sex determination probe, (GATA)4, and three sequence-characterized

amplified region (SCAR) markers tightly linked to sex forms have been developed

(Parasnis et aI., 1999; Urasaki et aI., 2002; Deputy et aI., 2002). Although those sex

specific probe and markers are valuable for research, it is still too expensive to carry out

large scale screening ofpapaya seedlings for commercial production.

Based on the existing knowledge on papaya genetics, the present research project

was planned to test the following hypotheses:
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(1) Molecular marker mapping can reveal structural information for the sex

determination locus in papaya.

(2) The papaya sex locus is located in a special chromosome region within which

crossing over is rare.

(3) There is a high level ofcytosine methylation around the sex locus.

The above hypotheses were tested by the following objectives in this research:

(l) Construct a high-density linkage map in papaya.

(2) Conduct fine mapping at the sex locus.

(3) Examine the DNA methylation status at the genomic region containing the sex

determination gene using methylation sensitive and insensitive AFLP primers.
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CHAPTER 3

A HIGH-RESOLUTION GENETIC

LINKAGE MAP OF PAPAYA BASED ON AMPLIFIED

FRAGMENT LENGTH POLYMORPHIC DNA MARKERS

3.1 Introduction

The resolution ofthe papaya (Carica papaya 1.) genetic map is lower than that of

many crop species. This constitutes a barrier limiting the comprehensive genomic research

in papaya. In order to characterize the papaya genome, especially the sex locus for cloning

the sex determination gene, it is necessary to develop a high-resolution genetic map of

papaya.

It has been hypothesized that papaya sex determination is controlIed by a single

gene with three alleles. Male and hermaphrodite individuals are heterozygous, whereas

female individuals are homozygous recessive, and the homozygous dominant

combinations are lethal (Hofmeyr, 1938; Storey 1938). Storey (\953) later revised the

hypothesis to suggest that papaya sex is determined not by a gene, but rather by a complex

ofgenes confined to sroalI differential regions on the sex chromosome within which

crossing over is precluded, so that these regions closely linked together behave as unit

factors (Storey, 1953). Hofmeyr (1967) proposed that MJ and M2 represent inactivated

regions on the papaya sex chromosome, ofslightly different lengths from which vital genes
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are missing. Based on interspecific hybridization in Caricaceae, Horovitz and Jimenez

(1967) proposed that sex determination is ofXX-XY type. The above hypothesis is

supported by the papaya sex-specific DNA markers developed recently (Parasnis et al.

1999;Urasaki et aI., 2002, Deputy et aI., 2002). This dissertation project was established to

construct a high-density genetic map ofpapaya with a minimum of at least 1265 linked

AFLP markers to characterize the sex locus in papaya.

3.2 Materials and Methods

3.2.1 Plant materials

An F2 mapping population was developed from F1 hybrids between Kapoho and

SunUp and grown with the parenta1lines at the Kunia experiment station on Oahu.

Thirty-four hermaphrodite and 20 female plants were randomly selected with the two

parents and four Fl individuals for linkage mapping.

3.2.2 Chi-square test

The chi-square test was used for goodness-of-fit and independence tests. The

a

chi-square value can be calculated usingX2 = L (Oi-EilE;, where a is the number of
i=l

classes, OJ and E; are observed and expected counts for class i, respectively, when the

expected values are specified.

29



3.2.3 DNA extraction

YOWlg leaf samples were collected from the top of the canopy and stored on ice

Wltil the DNA was extracted or stored at -80°C for longer-term extraction. After the main

veins were removed, the leaflamina were frozen in liquid nitrogen and ground with mortar

and pestle into powder. Twenty ml extraction buffer [100 mM Tris (pH 8.0), 50 mM

EDTA (pH 8.0), 500 mM NaCl, 1.25% SDS (w/v), 2% PVP-40, 5 M KOAc, finally add

0.0038% ofNaHS03 (w/v) before use] was added to each tube of 10 ml ground tissues.

The ground slurry was mixed well by vortexing and incubated in 65°C water bath for I h;

the tubes were shaken three 3 times during incubation. Six ml of 5 M KOAc was added to

each tube, and the tubes were inverted gently until thoroughly mixed. After the tubes

were incubated on ice for 20 min, they were centrifuged for 20 min at 3500 rpm (under

4°C). Supernatant was decanted to a set of new tubes through a layer of Mirac10th

(CALBIOCHEM" Lot B43936). Twenty ml of cold (-20°C) isopropanol was added to the

tubes taking care not to mix the two phases. Tubes were incubated untouched at -20°C

for at least I h. One ml purifying buffer (70% ethanol and 0.3 M NaOAc) was added to

another set of microfuge tubes. The DNA precipitate was recovered with a glass hook

and transferred to the microfuge tubes containing the EtoHlNaOAc. The purifying buffer

was carefully decanted and the DNA pellet was washed in Iml cold (-20°C) 70% ethanol

for about I min. The washed DNA was centrifuged at 12,000 rpm for 5 min. Ethanol was

poured off and the pellet was air dried in the hood until no odor of ethanol could be

detected. Five hundred fll of TE buffer [10 mM Tris-HCl (pH8.0), 0.5 mM EDTA
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(pH8.0)] was added to each tube to dissolve the extracted DNA, and then 50 j.J1 of RNase

(lOmg/ml) was added to each tube, and the tube was inverted gently and incubated at

37°C for 30 min. The reaction was stopped by incubation at 65°C for 15-20 min.

3.2.4 DNA purification and quantification

An equal volume ofPCI (phenol:chloroform:isoamyl alcohol=25:24:1, pH 8.0)

was added to the tubes containing the dissolved DNA. The mixture was inverted until the

components were thoroughly mixed. Tubes were spun at 10,000 rpm for 12 min then the

upper layer of DNA was carefully pipetted to a second set of tubes. An equal volume of

chloroform: isoamyl alcohol (24: 1) was added to the tubes containing the DNA. The

mixture was inverted, and then spun again at 10,000 rpm for 12 min. The upper layer of

DNA was pipetted into a third set ofclean, labeled tubes. Two volumes ofcold 95%

ethanol and 1110 volume oOM NaoAc, pH 5.2 were added. The components were gently

mixed; tubes were placed at-80°C for 30 min, and then spun at 12,000 rpm for 12 min. The

supernatant was decanted and the DNA thoroughly dried. The DNA pellet was washed

with 1000 j.J1 of ice-cold 70% ethanol for 1 min followed by centrifugation at 12,000 rpm

for 5 min. Tubes were inverted to allow the DNA pellet to dry on the bench for 3-4 h or

until there was no remaining trace of ethanol. The DNA pellet was dissolved in 300 III TE.

DNA was diluted by 1120. A series ofuncut lambda DNA dilutions (10, 20, 40, 60,

80 ng/1l1) was run along with the diluted DNA samples in a 1.0 % agarose mini-gel. After
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staining the gel in the ethidium bromide solution for 20 min, the DNA concentration was

estimated on UV light box by comparing to the standards.

3.2.5 Restriction digestion of genomic DNA

The following components were added to a total volume of40 III mixture: genomic

DNA 250 ng, EcoR lor Pst I 5U, Mse I 5U, EcoR I 10xbuffer 4.0 Ill, 100xBSA 0.4 III

(New England Biolabs) and distilled water. The mixture was incubated at 37°C for 3 h then

placed in a 65°C water bath for 20 min.

3.2.6 Adapter ligation

Forward and reverse EcoR I or Pst I adapters with 5 j.LM, forward and reverse Mse I

adapters with 50 j.LM (Table 3.1) was added to the digested sample. The solution was mixed,

incubated at 90°C for 5 min, then allowed to cool slowly to room temperature by placing

tube in a beaker of65°C H20 for 45 min. Then lOxligase buffer Sill and T4 DNA ligase 5U

were added directly to the tube. The solution was mixed, quickly spun, and incubated at

37°C for 3 h. The reaction mixture was diluted 1O-fold in TE.

3.2.7 Pre-amplification

The pre-amplification reaction was carried out in a 20 III mixture containing 5 III of

ligated DNA (1110 dilution), 0.3j.LM ofa single selective nucleotide EcoR I (AlG) or Pst r
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Table 3.1 Adapters used in AFLP.

Adapters
EcoR I adapter
EcoR I adapter
Pst I adapter
Pst I adapter
Mse I adapter
Mse I adapter

Forward/reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

Sequence
5'-CTCGTAGACTGCGTACC-3'
3'-CATCTGACGCATGGTTAA-5'
5'-CTCGTAGACTGCGTACATGCA-3'
3'-CATCTGACGCATGT-5'
5'-GACGATGAGTCCTGAG-3'
3'-TACTCAGGACTCAT-5'

(A) primer, 0.3 IJM of a single selective nucleotide Mse I (A1GIT/C) primer, 0.2 mM of

dNTPs, 1.5 mM MgCh, 2 III of lOxMg2
+ free buffer, 1.0 U ofTaq DNA polymerase

(Promeaga). All PCR reactions were performed on a Perkin Elmer 9600 thermocycler for

20 cycles programmed at 94°C for 30 s, 56°C for 60 s, and noc for 60 s, with soak

temperature of 4°C. The PCRproduction was diluted to 1:40 with TE.

3.2.8 Selective amplification and denaturation

Fluorescent labeled EcoR I or Pst I primers with Mse I primers were used for

selective amplification. The primer combinations include two to four nucleotide extensions

ofEcoR I (E-) or Pst I (P-) primers with Mse I (M-) primer (E-2IM-2, E-21M-3, E-21M-4,

E-31M-3, E-31M-2, P-31M-2, P-31M-3 and P-31M-4) (Table 3.2). The 11 III reaction

mixture included 2.5 jl1 ofpreamplified DNA sample (1/40 dilution), 1.1 III of lOxbuffer

(MgCh free), 1.5 mM of MgCh, 0.2 mM ofdNTPs, 3.0 IJM ofMse I primer, 1.0 III of

IRDye labeled EcoR IIPst I primer, 0.4 U Tag DNA polymerase (Promeaga). The reactions

were programmed at the thermal profile of: 1 cycle 30 s at 94°C, 30 s at 65°C, and 60 s at
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72°C; 12 cycles in which the initial annealing temperature of65°C was lowered by 0.7°C

each cycle; 23 cycles in which the annealing temperature was held constant at 56°C. The

soak temperature was 4°C.

After the PCR was complete, 10 "" of SLB was added to each sample and heated

for 3 min at 94°C, then placed immediately on ice for at least 3 min. The samples were

stored at -20°C in the dark until used.

3.2.9 AFLP analysis

AFLP analyses were performed on aLi-Cor 1R2 Automated DNA Sequencer

(Li-Cor, Lincoln, NE). The Li-Cor 0.25mm spacer, the 25cm plates, and 64 well combs

were used for gel preparation. The rig was assembled following the manufacturer's

instruction manual. Fifteen J!l ofTEMED and 150 J!l of 10% APS were added to the 20 mL

of6.5% KB plus gel matrix at room temperature, then swirled and poured immediately to

the gel rig. Bubbles were removed and the comb inserted. A small amount ofgel was added

over the comb. The casting plate was tightened to allow the gel to polymerize for at least 45

mill.

After the gel polymeriZed, the comb was carefully removed. The wells were

cleaned with lxTBE buffer. Denatured samples, 0.6-1.0 ml, were loaded in the wells.

Electrophoresis was carried out on a Li-Cor 1R2 Automated DNA Sequencer using IxTBE
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running buffer, with the pre-run parameters of 10 to 15 min, 1500 V, 40 rnA, 40 W, 50°C

plate temperature, and run parameters of3 hat 1500 V, 35 rnA, 35 W, 46°C plate

temperature, and motor scan speed of 4.

Real-time lRDye labeled data were collected as TlF images that were recorded

during electrophoresis. The polymorphic fragments were read manually by using e-Seq

V2.0 software. The data were entered into an Excel spreadsheet for analysis.

Table 3.2 AFLP primers and codes.

Primer Code Primer Code Primer Code Primer Code Primer Code
M-CAA 01 M-ATGA 19 E-AAC 01 E-GT 19 E-GTT 37
M-CAC 02 M-ATGG 20 E-AAG 02 E-AA 20 P-AGG 51
M-CAG 03 M-CAGG 21 E-ACA 03 E-AG 21 P-AGT 52
M-CAT 04 M-CAAT 22 E-ACC 04 E-GAA 22 P-ACA 53
M-CTA 05 M-CATT 23 E-ACG 05 E-GAC 23 P-ACC 54
M-CTC 06 M-CTTA 24 E-ACT 06 E-GAG 24 P-ACG 55
M-CTG 07 M-AA 25 E-AGC 07 E-GAT 25 P-ACT 56
M-CTT 08 M-AC 26 E-AGG 08 E-GCA 26 P-AAT 57
M-CA 09 M-AG 27 E-AAT 09 E-GCC 27 P-AGC 58
M-CC 10 M-AT 28 E-AGT 10 E-GCG 28 P-AGA 59
M-CG 11 M-GA 29 E-ATC 11 E-GCT 29 P-AAG 60
M-CT 12 M-GC 30 E-ATT 12 E-GGA 30 P-ATC 61
M-ACAA 13 M-GG 31 E-AGA 13 E-GGC 31 P-ATA 62
M-ACAT 14 M-GT 32 E-ATA 14 E-GGG 32 P-AAC 63
M-ACTG 15 M-TA 33 E-ATG 15 E-GGT 33 P-AAA 64
M-ACTT 16 M-TC 34 E-GA 16 E-GTA 34 P-ATT 65
M-AGCT 17 M-TG 35 E-GC 17 E-GTC 35 P-ATG 66
M-AGGC 18 M-TT 36 E-GG 18 E-GTG 36
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3.2.10 Map construction

Goodness-of-fit was tested by chi-square analysis for the expected segregation of

dominant (3:1), sex-linked (2:1), and co-dominant (1:2: I) markers in the F2 population.

The linkage map was constructed using MAPMAKER program 3.0 (Lander at aI., 1987;

Lincoln et aI., 1992) employing a minimum LOD score of 5.0 and a maximum

recombination rate (6) of 0.25. First, the co-dominant maIkers were used for defining

linkage groups. After this, the co-dominant maIkers in a total ofnine linkage groups were

combined with the middle sized (80-350 bp) markers, fitting either 3: I or 2:1 ratios, and

were assigned to linkage groups. After ordering the markers in each group, the anchor

markers were selected at regular intervals (I maIker/15-20 eM). The anchor markers were

mixed with all the remaining markers for a final grouping and ordering by using

'firstorder', 'try', and 'ripple' functions of the program. Linkage maps were generated

using the Kosambi mapping function.

3.3 Results

3.3.1 The effect of primer extensions on amplification products

The genomic DNA ofparental varieties Kapoho and SunUp, with F1 and 54 F2

plants was amplified with 987 AFLP primer combinations, Seven hundred eighty-one of

the 987 primers generated 58,173 bands. The images ofthree representative first extension

nuc1eotides ofEcoR IIPst I primers are shown in Figure 3.1 through 3.3. The number of

nucleotides in EcoR IIMse I and Pst IIMse I primer extensions were significantly related to
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the number ofbands (r = -0.8703***), but not to the number of markers (r = -0.3468). A

two-nucleotide extension ofMseI-** primer with a two nucleotide extension ofEeoRI-A*

generated the most bands, with an average of78 bands/primer pair (Table 3.3). A

two-nucleotide extension ofMseI-** primer with three nucleotide extension ofEeoRI-A**

generated the most polymorphic markers, with an average of2.5 markers/primer pair. The

ratio of the polymorphic markers to total AFLP bands was not related to the number of

nucleotides used as extensions (r=0.2820).

3.3.2 DNA polymorphism

One hundred six of the 987 primer pairs used in this study did not generate any

polymorphic markers, 781 ofwhich generated 1,812 AFLP markers. Theoretically, the

AFLP markers generated by the shorter of the nucleotide extension primer pairs should

contain not only the markers generated by longer nucleotide extension primer pairs, but

also contain additional new markers. Forty-five of the EeoR I and Mse I primers with two

to four extra nucleotide extensions were found to be redundant. After removing the

redundant markers, a total ofl,767 polymorphic markers, ranging from 25 to 800 bp in size,

could be used for linkage analysis. Among these markers, 1,305 had the optimal repeatable

size between 80 bp to 350 bp; 324 were larger than 350 bp; 139 were smaller than 80 bp.

Among all markers, 644 were derived from the female parent, Kapoho; 983 were

from the male parent, SunUp. One hundred forty of 1,767 markers were inherited in a
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co-dominant fashion. Each primer set generated an average of 1.8 polymorphic markers.

The EcoR IfMse I primer pairs generated more polymorphic markers than the Pst IfMse I

primer pairs, with an average of2.0 and 1.2 markers, respectively (Figure 3.4).

Table 3.3 Number of AFLP fragments generated with different primer combinations.

Primers Mse 1-** Mse 1-***
Number Number Number Number
of bands of markers of bands of markers

EcoR I-A* 78 1.1
EcoR I-G* 67 1.4 50 1.4
EcoR I-A** 73 2.5 53 1.9
EcoR I-G** 59 2
Pst I-A** 50 1.2 39 1.4
* Represent anyone ofthe four nucleotides (A, T, G, or C).
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Mse 1-****
Number Number
of bands of markers

43 1.3
31 1
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Figure 3.1 A portion of a TIF image of AFLP products amplified by the primer pair

E-ATA/M-AA. The wells are denoted at the top of the figure. Polymorphic markers are

identified as fragments that are present in one of the original parents and some of the F2

samples but absent from others (arrows).
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Figure 3.2 A portion of a TIP image for AFLP products amplified by the primer pair

E-GCT/M-AG. The wells are denoted at the top of the figure. Polymorphic markers are

identified as fragments that are present in one of the original parents and some of the F2

samples but absent from others (arrows).
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samples but absent from others (arrows).

41



2.5..
'<;l
c. 2 t-------y-y------;

~
'C 1.5

I
::E 0.5

0 ..........-"'-----'-"'-----'-........

Figure 3.4 Levels ofDNA polymorphism produced

from primer pairs differing in methylation sensitivity.

3.3.3 Selective nucleotides content

The average number ofbands derived from EcoR I or Pst I containing AT or GC

nucleotides extensions with all the Mse I primer pairs is shown in Figure 3.5. The EcoR

I-[AT*] with Mse I primer pairs generated more bands (64.9) than EcoR I-[GC*] with Mse

I primer pairs (56.8), but Pst I-[AT*] with Mse I primer pairs generated fewer bands (45.1)

than Pst I- [GC*] with Mse I primer pairs (55.1). A chi-square test indicated no significant

differences among the average number ofbands derived from the four primer pairs of

EcoR I-[AT*], EcoR I-[GC*], Pst I-[AT*] and Pst I-[GC*] with Mse I (X2all = 3.5758,

df=3). Therefore, the AT/GC content in the selective nucleotide sequences is not related to

the AFLP fragments of the rare cutter enzymes used in AFLP analysis.

The number ofpolymorphic markers showed a similar results as the average

number ofbands generated by EcoR I or Pst I primers containing AT or GC with Mse I
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Figure 3.5 The average number of bands generated by the primer pairs containing AT or

GC extension nucleotides. * Encoded anyone of the four nucleotides, nucleotides in [ ]

meant in any order.

primer pairs (Figure 3.6). There were no significant differences among the average number

of markers derived from all the of primer pairs (X2all = 0.6970, df=3), either for that of

markers derived from EcoR I or Pst I containing AT or GC nucleotides with all the Mse I

primer pairs, respectively (X2EcoRI/ MseI= 0.1140 and X2PstIlMse 1= 0.0167, df=I). Therefore,

the AT/GC content in the selective nucleotide sequences is not related to the AFLP markers

of the rare cutler enzymes used in AFLP analysis.

Contrary to the number ofbands and number ofthe markers generated from EcoR I

or Pst I primers containing AT or GC with Mse I primers, the number ofmarkers on the sex

locus showed a significant difference among the two kinds ofprimer pairs containing AT

or GC extension nucleotides (X2all =24.4967, df=3) (Figure 3.7). AT rich nucleotide
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extension ofEcoR I or Pst I primers resulted in more markers on the sex locus than did

GC rich nucleotide extension primer (X2EcoR II Msel= 7.5155 andX2
p.l'II/MSe)= 3.6296 df=l).

Because AT and GC rich nucleotide extension primers have the same capacity to generate

sex co-segregated markers, this result suggested that the sex locus is possibly an AT rich

region.

3
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Figure 3.6 The average number ofAFLP markers generated by the primer pairs containing

AT or GC extension nucleotides. *Encoded anyone ofthe four nucleotides, nucleotides in

[ ] meant in any order.
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Figure 3.7 The number of sex co-segregating markers generated by the primer pairs

containing AT or GC extension nucleotides. * Encoded anyone of the four nucleotides,

nucleotides in [ ] meant in any order.

3.3.4 Segregation analysis

The chi-square test showed that 71.4% ofthe AFLP markers fit the expected 3:1

and 1:2:1 Mendelian segregation. Ifthe papaya sex-linked segregation (2:1) was added, the

markers fitting the expected ratio accounted for 89.4%; only 187 of the markers were

skewed significantly from the expected ratios. The percentage ofdominant markers fitting

a 3: 1 ratio was 84.6% for Kapoho and 62.4% for SunUp. The percentage ofdominant

markers fitting a 2:1 ratio was 60.2% for Kapoho and 72.6% for SunUp. However, 72.1%

ofthe co-dominant markers fit the 1:2:1 ratio. The distorted markers came primarily from

SunUp dominant markers (60.4%); while 20.9% and 18.7% came from Kapoho dominant

and co-dominant markers.
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The distorted markers were not evenly distributed in the 12 linkage groups (Lg)

(Figure 3.8). Lg 9, 10, and 11 each had no distorted markers, the Lgl2 had only one and

Lg7 had 45. In most case, the distorted markers either located at the ends of linkage groups

(LgI, Lg2, Lg4, Lg5 Lg7) or clustered in the middle (Lg5, Lg6, Lg7).

3.3.5 Genetic linkage map

At an LOD score of5.0 and recombination frequency of0.25, 1,513 AFLP markers,

together with the papaya ring spot virus coat protein marker, morphological sex types, and

fruit flesh color were mapped into 12 linkage groups (Figure 3.8). The remaining 163

markers were assigned into smaller groups or remained unlinked. The linkage group I

corresponded to the Lgl of the RAPD map where the sex locus was located (Sondur et aI.,

1996). Because there are no common markers with the previous RAPD map, Lg's 2 to 12

were designated according to the length of each linkage group generated from our AFLP

data. The mapping results indicated that the sex locus in Lgl harbored 227 co-segregating

markers; papaya ring spot virus coat protein marker and fruit flesh color was mapped in

Lg7, and each ofthem were flanked by two markers with 3.7/4.7 eM and 3.4/3.7 eM away

from them, respectively.

The distribution of the AFLP markers over the 12 linkage groups varied greatly.

Lgl had the highest marker density (0.85cM1interval), while LglO had the lowest

(3.9cM/interval). The number ofmarkers per linkage group ranged from 27 to 414, and the
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length ranged from 86.2 to 865.2 eM. The 12 major linkage groups covered a total length

of3,464.1 eM, with an average distance of2.3 eM between adjacent markers.

Figure 3.8 AFLP genetic linkage map ofpapaya. The alphanumeric code describes the

AFLP marker as scored. The first letter of the marker represents the size category of the

fragments ("S" - <80bp; "M" -80 ~ 350bp; and "L" - >350bp); the following four numerals

represent £CoR I-IPst I - and Mse I-primer combination code (see Table 3.2), and the first

two numerals are the code for the EeaR 1- or Pst I -primer, while the last two numerals are

the code for the Mse I-primer; the sixth element of the code is an alphabetical order of the

polymorphic loci generated by each primer set; then the seventh element indicates which

parent the marker was derived from (K - Kapoho, S - SunUp, C - co-dominant); the last

element of the code is information about the chi-square test ("0"-not fit expected

segregation; "2" -fit2:l; "3"-fit3:1; "5" -fit2:1 and3:l; "C" -fit 1:2:1).
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Lg2 (Continued)
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3.4 Discussion

3.4.1 Efficiency ofIength of nucleotide extension

The munber of amplified products generated by the AFLP technique is related to

the size of the genome and the length of the nucleotide extensions (Vos et aI., 1995).

Papaya has a relatively small genome size of 372Mbp (Arumugannthan and Earle, 1991).

The combination ofEcoR I-A** primer with Mse I primer which contained four, three, and

two nucleotide extension gave 31,53, and 73 bands, respectively (Table 3.3). As reported

for barley, flax, and onion (Van Treuren, 200 I), shortening the nucleotide extension

increased the number of bands in steps by 1.7- and 2.4-fold, which were considerably less

than the four fold expected on a theoretical basis. However, the varied length of extended

nucleotides ofprimers in our study from four to seven resulted in a statistically significant

negative relation with the number of amplification products.

Likewise, the number ofpolymorphic markers was not strictly related to the length

ofnucleotide extensions ofthe primer pairs. The short length ofselective nucleotides, such

as two nucleotide extensions ofEcoR I-A* and EcoR 1-0* with Mse 1-**, produced less

informative profiles than a three nucleotide extension of the same EcoR I primer with Mse

1-**. The apparent reason for the less informative profile was that excessive bands

(saturation) and similar fragments size without homologues (homoplasy) were produced

during selective amplification. Saturation and homoplasy results have been reported in a
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range of crop species (Van Treuren, 2001). Other plant species may have optimal

nucleotide extensions for an effective AFLP amplification on the basis of fragments

saturation and homoplasy (Han et aI., 1999). In papaya the five primer extensions ofEcoR

I-A**/Mse I-** and EcoR I-O**/Mse 1-** were most efficient for AFLP maIker generation

(Table 3.3). The Pst I primers generated fewer markers than the EcoR I primers, possibly

because the Pst I restriction nuclease is a methylation sensitive enzyme, and large portions

ofplant genomes can be methylated (Inamdar et aI., 1991; Warner, 1996; Young et aI.,

1999), thus dramatically reducing the number ofrestriction sites.

3.4.2 Polymorphisms and segregation

Although the primer pairs ofEcoR I-A**, EcoR 1-0**, and Pst I-A** with Mse

I-** resulted in an average of73, 59, and 50 bands, respectively (Table3.3), the number of

bands is fewer than that produced in other plant species such as Alstroemeria spp. (Han et

aI., 1999), lettuce (Treuren, 2001), sugarcane (Hoarau et aI., 2001), and tomato (Haanstra

et aI., 1999). Also each primer pair generated an average of 1.8 AFLP markers, which is

very low compared to polymophisms observed in Populus deltoids (Wu et aI., 2000),

tomato (Haanstra et aI., 1999), rice (Mackill et aI., 1996), Arabidopsis (Peters et aI., 200 I),

and other plant species. The low production ofAFLP markers in papaya is caused by the

low level ofpolymorphism between the two original parents, since Kapoho and SunUp are

both Hawaiian Solo types derived from the same gene pool, although morphologically they

were quite different. This result is consistent with other reports that papaya has a narrow
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genetic diversity (Sharon et aI., 1992; Stiles et aI., 1993; Sondur et aI., 1996; Kim et aI.,

2002).

Ofthe AFLP markers in the F2 population, 10.6% were distorted from expected

Mendelian segregation. This percentage is much lower than the 20% distortion ofRAPD

mlUkers reported by Sondur and co-workers (1996). Except for different materials, the

technique (AFLP vs. RAPD) may have contributed to the lower distortion ofMendelian

segregation observed in this study.

The AFLP technology predominantly produces mono-allelic markers (Vuylsteke et

al., 1999). The fact that most of the dominant markers were derived from the

hermaphrodite parent, SunUp, rather than the female parent Kapoho, can be explained in

two possible ways. One is that the plastids may contribute little polymorphism in AFLP

analysis, and another is that the genotypes ofthe two parents are different - female Kapoho

is more homozygous and hermaphrodite SunUp is more heterozygous, which accords with

the hypotheses proposed in early genetic studies in papaya (Hofrneyr, 1967; Horovitz and

Jimenez, 1967; Storey, 1976).

3.4.3 The characteristics of the sex locus

The sex locus was mapped on linkage group 1 (LgI), flanked by 227

co-segregating markers. The large number ofco-segregating markers accounted for 81.2%
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of total markers in this linkage group. This discovery indicates that recombination was

severely suppressed in the sex determination region. Our results strongly support the

hypothesis that within the region containing the sex determination genes of papaya,

crossing over is repressed (Storey, 1953, 1967), so that this region behaves as unit factor,

which may be closely linked (Hofmeyer, 1967).

It has been reported that AFLP markers are clustered around the centromeres in

Arabidopsis (Alonso-Blanco et aI., 1998; Copenhaver et aI., 1999). The high-density

RFLP-AFLP map oftomato suggests that clustering of AFLP markers was due to a

suppression of recombination in the heterochromatic regions near the centromeres rather

than being due to a non- random distribution of the markers (Haanstra et aI., 1999). Other

evidence for a decrease in recombination frequency due to centromeric effects was

reported for Neurospora crassa and Arabidopsis thaliana (Davis et aI., 1994; Round et aI.,

1997). The clustered markers were also observed in plant AFLP linkage maps for wheat

(Boyko et aI., 2002), maize (Vuylsteke et aI., 1999), sorghum (Menz et aI., 2002), barley

(poweU et aI., 1997), and soybean (Keirn et aI., 1997). The 227 AFLP markers harbored on

the papaya sex locus implicated a special region around the locus.

Because the sex types ofpapaya can be determined only at the time of flowering,

the present method for developing orchards ofonly hermaphrodite plants is to plant three

to five seedlings in one hill, allow them to grow for four to six months, then cut out the
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undesired plants. With AFLP analysis or design primers based on the sex co-segregating

AFLP markers, the papaya sex types might be selected at the seedling stage in the

greenhouse.

3.4.4 The effect of AT/GC content in selective nucleotide sequence

The effect of AT/GC content in selective nucleotide sequences on the number of

AFLP bands has been reported in soybean (Keirn et al., 1997), Alstroemeria (Han et aI.,

1999), and Pinyon pine (Travis et aI., 1998). These studies used EcoR IIMse I primer pairs

and showed that a high level of GC content will produce a low number ofbands for

soybean and Alstroemeria, but a high number ofbands for pinyon pine. Our data were

generated from both £CoR IIMse I and Pst IIMse I primer pairs and indicated that the

number of AFLP bands and markers was not statistically associated with the AT or GC

content of the nucleotide extensions in the primers.

The fact that AT rich EcoR I and Pst I selective nucleotide primers produced

significantly more sex co-segregating markers than the GC rich primers indicates that the

papaya sex locus is possibly a AT rich region (Figure 3.7). In Alstroemeria aurea, De Jeu

and co-workers (1997) found that heterochromatic regions were related to AT rich

sequences. A more detailed description of the genomic structure of the papaya sex locus

will require studies involving in situ hybridization and sequence analyses.
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3.4.5 From linkage map to genes

Because the papaya genome is estimated to be 372 Mbp (Arumugannthan and Earle,

1991) and this genetic map covers a total length of3464.l eM, we calculate that on average

I cM of genetic distance (Kosambi mapping function) equals a physical distance of

O.IMbp. However, we recognize that the genetic and physical distances are not constant.

Both vary according to position along the chromosome as well as among different mapping

species and populations (Lukawitz et aI., 1996).

Cloning a particular gene on the basis of its mapped position will be easier if the

mapping resolution is high so that the genetic map interval is small (Lukowitz et aI., 2000).

It has been proposed in Arabidopsis that cloning of mapped candidate genes will be

considered if the resolution is less than 4 cM (Jander, 2002). We suggest that our present

linkage map, with an average interval of2.3 cM, could be used not only for QTL mapping

but also map-based cloning of genes, such as the fruit flesh color locus on Lg7, which is

flanked by two markers 3.4 and 3.7 cM away. However, this region would need to have a

much finer map based on larger populations before attempting to clone the gene. Likewise,

it appears that the papaya sex determination gene is located on a special chromosome

region with so little recombination that map-based cloning will be very difficult. The

paucity ofrecombination is reminiscent of the Arabidopsis GURKE gene that was mapped

close to the centromere of chromosome 1 (Torres-Ruiz et aI., 1996).
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CHAPTER 4

AFLP MARKER DISTRIBUTION AND DNA METHYLATION

4.1 Introduction

AFLP analysis, combining the restriction site recognition element ofRFLP with

the amplification aspects ofPCR, is a powerful and efficient technique for plant and animal

genetic analysis (Vuylsteke et aI., 1999; Myburg et aI., 2001). High-density AFLP maps

have been developed in Arabidopsis thaliana (Alonso-Blanco et aI., 1998; Peters et aI.,

2001), maize (Vllylsteke et aI., 1999), soybean (Keirn et aI., 1997), Petunia (Strommer et

aI., 2002), and many other plant species (Travis et aI., 1999; Wu et aI., 1999; Hoarall et aI.,

2001). Based on AFLP analysis, positional gene cloning (Ryals et aI., 1997), genomic

dissection (Young et aI., 1999; Mattheset aI., 2001; Sherman and Talbert, 2002), and

constructing integrated genetic and physical maps (Klein et aI., 2000) have been reported

in some plant species.

Methylation pattern is an important aspect of genomic dissection, because it is an

almost universal epigenetic modification of DNA in all organisms and is central to many

processes (Almashanll et aI., 2002; Sherman and Talbert, 2002). This epigenetic alteration

has become a center of scientific attraction since methylcytosine was found in genomic

DNA. In plants, about 25-32% of all cytosine residues are methylated in both CpG

dinucleotides and CpNpG trinllcleotides (Zhll et aI., 1994; Warner, 1996). DNA
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methylation regulates gene expression not only by changing chromatin structure, but also

by reducing accessibility oftranscription factors and as a binding cue for transcriptional

repressors, which cause gene silencing (Bird, 1986; Zhu et aI., 1994; Flavell, 1994; Davag

et aI., 1997; Jackson, 2002). It also plays a key role in transposition regulation and

maintaining genome stability (Cui and Fedoroff, 2002; Oakes et aI., 2003). Therefore, the

patterns of DNA methylation, which partition the genome into transcriptional active and

inactive regions, are an important feature of genome organization, (Oakes et aI., 2003).

DNA methylation status can be evaluated by several techniques (Fraga and Esteller,

2002). One of the most widely used methods is based on the differential digestion of DNA

with methylation- insensitive and sensitive restriction endonucleases (Cedar et aI., 1979;

Gruenbaum et al., 1981; Young et aI., 1999; Matthes et aI., 2001; Sherman and Talbert,

2002). The present study attempts to increase our understanding ofmethylation patterns in

the papaya genome based on use of the methylation-insensitive enzyme EcoR I, and

sensitive enzyme Pst I, particularly to characterize the region of the sex locus.

4.2 Materials and Methods

4.2.1 Papaya germination test

Three to five individual parental plants ofSunUp, Kapoho, and F I were selected to

provide three to six fruits each from which seeds were collected for germination tests to

evaluate possible translocations (Table 4.1). The total number ofseeds from each fruit were
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counted, then soaked in water. The percentage ofaborted seed (PAS) was recorded (pAS =

100 x number of floated seeds / total number of seeds in the fruit). The seed coat was

removed from the sunken seeds, and then about 100-250 seeds per fruit were randomly

selected and placed on four layers ofpaper towel in deep plastic trays that were covered

with aluminum foil to maintain a moisture status. The trays were placed in a 28·C incubator.

The germinated seeds were counted and removed at weekly intervals. The germination test

lasted about four months. The germination rate (OR) was calculated (OR = 100 x number

ofgerminated seeds / total seeds used for each fruit). The moist paper towel was replaced if

it turned black, since black seed extract affect the germination rate.

The data of PAS and OR were analyzed by ANaVA using SAS software Version

8.0.

Table 4.1 Samples used for germination test.

Generations
P l (Sunup)
P2(Kapoho)

4.2.2 Chi-square test

(See 3.2.2)

Plants tested
3
3
5

Fruits tested/tree
4-6
4-5
3-5

72

Total seeds tested/tree
1,000
1,000
1,000



4.2.3 Poisson distribution test

Marker distribution on our map was determined by counting the number ofAFLP

markers in a sliding lO-cM interval over the total length of each linkage group. The AFLP

marker distribution was analyzed using a Poisson distribution function P(x)=e·~J.!x/x!,

where J.! is the average number ofmarkers in a lO cM interval over the entire map and x is

the actual marl<er count in each interval. At any site where the number ofmarkers in the

interval was greater than, or equal to, the minimum upper limit number of markers of the

chi-square tested expectation, that site was designated as a cluster.

4.2.4 Marker distribution analysis

The distribution ofPst J/Mse I markers was compared to that of the EcoR J/Mse I

markers. If methylation was evenly distributed, the frequency ofPst J/Mse I markers in

each linkage group or on the sex locus would be expected to be equal to the frequency of

EcoR J/Mse I markers observed in the same group or region. Significant deviation from an

equal distribution would support the hypothesis of an alternate methylation status.

4.3 Results

4.3.1 Lengths oftbe linkage groups

Our mapping results (Figure 3.8) showed that the length of each linkage group that

corresponds to the nine chromosomes varied from 86.2 to 865.2 cM. Theoretically, the

three 'extra' linkage groups should eventually co-join the other nine groups and eliminate
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the big gaps that currently necessitate 12 linkage groups. The large differences in length of

the linkage groups might be due to real physical length and the nucleotide composition

difference of each chromosome, or it may be due to a chromosomal translocation during

meiosis.

Ifchromosomal translocation occurred, at last half of the seed might not be viable

(Klug and Cummings, 1994). The seed germination test we conducted indicated that the

percentage ofthe aborted seeds (PAS) and germination rate (OR) for the F1 was

approximately the same as that ofthe female parent, Kapoho, and apparently less than that

ofmale parent, SunUp (Table 4.1). The variance and coefficient ofvariance ofPAS and OR

for F1 were both smaller than those of the two parents. The analysis of variance showed

significant differences among the two parents and the F I population for PAS (Table 4.3).

However, there were no differences for OR (Table 4.4). AT-test revealed significant

differences for PAS between the two parents and between SunUp and Fh but there was no

statistical difference between Kapoho and F I for PAS (Table 4.5). In conclusion, these data

fail to support the hypothesis of a translocation event being the reason for the big linkage

groups.
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Table 4.2 Basic statistical parameters ofpapaya gennination test.

Populations
Kapoho
Sunup

Kapoho
Sunup

Variables
PAS
PAS
PAS
GR
GR
GR

Number
14
16
22
14
16
22

Means
14.24
26.33
14.40
2.64
4.19
2.16

Variances
26.60

125.37
8.73
9.29

88.30
5.25

CV
36.20
42.52
20.52

115.56
224.31
105.88

PAS: Percentage of the aborted seeds. GR: Germination rate. NO: Number

of observation. CV: Coefficient ofvariance.

Table 4.3 Analysis of variance for PAS.

Source
Model
Population
Trees/population
Error
Corrected total

DF Sum of square
10 2499.9467
2 1593.5237
8 906.4231

41 1503.3101
51 4003.2568

Mean square
249.9947
796.7618
113.3029
36.6661

F value
6.82

21.73
3.Q9

Pr>F
0.0001
0.0001
0.0081

Table 4.4 Analysis of variance for GR.

Source
Model
Population
Trees/population
Error
Corrected total

DF Sum of square
10 306.1686
2 39.4899
8 266.6787

41 1288.6275
51 1594.7962
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Mean square
30.6169
19.7450
33.3348
31.4299

Fvalue
0.97
0.63
1.06

Pr>F
0.4800
0.5386
0.4088



Table 4.5 T tests (LSD) for variable PAS.

Population
comparison

Sunup-F1

Sunup - Kapoho

Ft-Kapoho
Kapoho - Sunup
Kapoho-F1

Lower confidence
limit
7.917
7.610

-15.953
-4.030

-16.561
-4.332

Difference between
means
11.935
12.086

-11.935
0.151

-12.086
-0.151

Upper confidence
limit

15.953*
16.561*
-7.917*
4.332

-7.610*
4.030

4.3.2 Distribution of AFLP markers over the papaya genome

Under the assumption ofrandom marker distribution, the number of 10 cM

intervals containing a given number ofmarkers will follow a Poisson distribution. The

observed and expected number of frame markers/l0 cM interval for all the linkage groups

appears in Figure 4.1. Overall, the observed results deviated significantly from Poisson

expectations (X2=717.42 df=8, P<O.OOOI). The deviation mainly came from intervals

containing I, 7, and more than 8 markers.

A chi-square test confirmed that the mapped AFLP marlcers were not evenly

distributed throughout the linkage groups. Clustering was prevalent for all markers, frame

marlcers (co-segregating marlcers omitted), and only EcoR I frame markers in each group

analyzed (Table 4.6). Although Pst I frame markers distributed evenly when the chi-square

test included all the linkage groups, in Lgl (obs=5; exp=13) and Lg6 (obs=21; exp=ll)

they still significantly deviated from the expected number.
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Figure 4.1 The marker distribution of AFLP markers compared to that expected Poisson

distribution.

Table 4.6 AFLP marker distributions among the linkage groups.

Marker types
All the Markers

Frame markers
EcoRI-frame markers
PstI-frame markers
All the PstI markers

x2 Value
480.35***

27.51**
25.71 **
16.29
33.43***

Linkage groups
Lg1***, Lg3***, Lg4***, Lg5***, Lg8***,
Lg9**, Lgll *
Lg3*,Lg6***,Lg7*
Lg3**, Lg6**, Lg7*,
Lg1 *, Lg6**
Lg1 ***, Lg2*

Significant level at 0.5,0.1 and 0.01 indicated "*", "**,, and "***,, respectively.

Based on the total number of frame markers and the length of the linkage groups, 6

markers/interval would be the minimum upper limit for the number of markers that is

statistically different from the average of2.2 markers/10 eM (P=0.05). If the frame

markers are counted, 14 clusters were identified on 8 linkage groups; if the co-segregating

markers were included in the analysis, 59 clusters were identified on the 12 groups. The
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cluster covering the sex locus and containing 232 markers is the largest among the 59

clusters.

4.3.3 DNA methylation analysis

Ifany section of the genome is not methylated, the Pst I markers should occur in

every linkage group at the same frequency as the EeoR I markers. We calculated a

significant deviation from equal distribution ofthe Pst I markers observed in all the linkage

groups (Table 4.6). This deviation was mainly caused by Lgl (obs=28, exp=50) and Lg2

(obs=45, exp=58). These results suggest a higher level ofONA methylation for Lgl and

Lg2 compared to the level for the other 10 linkage groups.

The level of ONA methylation of the sex locus was evaluated by determining the

frequency of sex co-segregating markers derived from EeoR I (Mse I versus those from the

Pst IIMse I primer sets. A total of 16.2% ofthe 1307 mapped markers or 14.3% of all the

1479 polymorphic markers produced by EcoR I (Mse I primers co-segregated with sex

(Figure 4.2), while only 7.3% ofthe 206 mapped markers or 5.2% ofa11288 Pst I ( Mse I

markers co-segregated with sex. Thus, there were significantly fewer (P<O.O1) Pst I (Mse I

markers than EeaR I (Mse I markers associated with the sex locus. The lower level of sex

co-segregating markers generated by the methylation sensitive enzyme than by the

non-sensitive enzyme supports the hypothesis that the cytosine is highly methylated

around the sex locus.
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4.4 Discussion

4.4.1 Seed germination analysis

The cultivar SunUp is homozygous for the papaya ringspot virus coat protein

transgene, so the F1 hybrid between SunUp and the non-transgenic cultivar Kapoho is

hemizygous for the transgene (pitz et aI., 1997; Gaskill et aI., 1998; Ferreira et aI., 2002).

Transgene insertion into the genome has the potential to change the genomic structure. An

unbalanced chromosome could possibly produce an unusual cross over during segregation

ofthe chromosomes in meiosis. Our linkage map showed an extremely large linkage group

and suggests a possible translocation. However, our seed germination results failed to
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indicate any deleterious translocation. Therefore, more investigations in physical length

and compositional difference ofpapaya chromosomes are needed to reveal the reasons for

forming the large linkage groups.

4.4.2 Marker clusters

Analysis ofAFLP marker distribution revealed that the markers deviated

significantly from both chi-square and Poisson expectations. This confirms our

observation that the mapped AFLP maIkers do not appear evenly distributed on the genetic

map. Because greatly suppressed recombination would result in apparently tight clustering

ofmaIkers while high levels ofrecombination would exhibit widely dispersed markers, the

clusters found in our linkage map can be interpreted as possible chromosome structures. A

similar pattern has been reported for other plant species, such as tomato (Tanksley et aI.,

1992), Arabidopsis (Alonso-Blanco et aI., 1998), soybean (Young et aI., 1999), and maize

(Vuylsteke et aI., 1999). In these cases, marker clusters were frequently associated closely

with the chromosome centromere. Ifwe limit our analysis to only the frame markers,

papaya has only a few marker clusters that are present on only eight linkage groups. A

possible reason for this paucity of clusters in papaya compared to other plant species,

except for Arabodopsis, could be the small size of the papaya genome and greatly reduced

"junk" DNA in heterochromatin regions. Notably, if the co-segregating markers were

added to the analysis, the sex locus is the biggest cluster. This indicates that the sex locus is

particularly different from the other regions in our map.
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4.4.3 DNA methylation

Linkage group I, where the sex locus is located, appears to have a high level of

DNA methylation, as estimated by the deviation ofPst I marker distribution (Table 4.6). In

linkage group 1, the sex locus has an extremely low frequency ofPst I markers indicating a

high level ofmethylated cytosine. It has been reported in other plant species that a positive

correlation exists among marker clusters, centromeric regions, high levels of cytosine

methylation, and hertochromatic regions (Young et aI., 1999; Vuylsteke et aI., 1999). Our

analysis ofDNA methhylation is in accord with the marker cluster results. Since most

expressed genes are associated with hypo-methylated regions (Young et aI., 1999), our

results suggest that few active genes are located in the sex locus ofpapaya. These results

strongly support the hypothsis that Hofrneyr proposed thirty years ago (Hofrneyr, 1967).
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CHAPTER 5

FINE MAPPING AND CLONE SCREENING

5.11ntroduction

According to Truong et al. (1991), sexual reproduction is the only major

developmental phenomenon in common between plants and other organisms. The

developmentally regulated process of sex differentiation has been the topic ofmuch

research. In humans, the molecular events in sex determination have been described, and

many related genes such as the sex-determining region Y gene (SRY), Daxl gene have

been cloned and extensively studied (Berta et aI., 1990; Schafter, 1995; Swain et aI., 1998).

In animals, especially in Drosophila melanogaster (Chandra, 1985; Steinmann-Zwickyet

aI., 1990; Truong et aI., 1991; Salz, 1992; Sefton et aI., 2000; Waterbury et aI., 2000) and

Caenorhabditis elegans (Nusbaum and Meyer, 1989; Villeneuve and Meyer, 1990; Zhang

et aI., 1997; Nicoll et aI., 1997; Carmi et aI., 1998), more and more detailed regulation

hierarchy ofgenes controlling sex determination has been revealed recently.

In contrast with the large amount ofdata on animals, relatively little is known about

the genetic and molecular mechanisms controlling sex determination in plants. However,

the rapid advance in genetics and molecular biology has recently made it possible to reveal

the sex determination mechanism in plant species. Currently, three systems ofplant sex

determination have been established - the XY system or active Y, the X to autosome ratio
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(X:A) system, and an autosomal detenninant system (Westergaard, 1958; Dellaporta and

Calderon-Urrea, 1994; Grant et aI., 1994; Negrutiu et aI., 2001). In maize, many unlinked

loci affect the sex of flowers. Two of the sex determination genes TASSELSEED2 and

Anther earl have been cloned (Delong et aI., 1993; Bensen et aI., 1995). The genetic

hierarchy that regulates sex phenotype is beginning to emerge (Dellaporta and

Calderon-Urrea, 1994). In white campion, sex determination is strictly under the genetic

control of a dominant Y chromosome (Westergaard, 1958; Delichere et aI., 1999). At least

three loci are involved in sex determination of white campion (Farbos et aI., 1999;

Negrutiu et aI., 2001), and the first active gene, SIYl, has been cloned from the Y

chromosome (Delichere et aI., 1999). Many homeotic genes and their interaction to control

flower development have been discovered in Arabidopsis (Buchanan et al., 2000; Ng and

Yanofsky, 200 I; Pe!az et aI., 200 I).

Papaya is one of the more suitable plants to address the mechanisms of sex

detennination, because it is not only a polygamous species with all three sex forms, but

also genetically very close to Arabidopsis (Masood, 1999) with a small genome size

(Arumugannthan and Earle, 1991). Additional advantages include a short reproductive

cycle, continuous flowering throughout the year, large number of seeds per fruit, an

established genetic transformation system, available 13.7X genomic equivalent BAC

library, a high-resolution genetic map, and abundant sex linked AFLP, RAPD, and

microsatel1ite markers, and DAF (DNA amplification fingerprinting) (Manshardt and
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Drew, 1998; Somsri et aI., 1998; Ming et aI., 2001; Deputy et aI., 2002).

To facilitate future efforts using a positional cloning approach to clone papaya sex

detennination genes, the closest markers flanking the sex locus have to be identified. Fine

mapping can then be used to identify the closest marker to a targeted gene for cloning.

However, units of genetic recombination cannot be directly translated into distances in

base pairs (Tanksley et aI., 1995). Here we report the results of fine mapping based on a

papaya F2 population and BAC clone screening.

5.2 Materials and Methods

5.2.1 Fine mapping

Two sets ofFz plants derived from Kapoho and SunUp were planted at the Kunia

Experiment Station, Oahu, in 2000 and the Waialua Experiment Station, Kauai, in 200I.

Young leaf samples were collected from a total of991 individuals. Genomic DNA was

extracted and quantified following the procedure described in Chapter 3. Three sets of

SCAR primers were used for fine mapping (Table 5.1). PCR was perfonned with the PE

9600 GeneAmp system. The 25 JJ1 reaction mixture includes 150 f.lM ofeach dNTP, 1.5

mM MgCh, 2.5 J.d of 10xbuffer, 160 nM of each primer, I unit ofTaq polymerase

(Promega). The reaction conditions were 95°C for 5 min, then run 30 cycles of I min at 95

°c, I min at 45 to 65°C (depending on the primers), then 2 min at 72 °C followed by a final

extension of 7 min at 72 °c. The PCR products were separated by electrophoresis in 1.0 %
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agrarose gel and stained with ethidium bromide,

Table 5,1 SCAR Primers used in fme mapping and DNA hybridization,

Primer Types Sequences PCR product (bp)
s

T] Forward 5' -TGCTCTTGATATGCTCTCTG-3'
-1,300

T] Reverse 5' -TACCTTCGCTCACCTCTGCA-3'
T]2 Forward 5'-GGGTGTGTAGGCACTCTCCTT-3'

-800
T]2 Reverse 5'-GGGTGTGTAGCATGCATGATA-3'
WIl Forward 5' -eTGATGCGTGTGTGGCTCTA-3'

-800
WIl Reverse 5'-CTGATGCGTGATCATCTACT-3'

5.2.2 Probe preparation

Five AFLP markers were randomly selected and, after silver staining, excised from

the denaturing gels, The recovered AFLP fragments were cloned into pCR~ II- Tapa

vector (Invitrogen), Based on the sequenced DNA fragments (using Li-Cor IR2 Automated

DNA sequencer), the cleaved amplified polymorphic sequence (CAPS) primers were

developed, Both the AFLP markers and SCAR markers were PCR amplified, then

recovered by electrophoresis in a 1% agarose gel.

5.2.3 DNA and BAC Blot hybridization analysis

The DNA ofhermaphrodite and female young leaf samples ofKapoho, SunUp and

F I (Rainbow), together with a male (planted at Kunia Experiment Station in 2002) and a

hermaphrodite line (from Taiwan) were extracted, purified, and quantified, Five J.lg

genomic DNA was digested with £CoR I and Hind ill, respectively, The completely
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digested DNA was gel separated and transferred to Hybond-N+ membranes (Amersham)

for Southern hybridization.

Filters were placed in an individual box / Qtray to which was added enough

dissolved Hyb buffer (300ml of20xSSC; 50 ml of lOOxDenhardts; 25ml of 20% SDS; 50

ml of 50%DS04; 575 ml of ddH20) / BAC Hyb buffer (320 mil M NaHP04, pH 7.2; 224

m120% SDS; 1.2 ml 0.5 M EDTA; 94.8 ml ddHi») to just cover the filter. Boiled hsDNA

(I % volume of the buffer) was added and the filter incubated at 65°C and 50 rpm for 2 h

for the Southern filters or 4 h for the SAC filters. The buffer was changed and the BAC

filter had not been previously used was incubated for another 8 h.

For the Southern hybridization, 80 ng ofprnbes and 3 ng uncut Lambda were added

to each tube. For the SAC hybridization, only ISO ng of probes was added. The DNA was

denatured by placing the tubes in boiling water for 5 min, then placing them immediately

on ice for at least 2 min. After a quick spin, 12 ).II oflabeling solution and 2 1-11 Klenow was

added to each tube, followed by the addition of 1-2 j.il 32p to each tube. Tubes were mixed

well and placed in the 37°C hot block for I h. An equal amount ofOAN NaOH was added

to each tube that was then placed on the 95°C hot block for 5 min before being putting on

ice. The mixtures in each tube were pippeted to each box / Qtrayand incubated 18-24 h.

After incubation, all filters were transferred to a big box. The Southern filters were
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washed three times at 100 RPM and 65°C for 30 min (Wash 1: 0.IVof20X SSC, 0.005V

of20% SDS; Wash 2: 0.05V of20X SSC, 0.005Vml of20% SDS; Wash 3: 0.015V of20X

SSC, 0.005V of20% SDS). The BAC filters were washed two times each for 10 min with

the washing solution (0.025V of20X SSPE, 0.025V of20% SDS). The filters were

wrapped with HandiWrap and placed on top ofBlue Sensitive Autoradiographic film for

exposure following the exposure time in Table 5.2.

Table 5.2 Film exposure time for two screens

Count
(pm)

Time (h)

<500

158

500
-750
120

750
-1000

84

1000
-1500

48

1500
2000

24

2000 
3000

12

>3000

6

5,2.4 BAC DNA miniprep and digestion

Fifteen mL culture tubes were prepared with 5mL LB containing 12.5 Ilg/mL

chloramphenicol and incubated for 15 h at 37"C and 200 rpm. The culture tube was

centrifuged at 3000 rpm, 4°C for 15 min. The supernatant fluid was decanted and the pellet

suspended in 200 III of cold solution 1 (50 mM glucose, 25 mM Tris-HCI, pH 8.0, and 10

mM EDTA). The mixture was transferred to a microfuge tube and incubated for 5 min on

ice. Four hundred III offresh solution 2 (1.0 mL of20% SDS, 1.0 mL of4 N NaOH and 8.0

mL ddH20) was added and the tube inverted gently 8 to 10 times, then placed on ice for 5

min. Three hundred III of cold solution 3 (60 mL of5 M potassium acetate, 28.5 mL of

glacial acetic acid, 11.5 mL ofddH20, adjusted to pH 5.0 before autoclaving) was added to
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each tube and inverted gently 8 to 10 times. Tubes were placed in an -80°C freezer for 15

min, then removed to the bench at room temp for about 10 min. Tubes were centrifuged for

12 min at 12,000 rpm. The supernatant fluid was pippetted to a clean microfuge tube. Three

IJ,L of 10 nglJ.ll RNase was added and the tubes were incubated at 37°C for 30 min. Six

hundred J.lL of ice-cold isopropanol was added and gently mixed. Tubes were placed in an

-80°C for at least 20 min, and then centrifuged for 15 min at 12,000 rpm at 4°C. The

supernatant fluid was decanted and the pellet washed with 1 mL of ice cold 70% ethanol.

The washed DNA was centrifuged for 10 min and the ethanol was decanted. The DNA in

the tube was dried at room temperature and then 30 J.ll ofTE buffer was added to dissolve

the DNA.

The BAC was digested with Hind ill for 3 h. The reaction mixture consisted of 10

IJ,L ofBAC DNA, 3 IJ,L of lOX NEB buffer2, 8 units ofNEB Hind ill, and ddH20 to

achieve a total volume of 30 !JL.

5.3 Results

5.3.1 Fine mapping

Both SCAR primers Wl1 and T12. which amplify an about 800 bp product in

hermaphrodite and male plants but not in female, were used for fine mapping. The T I

SCAR primers, which produced a 1,300 bp fragment in all sex forms, were used as positive

controls. The first F2 population comprised 523 individuals; the second F2population 478
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individuals. There was no recombination between the sex locus and the markers for any of

the 991 samples (Figure 5.1 and 5.2). Therefore, these two markers are either very close to

sex determination genes or the recombination in the sex determination region is severely

suppressed.
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Figure 5.1 The segregation ofSCAR WII in a F2 population derived from Sunup and Kapoho. F, female;

H, Hennaphrodite.
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Figure 5.2 Fine mapping of the SCAR marker T I2 and WIJ with the sex locus.

5.3.2 Southern hybridization

The genomic DNA was complet~lydigested with Hindill and EeaR! to confirm

and test the distribution of the sex co-segregating markers (Figure 5.3). The Southern blot

was hybridized with five probes, CPSM80, CPSM82, CPSM84, CPSM86, CPSM90,

which were the PCR products of the AFLP CAPS primers, and with W11, T12, which are

PCR products of SCAR primers (Deputy et aI., 2002). The Southern blots showed that the

sex co-segregating markers were present as one to three repeat fragments (Figure 5.4).
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Figrue 5.3 Agarose gel of papaya genomic DNA digested with Hind ill and EcoR I. KP,

Kapoho; SU, Sunup; F, female; H, Hennaphrodite; MML, Hennaphrodite line (from

Taiwan).
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Figure 5.4 Hind ill and EcoR I digested papaya genomic DNA hybridized with AFLP

marker CPSM90 (Left panel) and SCAR marker W ll (Right panel). KP, Kapoho; SU,

Sunup; F, female; H, Hermaphrodite; MML, Hermaphrodite pure line (from Taiwan).

5.3.3 Sex locus related clone screening

An ultimate goal of our project would be to clone the sex determination genes so

that their function might be provided by complementation in papaya. Initially, the fine

mapped SCAR probe W II was used to initiate map based cloning. The BAC library was

screened with Wll ; 65 positive clones were found (Figure 5.5). Twenty-seven of the 65

positive clones were confirmed by amplifying the mini-preped BAC DNA with the W11

SCAR primers. The DNA of the 27 clones were digested with Hind ill, blotted to a filter,
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,

and labeled with PCR products ofWII primers. Finally, 4 positive BAC clones, 15k11,

05012, 35AOI and 05N124, were identified by Southern hybridization (Figure 5.6).

Figure 5.5 Papaya BAC library screened with WII SCAR marker (here part ofthe film was

presented).

Figure 5.6 Southern blot ofBAC clones dige ted with Hindlll and hybridized with CAR

markerWI1 .
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5.4 Discussion

5.4.1 Fine mapping

The T12 and Wll SCAR primers screened the F2 population and no recombination

was identified. This result provides supporting evidence that recombination around the sex

locus was highly suppressed. The previous studies showed recombination when a diverse

variety of dioecious and gynodioecious papaya cultivars were screened with T12 and W II

(Sondur et aI., 1996; Deputy et aI., 2002). The reasons that our results failed to support

previous studies are unknown, but they might come from the differences in mapping

population, techniques used in mapping (AFLP, RAPD), and components and conditions

used in PCR amplification.

5.4.2 DNA hybridization·

In plant species, the methylation of cytosine is mostly associated with repetitive

DNA where it contributes to the transcriptional inactivity ofany sequences within the

condensed chromatin (Jeu et aI., 1997; Yuan et aI., 2002). In addition, the centromeric

regions contain repetitive DNA that may be highly methylated with a recombinational

repression in all higher eukaryotes examined to date (Copenhaver et aI., 1999). Our results

in papaya are compatible with the hypothesis of methylation ofrepetitive elements.

Southern hybridizations indicated that the probes developed from sex co-segregating

markers are repeated one to three times in the papaya genome. This matches our results of

high-level DNA methylation and suppression ofrecombination near the sex locus.
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5.4.3 Sex determination in papaya

Athough cytological studies has not clearly identified the heteromorphic sex

chromosome in papaya (Storey, 1953; Westergaard, 1958), sex detennination has been

regarded to be ofXY system with active Y chromosome (Horovitz and Jiminez, 1967;

Grant et aI., 1994). The fact that all the sex related RAPD (Parasnis et aI., 2000; Urasaki et

aI., 2002; Deputy et aI, 2002), microsatellite (parasnis et aI., 1999), DAF (Somsri et aI.,

1998), and AFLP markers (in chapter 3) were hermaphrodite or male dominant, sex

reversal was frequently observed on hermaphrodite and male trees (Higgins and Holt 1914;

Hofineyr, 1953, 1967; Westergaard, 1958), and hennaphrodite specific BAC contigs were

constructed with an overall coverage of about 3Mbp (Liu et aI., 2003), indicated that

papaya sex detennination mechanism is much like some animals and other plant species

(Chandra, 1985; Berta et aI., 1990; Schafer, 1995; Guttman and Charlesworth, 1998; Swain

et aI., 1998; Farbos et aI., 1999; Delichece et aI., 1999; Negrutiu et aI., 2001).
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CHAPTER 6

CONCLUSIONS AND FUTURE PROSPECTS

The length ofEeoR IfPst I and Mse I primer extensions used in this study was

significantly related to the average number ofbands, but not to the number ofpolymorphic

markers. Based on our data, EeoR I-A** or EeoR 1-0** with Mse 1-**, and Pst I-A** with

Mse 1-*** primer pairs are recommended for further AFLP mapping project in papaya.

Apparently DNA methylation in the papaya genome allowed the EeoR I I Mse I primer

pairs to generate more polymorphic markers (X = 2.0) than the Pst I I Mse I primer pairs

(X = 1.2). In addition, the primers containing AT or OC selective nucleotide failed to

relate to the number ofAFLP markers derived from them, but AT rich selective nucleotide

primers produced significantly more sex co-segregating markers than the OC rich primers.

Therefore, the AT rich selective nucleotide primers are suggested if a research needs more

sex co-segregated AFLP markers.

A total of 1513 AFLP markers, plus the papaya ring spot virus coat protein marker,

morphological sex types, and fruit flesh color were mapped on 12 linkage groups at a LOD

score of5.0 and recombination frequency of0.25. The total length of the map is 3464.1 cM

with an average distance of2.3 eM between adjacent markers. Therefore, the density ofour

genetic linkage map is greater than the average level ofpublished genetic maps in major

crop species such as maize, sorghum, rice, tomato, wheat, rapeseed soybean and
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Arabidopsis (Table 2.1). We expected that this map could be used in extensive genomic

study in papaya.

The facts that the 227 AFLP markers co-segregated with the sex locus, in addition

to no recombination between the SCAR markers Wllff l2 and sex determination gene

within 991 F2 individuals, indicates a highly suppressed region on sex locus. Some positive

BAC clones (l5kll, 05012, 35AOI and 05N124) were identified within this region. The

AFLP and SCAR markers can be used for physical mapping of sex locus; the confirmed

positive clones will permit positional cloning strategy to clone the sex determination.

The papaya ring spot virus coat protein marker and fruit flesh color were mapped

on Lg7; each was flanked by markers at a genetic distance 00.7/4.7 and 3.4/3.7 eM

respectively. The markers close to the papaya ring spot virus coat protein gene will

facilitate further genomic studies on transgenic papaya, while the markers flanking flesh

color can be used for flesh color gene cloning.

The number ofmarkers per linkage group ranged from 27 to 414. The length of the

twelve linkage groups ranged from 86.2 to 865.2 eM. The large differences in length ofthe

linkage groups suggest the possibility of a translocation event. This hypothesis was tested

with the analysis ofpapaya percentage of aborted seed (PAS) and germination ratio (GR)

that the difference in length was not caused by translocation during meiosis.
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The AFLP markers were not evenly distributed, and the biggest cluster was fund

around the sex locus. PstI frame markers were distributed evenly on all except Lgi and

Lg6. The cluster ofmarker did not follow Poisson distribution with deviation mainly

coming from intervals containing I, 7 and more than 8 markers. Based on the analysis of

the markers generated from DNA methylation sensitive and non-senstive enzymes, it

appears that there is a high level ofDNA methylation in Lgl and LgZ comparing with the

other linkage groups. At the sex locus ofLgl, the lower level of sex co-segregating

markers generated by methylation sensitive enzyme than by non-senstive enzyme supports

the hypothesis that cytosine is highly methylated around the sex locus.

In addition, the results ofthis study are expected to be valuable for marker-assisted

selection, QTL mapping, comparative genomic research, and integration ofgenetic,

physical and cytomolecular maps in papaya.
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