
UNIVERSITf OF HAVVAI'I LIBRARY 

DEVELOPMENT AND TESTING OF M1CROSATELLITE MARKERS FOR 

GENETIC MAPPING IN PAPAYA 

A THESIS SUBMITIED TO THE GRADUATE DIVISION OF THE UNIVERSITY 
OF HAW AI'I IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE 

DEGREE OF 

MASTER OF SCIENCE 

IN 

MOLECULAR BIOSCIENCES AND BIOENGINEERING 

AUGUST 2006 

By 
Moriah Rose Eustice 

Thesis Committee: 

Ray Ming, Chairperson 
Qingyi Yu 

Gernot Presting 
DuIai Borthakur 

PauIMoore 



We certify that we have read this thesis and that, in our opinion, it is satisfactory in scope 
and quality as a thesis for the degree of Master of Science in Molecular Bioscience 
and Bioengineering. 

THESIS COMMITIEE: 

hr'? 
thairperson 

ii 



ACKNOWLEDGEMENTS 

I would like to express my gratitude to my supervisors Drs. Qingyi Yu, Paul 

Moore, and Ray Ming for their guidance and support during the course of my graduate 

study. I am especially grateful to Dr. Ray Ming for giving me the opportunity to explore 

the field of molecular biology. I am also deeply appreciative to the other members of my 

committee, Drs. Gernot Presting and Dulal Borthakur, for their valuable insights and 

assistance. 

I would like to thank USDA T-STAR program at the University of Hawaii (UH) 

and the Hawaii Agriculture Research Center (HARC) for their financial support during 

my graduate study. I would also like to thank the staff at HARC and the Department of 

Molecular Biosciences and Bioengineering at UH for their help, kindness, and thoughtful 

suggestions. 

I am extremely grateful to the many wonderful colleagues I have had the 

opportunity to learn from and work with during the course of my studies. Specifically I 

would like to thank Olivia Veatch, Andrea Bias, Christine Ackerman, Meghan Jones, 

Rachel Skelton, Taesik Uhm, Chun Wan Jeffrey Lai, Aren Ewing and Thomas 

Wolfgruber. 

Finally, I would like to thank my family for continuous support, encouragement 

and belief in my capabilities. 

• 

iii 



ABSTRACT 

Microsatellites, or simple sequence repeats (SSRs), are tandem1y repeated mono­

to hexanucleotide DNA motifs. Due to their co-dominant nature, ability to detect high 

levels of allelic diversity and ubiquitous genome distribution, they are widely used as 

genetic markers for diversity analysis and mapping projects. SSRs are also thought to 

serve a functional purpose in coding (genic) regions, where they have recently received 

considerable attention due to their role in several human diseases. 

Genomic research on papaya (Carica papaya L.) has yielded significant quantities 

of sequence data, which can be used to efficiently and economically develop 

microsatellites. The present project mined 2S.1 Mb ofBES, 5.S Mb cDNA and 1.6 Mb 

random genomic sequences for SSRs. A total of939 SSR markers were identified with 

sufficient flanking sequences to design primers for peR amplification. Of these, 831 

produced acceptable amplicons (88.5%) with 444 displaying polymorphism (53.4%). 

Among seven parental varieties of five mapping populations tested, Kaek Dhom x 2H94 

had the highest level of polymorphism with 210 markers followed by UH928 x SunUp 

with 194. AU9x SunUp with 189, UH91S x SunUp with 177 and Kapoho x SunUp, with 

97, had the fewest. 

Dinucleotides were the most predominant motif class, accounting for 695 of the 

939 mined SSRs (74.0%). The repeat motif ATrrA alone accounted for 481 SSRs 

(51.2%). Differences were observed between the genomic and genic fractions in levels of 

polymorphism, motif class predominance and motif length, indicating different selection 

pressures acting on SSRsbetween these two regions. 

iv 



The availability of the SSRs developed in this study will greatly assist in the 

genetic and physical mapping of the papaya genome as weII as enhance the capacity for 

papaya improvement. 
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CHAPTER! 

INTRODUCTION 

Papaya is an important tropical and subtropical fruit crop. The fruit is usually 

eaten fresh and is a rich source of vitamins, minerals and carotenoids. Papaya is also 

grown for the milky latex, containing a mixture of proteolytic enzymes known as papain, 

that it produces. Papain is used extensively in manufacturing and for pharmaceutical 

purposes, such as the treatment of ulcers (Morton, 1987). 

Worldwide papaya is commercially grown in many countries, with 6.8 million 

tons of fruit being produced annually. Fruit production in the United States is primarily in 

Hawaii and Florida and accounts for 22,000 tons. In Hawaii, papaya ranks second only to 

pineapple in contributing to the states economy (USDA 2006). 

Papaya is the sole member of the genus Carica in the Caricaceae family and is 

only distantly related to other members of the family (Badillo 2000; Kim et al 2002). The 

reproductive isolation of papaya from the other Caricaceae has proven to be a significant 

barrier in breeding for agronomic improvement. When inter-generic crosses are 

attempted, the hybrid seed are generally non-viable or, if they do germinate, the resultant 

plants have low vigor. 

Breeding has placed special emphasis on disease resistance, as papaya is 

particularly vulnerable to viral and fungal diseases (ploetz et al. 1994. Singh 1990; 

Morton 1987). Diseases such as the papaya ringspot, caused by papaya ringspot virus 

(pRSV), have devastated papaya production in many countries and nearly wiped out 

1 



papaya production in Hawaii. The susceptibility of papaya to disease and the difficulty of 

producing viable inter-generic crosses has lead to the exploration of molecular biology 

tools to improve papaya. One notable result in the development of a PRSV -resistant line, 

SunUp, by a team of researchers in Hawaii (Gonsalves 1998). The transgenic hybrid 

variety Rainbow, derived from SunUp x Kapoho (Manshardt, 1998) is now produced 

widely in Hawaii and in domestic and overseas markets. 

SSRs are powerful molecular biology tools that have been used extensively for 

mapping, breeding and genetic analysis. They consist of one to six base pair (bp) tandem 

repeats and are found throughout all genomes, including prokaryotes, analyzed to date (Li 

et al 2004). SSRs have been found to have a high mutation mte sevem1 orders of 

magnitude higher than point mutations. Their ubiquitous distribution, high levels of 

polymorphism and co-dominant nature make them valuable markers for diversity analysis 

and genome mapping. 

Previously, use of SSRs was constrained by the labor-intensive sequencing that 

was needed prior to identifying and characterizing them. However, the recent availability 

of ever increasing amounts of sequence data has made SSRs the markers of choice as 

they can be simply mined from publicly available sequence databases. A major advantage 

of SSRs is that they are easily and economically characterized using polymerase chain 

reaction (PCR) and gel electrophoresis. Another advantage is that SSRs have high mtes 

of transferability, meaning that the results generated in one lab are able to be reproduced 

in other labs. The traits of ease, cost, and transferability make SSRs preferable to 

amplified fragment length polymorphism (AFLP), random amplification of polymorphic 
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DNA (RAPD), and restriction fragment length polymorphism (RFLP), that are all less 

transferable and more expensive and time-consuming to analyze and design. 

Recently, genetic research for papaya has produced a large amount of sequence 

data from BAC end sequencing (BES) and complementary DNA (cDNA) sequencing. 

These sequences provide a valuable resource from which to mine microsatellites. 

The SSRs developed here will be used for linkage map construction as well as 

quantitative trait loci (QTL) and gene tagging, which will greatly assist breeders in 

addition to providing insight into genome structure and function. 
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2.1 PAPAYA 

2.1.1 Uses and Importance 

CHAPTER 2 

LITERATURE REVIEW 

Papaya is widely cultivated in tropical and subtropical regions primarily for its 

sweet and nutritious fruit. The ripe fruit can be consumed fresh or used to make drinks, 

jam and nectar. The fruit is a fair source of iron and calcium. a good source of Vitamins 

A, B and G and an excellent source of Vitamin C (Morton 1987). Papaya fruit is also a 

valuable source of antioxidants (Murcia et al 2001) which have drawn considerable 

attention due to their involvement in the prevention of various cancers, age-re1ated 

macular degeneration and multiple sclerosis, among other diseases (Edge et alI997). 

Other parts of papaya are also commonly consumed, including the young leaves which 

can be cooked and eaten like spinach and the seeds which are used for their peppery 

flavor (Morton 1987). In traditional medicines, different parts of papaya have also found 

many uses for their antibiotic, anti-inflammatory and immuno-stimulatory activity 

(Mojica-Henshaw et al2003). 

Papain, the proteolytic enzymes contained in the milky, white latex secreted by 

papaya, is used commercially for a wide variety of purposes including; meat tenderizing, 

beer clarifying and in the treatment of wool and silk. Papain can also be used medicinally 

to aid digestion and treat ulcers (Morton 1987). 

Papaya accounts for 12.6% of tropical fruit production worldwide with 8.5 

million tons (MT). This level of production is only exceeded by mango with 24.3 MT and 

pineapple with 15.5 MT. In developing countries tropical fruits are important sources of 
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food security both in terms of nutrition and income. While 90% of papaya fruit is 

consumed domestically, the income generated from export can be significant: in 2004, 

trade of all tropical fruits generated just over $4 billion. Among all tropical fruits, papaya 

is projected to have the highest increase in demand through 2014 (FAOSTAT 2005). thus 

suggesting a strong future market 

Crop losses due to biotic and abiotic stresses can be significant, accounting for a 

31-42% loss of field production. Coupled with an additional 6-20% loss from post­

harvest treatment and shipping, the economic returns for crop production is highly 

volatile. Developing countries are particularly susceptible, as they may lack access to 

chemicals used in pesticide and fertilizer applications or lack the necessary infrastructure 

to ensure adequate transport of crops (FAOSTAT 2005). These limitations translate into a 

significant loss of productivity and income for those that need it the most 

The papaya industIy is vulnerable to a host of diseases and pathogens including; 

collar rots, damping off, anthracnose, mosaic virus and leaf curl diseases which cause 

considerable crop losses worldwide (Morton 1987, Ploetz et aI. 1994). Traditional 

breeding to produce resistance to biotic and abiotic stress in papaya is limited by its lack 

of native resistance genes, a well-developed genetic system, and its reproductive isolation 

from related species that do have genetic resistance. 

2.1.2 Taxonomy 

Papaya is the only species in the genus Carica, one of six genera in the family 

Caricaceae, with a likely origin in Central America. Other genera are V(Mconcella and 

Jacaratia from South America, Jarilla from Mexico and Guatemala, Horovitzia from 
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Mexico and Cy/iCQmorpha from Africa (Van Droogenbroeck et al2002). Recent 

evaluations of relatedness among the genera involving AFLP, RAPD and isozyme and 

RFLP markers show that Carica papaya is only distantly related to the other members of 

the family (Van Droogenbroeck et al2002, Jobin-Decor et al1997, Amdhya et alI999). 

An analysis of genetic diversity among selected Carica papaya cultivars using AFLP 

showed that the genetic diversity was small, only approximately 12%, a finding that does 

not match the high levels of phenotypic diversity observed in the field (Kim et al 2002). 

The genetic and reproductive isolation of Carica papaya has proven to be a 

barrier to traditional breeding attempts to incorporate genes of agronomical importance, 

such as resistance to viruses, into locally adapted cultivars. The offspring of inter-generic 

crosses are often sterile with drastic reductions in fitness levels, and without acceptable 

productivity and quality of fruit, thus they are generally not a viable means of obtaining 

resistance or improving agronomic traits such as increases in fruit sweetness and size. 

2.1.3 Botany 

C. papaya displays a high level of phenotypic variation in the field It is a 

perennial tree that typically grows from 6 to 9 meters in height with a hollow trunk that 

ranges from 30 to 40 centimeters in thickness at the base. The leaves emerge from the 

upper stem and have petioles that are long, hollow and succulent and a deeply-divided 

palmate blade consisting of 5 to 9 lobes that are irregular with prominent ribs and veins. 

Papaya is generally grown from seed, with most commercial seeds being derived 

from inbred selections. Papaya is dicotyledonous and polygamous with three sexual 

forms; male, female and hermaphrodite. Dioecious lines are open-pollinated and thus 
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display a higher level of phenotypic variability, which requires rigorous crossing 

procedures to limit changes to agronomically important traits. The gynodioecious lines 

generally self-pollinate and thus display a more uniform phenotype. The male and 

hermaphrodite are heterozygous dominant, the female is homozygous (Hofineyr 1938). 

For commercial purposes the hermaphrodite is preferred, due to its reproductive nature of 

self-pollination that increases the number of fruit bearing trees in the field and for the 

shape of its fruit, which allows more fruit to fit in packing boxes and thus reduces the 

packaging and shipping costs. 

Fruit is generally produced 9 to 12 months after germination and then the fruits 

continue to be produced throughout the year. In cultivated papaya varieties, fruit range in 

shape from oval, nearly round, pyriform to an elongated club-shape that can be 15 to 50 

centimeters long and 10 to 20 centimeters thick. The fruit can weight up to 9 kilograms. 

Naturalized varieties tend to have smaller fruits, ranging from 2.5 to 15 centimeters long 

(Morton 1987). The wild female plants produce golf ball-sized fruits that are musty and 

bitter (OECD 2005). 

The average hermaphrodite fruit produces 800 to 1200 seeds (Ming et al2001). 

The requirements for seed germination of wild type papaya are more stringent than for 

the cultivated varieties. Wild-type seed need strong light and steady temperatures to 

germinate, whereas cultivated seeds do not have these same requirements and germinate 

fairly easily (OECD 2005). 
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2.1.4 Moltl(:ular Genetic Advancements and Analysis 

Papaya is a diploid with 9 pairs of chromosomes and a relatively small genome of 

372 Mb (Arumuganathan and Earle 1991). Several major advancements have enhanced 

genetic research in papaya. Determining the sex of papaya before flowering is difficult 

yet commercial producers want fields of hermaphrodite trees. Typically, five or more 

seed are planted per mound, with the females being thinned after flowering. This 

agricultural practice can be costly and inefficient and, thus, has generated considerable 

interest in developing a means of producing or selecting the hermaphrodite sex among 

seedlings. Various genetic markers have been developed to test the sex of seedlings 

including microsatellites (parasnis 1999), and sequence characterized amplified region 

(SCAR) markers (Deputy et al 2002). The attempt to clone the sex determination gene 

based on its map position led to the discovery of a primitive Y chromosome in papaya 

(Liu et al 2004). 

An early genetic linkage map was constructed using RAPD markers, with 62 

markers mapped to 11 linkage groups compromising 999.2 centimorgans (cM) (Sondur et 

alI996). A later map consists of 1498 AFLP markers on 12 major linkage groups 

covering 3294.2 cM (Ma et al 2003). A BAC library was constructed from variety SunUp, 

with estimated genome coverage of 13.7x (Ming et al 2001). Existence oftbis library 

enabled the sequencing ofBAC ends. A total of 35,472 high quality BAC ends were 

sequenced (BES) and analyzed, accounting for 4.7% of the papaya genome. These efforts 

lead to establishing a publicly available database for papaya, which includes 

microsatellite, repetitive elements and gene content analysis ofBES (Lai et al2006). Five 

cDNA libraries were constructed from male, female and hermaphrodite flower buds at 
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the different developmental stages and these libraries were used for sequencing the 

expressed sequence tags (ESTs). Whole genome sequencing is currently underway using 

whole genome shotgun sequencing approach by the Hawaii Papaya Genome Consortium. 

An analysis of genetic diversity among selected Carica papaya cultivars using 

AFLP showed that there was limited genetic diversity, similar to other self-pollinated 

plant species such as Arabica coffee (Kim et al2002; Steiger et al 2002). Addition of 

markers that are highly polymorphic would assist in detailing the level of genetic 

diversity among closely related cultivars, as well as increase the density of the previous 

genetic maps, serving to anchor the physical map. Microsatellites have many advantages 

for these purposes and have gained favor as the markers of choice in recent years. 

2.2 MICROSATELLITES 

2.:U Uses and Importance 

SSRs, consisting oftandemly repeated sets ofnucleotides ranging from one to six 

bp in length, display high rates of polymorphism, co-dominance, genome-wide 

distribution, high transferability, and are rapidly and easily assayed using PCR and gel 

electrophoresis. These properties give SSRs many advantages over RFLP, AFLP and 

RAPD and have made them the markers of choice in a wide variety of genetic programs 

ranging from mapping to diversity analysis. SSRs have been used extensively in diversity 

studies (Xiao et al1996), pedigree analysis (Bowers et al1999), gene and QTL analysis 

(Blair and McCouch 1997) and for marker-assisted selection (Weising et alI99S). 

Initially, SSRs were considered to be .~" DNA and, thus, thought to serve no 

functional purpose. Recently, however, considerable interest has been generated in their 
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potential functionality, due to a number of human diseases that have been related to SSR 

mutations (Li et al 2004). 

2.2.2 Mutation Events 

Microsatellites are highly unstable regions of the genome that undergo frequent 

mutations involving the deletion or insertion of a repeat unit. SSRs mutate at a rate that is 

usually several orders of magnitude higher than mutation rates at other loci in the same 

genome (Eisen 1999). SSR mutations in E. coli have been found to occur at 10.2 events 

per locus per generation and at 104 to 10-s in Saccharomyces cerevisiae, as opposed to 

point mutations, which generally occur at a rate of 10-9 to 10-10 (Hancock 1999). 

Microsatellite mutation rates vary not only between species but also among loci of a 

given species. For example, in Drosophila SSR mutation rates were found to occur at a 

rate of 5 x 1 O~ (Vasquez et al2000) and in humans it was estimated to be from 10-2 to lO­

s mutations per locus per generation (Estoup and Comuet 1999). Factors other than 

species affecting the rate of mutation at microsatellite loci including sex (Brinkmann et al 

1998), composition oftlanking regions (Vowles and Amos 2004), degree of transcription 

in region of repeat units, repeat motif and chromosome positioning (Li et al2002). There 

have been conflicting reports on the effects of these different variables (Schlotterer 2000; 

Estoup and Comuet 1999), suggesting that the mutation process for microsatellites is 

dynamic. 

The high level of polymorphism for microsatellites is considered to be caused 

primarily by strand slippage during replication and unequal crossover. Strand slippage 

occurs when DNA polymerase pauses and temporarily dissociates from the DNA strand 
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Upon reassociation, a bubble C9nsisting of a repeat unit that has slipped out of register is 

created. Thus, the nascent strand gains a repeat unit, while the template strand does not 

(Sai et a11997; Viguera et a12001). Microsatellites are particularly prone to causing 

polymerase slippage due to the repetitive units, which reduce polymerase fidelity. In 

addition, certain repeat motifs have the tendency to self-complement or form secondary 

structures, leading to imperfect realignment (Eisen 1999). Under normal circumstances, 

such mispairing events would be corrected by the mismatch repair (MMR) machinery. 

However, tandemly repeated units have been experimentally shown to be missed 

frequendy by MMR, particularly longer microsatellites (Sia et a11997). This could, in 

part, explain the discrepancy in mutation rates that has been consistendy found between 

Class I and Class II repeats. Class I repeats are composed of SSRs that are ~20 bp and are 

considered to be hypervariable, whereas Class II repeats are composed of SSRs ~18 bp 

are considered to be moderately mutable, showing a lower mutation rate compared to 

Class L 

Unequal cross over is a second mechanism invoked to explain high mutation rates. 

The repetitious nature of microsatellites can cause two non-homologous chromosomes to 

align or two homologous chromosomes to imperfectly align, leading to recombination at 

these sites with either a gain or loss of repeat units (Eisen 1999). However, replication 

strand slippage is considered to be the primary cause of mutation. Evidence in suppon of 

this model is widespread. For instance, in E. coli it was found that strains with and 

without functional recombination systems had a similar mutation rate (Schlotterer 2000), 

whereas non-functioning MMR created a drastic increase in mutation levels (Li et a1 

2004). 
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Microsatellites are also prone to point mutations, which leads to imperfect repeats 

or compound repeats that are less polymorphic than perfect (unbroken) repeats. Thus, 

there appears to be a balance between unlimited expansion and pressure to constrain 

microsatellite growth (KrugIyak et alI99S). 

The high level of mutation rate leads to the high level of detectable genotypic 

polymorphism that has made microsatellites useful markers in mapping and genetic 

diversity analysis. 

2.2.3 Genetic Mapping 

Mapping of genomes is valuable in that it assists in the elucidation of gene 

function, regulation and expression. Additionally, mapping allows for comparative 

analysis and provides an overview of the structure of the genome to permit a greater 

understanding of function and organization. Mapping in crop plants also provides a 

means for understanding plant evolution (Hancock 2005) and is essential for plant 

breeders in an environment where selective breeding pressures have contributed to loss of 

genetic diversity and increased reproductive isolation. For plant breeders, genetic linkage 

maps are valuable in that they expedite the process of breeding and improve the breeder's 

ability to locate genes of agricultura1 importance with relative ease (Gupta and Varshney 

2000). Molecular markers have proven to be particu1arly valuable in pest resistance 

programs via marker assisted selection (MAS). MAS provides a means of generating 

cultivar diversification and pyramiding of genes, which leads to an increased level of 

resistance against often rapidly evolving pathogens and insects (Mohan et al 1997). 
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In the past, genetic maps were generated using morphological or isozyme markers. 

These early maps were limited by the relatively smail number of markers and the effect 

of environment on the expression of morphological traits. Molecular approaches allow 

polymorphism at the level of nucleotide sequence to be used as markers. RFLP, AFLP 

and RAPD are the most commonly used methods for generating markers. RFLP is limited 

as it is time consuming and labor intensive. AFLP, while based on the relatively easy use 

of PCR, is limited by the expense of generating detectable bands, as it requires silver 

staining, fluorescent dyes or radioactivity. RAPD is also PCR based but these markers are 

inherited in a dominant manner and thus are less informative than RFLP, which is co­

dominant. Additionally, RAPD has a notoriously low level of transferability (Mohan et al 

1997; Belaj et al2003). 

SSRs, on the other hand, are relatively cheap to amplify as they are PCR-based 

and can be detected using gel electrophoresis, making their amplification and detection 

easy and economical provided there is sufficient sequence data available to design the 

primers. They are also co-dominant, aIlowing the detection of both alleles without 

masking, as occurs with dominant markers like RAPD. SSRs are also highly transferable 

in that the results obtained in one laboratory can be reproduced efficiently ill a second 

laboratory. Further, the rate of polymorphism found with strand slippage is much higher 

than that found for single nucleotide mutations and insertion/deletion events, which are 

used to generate AFLP and RAPD markers (Belaj et al 2003). Thus, far more markers 

can be generated using SSRs, aIlowing for the creation of dense genetic maps. 

SSR-based maps have been developed for many species including several plants 

such as; Arabidopsis (Bell and Ecker 1994), bread wheat (Gao et al2004), chickpea 
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(Sethyet al2006), tall fescue (Saba et al 2004), maize (Sharopova et al 2002), garden pea 

(Loridon et al2005), oilseed mpe (Piquemal et al2005), rice (Temnykh et al2000; 

McCouch et al2002) and soybean (Cregan et alI999), among others. 

2.2.4 Genetic Diversity 

Analysis of genetic diversity provides the background on which to discover 

important genetic tmits. Understanding genetic diversity among populations has 

implications for many areas of research including evolutionary biology and conservation 

biology. Additionally, analysis of diversity between cultivated and wild plants allows for 

the potential elucidation of the function of unknown genes that may have agronomical 

significance (Vigouroux et al 2002). 

In order to accurately assess the use of markers for the purpose of genetic 

diversity analysis, the underlying means of mutation needs to be understood. Mutation 

mte and cause is a centml parameter that enables the relation between variability and 

history of a population or genomic region to be informatively analyzed. For this purpose, 

microsatellites are generally assumed to mutate under the stepwise mutation model 

(SMM) (Xu and Fu 2004). Under SMM, mutations at microsatellite alleles occur by the 

loss or gain of a single repeat unit, but can also account for the few instances where 

multiple units are lost or gained. A great deal of research supports the idea that SSRs 

predominately mutate via the loss or gain of a single repeat unit For example, in maize 

83% of dinucleotide mutations involve one repeat unit (Vigouroux et at 2002). However, 

it should be noted that this is an area of ongoing research (Estoup and Corouet 1999). 

14 



SMM suggests that the difference in repeat units between two alleles is related to 

their time since coalescence, such that historical information can be gleaned from intemal 

distance measures. Thus, the time since divergence can be inferred allowing for the 

elucidation of genetic distance (pemberton et aI 1999). The level of polymorphism and 

information content (as analyzed at the loci), can provide a means for determining the 

genetic relationships among species. 

Microsatellites have been used extensively for diversity analysis in plants 

including; avena (Li et aI 2000), chickpea (Sethy et aI 2006), cucumis (Danin-Poleg et aI 

2001), maize (Matsuoka et a12002), tomato (He et a12003) and wheat (Gupta and 

Varshney 2000). 

2.2.5 Genic MicrosateUites 

Increasing interest in the role of SSRs in the genic fraction has largely been 

generated by their activity in a number of human diseases including 15 neurological 

disorders, several cancers and Fragile X syndrome (Li et a12004). However, not all SSR­

associated mutation events are deleterious to the organism. Some may, in fact, playa 

pivotal role in adaptation. 

The implications for SSRs in the genic fraction are wide-ranging. The ability of 

an organism to adapt to environmental changes and stresses is crucial to survival but 

certain mutations or excessive mutations can compromise fitness. In this context, it has 

been suggested that 'mutator alleles', wherein higher levels of mutation are permitted 

without compromising fitness, may playa role in adaptive evolution (Taddei et a11997). 

This has lead to speculation that mutagenesis is not a random process, but is directed by 
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genetic elements to provide timely adaptation responses while limiting deleterious 

mutations (Metzgar and Wills 2000). 

Such genetic elements would necessarily possess certain characteristics. For 

example; they would need to be widely dispersed in the genome, have high rates of 

mutation, associate with genes as either coding components or transcription factors 

(Kashi et al1997) and associate with genes involved in stress response and regulation 

(van Belkum et al1998). 

As previously noted, SSRs are distributed widely in all genomes studied to date 

and display high levels of mutation. They generally occur at a frequency of 1 per 6.0 kb 

in a wide variety or organisms such as rice, barley, rye, sorghum, wheat (Varsbney et al 

2005) and human (Subramanian et al2003). In humans, SSRs account for 3% of the 

genome, nearly the same percent as protein coding regions (Subramanian et al2oo3; 

mGSC2001). 

Previous reports have found that the distributions of SSRs in the genic regions 

display unique characteristics not only from SSRs in the non-coding region but also 

within the genic region itself. The untranslated regions (UTRs) have a higher density of 

SSRs than the introns. The 5' and 3' UTRs also differ in biases of repeat type and length. 

In Arabidopsis it was found that the frequency of microsatellites in 500 bp upstream 

regions of genes was higher by 2.5- to 6.5-fold than in intergenic and coding fractions 

(Zhang et al2004; Fujimori et al2oo3). This finding suggests that SSRs are enriched in 

areas related to gene expression regulation. Further, the genes they were associated with 

were predominately involved in transcription, which is associated with adaptive 

responses (Zhang et al2004). 
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It has previously been demonstrated that mutations in SSRs in the 5' UTR affect 

transcription and/or translation while those in exonic regions can lead to inactivation or 

activation of genes, or production of truncated proteins. The 3' UTR associated SSRs 

may be involved in gene silencing (Varshney et a1200S; Li et a12004). Several studies, 

such as the expression of the waxy gene in rice, have confirmed that changing the length 

ofSSR repeats in the 5' UTR can significantly impact gene expression levels (Ayers et aI 

1997). Also, in the 5' UTRs, SSRs are associated with protein binding sites, which 

further support their role in transcription regulation (Li et aI 2004). 

Intriguingly, SSRs within different parts of the coding region were found to 

display different levels of polymorphism. Those in the 3' UTR had more variation at the 

cultivar level, those in the 5' UTR show more polymorphism between cultivars and 

species, and those within the exons were more polymorphic between species and genera 

(Varshney et aI 2005). 

ESTs that are associated with SSRs have a range of functions most often involved 

in key response genes including metabolism, disease signaling and transcription factors, 

suggesting that they have a role in gene evolution and metabolism (Li et aI 2004). In 

bacteria it has been found that SSRs play an important role in adaptive behavior, such 

that SSR variations are commonly related to pathogenesis and virulence (Li et al2004). 

In S. cerevisae it was found that trinucleotide motifs are preferentially located in open 

reading frames (ORFs) that are related to transcription and signal transduction. Further, 

they are located in nonessential regions of the proteins, so that their mutability might alter 

gene function without deleteriously disrupting protein activity. Their association with 

regulatory proteins also suggests that they playa role in evolution (Young et aI 2000). In 
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rice it was found that SSRs are significantly enriched in genes with Gene Ontology (GO) 

categories of DNA binding and response to stress (Lawson and Zhang 2006). 

In addition to rates of mutation that are 10,000 times more likely to occur than 

point mutations, SSRs also possess the unique ability to mutate back to their previous 

size (Metzgar and Wills 1999). Further, they can also be found in the coding segments of 

the MMR genes (Hancock 1999), the very elements responsible for correcting mutations 

in SSRs. This suggests that SSRs are highly dynamic within the genome and not 

evolutionarily neutral in the coding region. This data supports the idea that SSRs fulfil1 

the criteria of a genetic elements that would serve as • evolutionary tuning knobs', 

allowing organism to adapt to their environment as needed without negative impact on 

fitness or drastic genotypic changes. 

With the abundance of EST sequence data that has been produced for papaya, the 

opportunity to explore the role of SSRs in the genome is particularly attractive. 

2.3 Research Hypotheses 

Microsatellites are powerful molecular biology tools that have been used for a 

wide variety of applications and whose role in the gennme continues to be unraveled. The 

microsatellite markers generated in this study wil1 be used in the creation of a linkage 

map leading to the sequencing of the papaya genome. They wi\I also be used to locate 

genes of interest, particularly quantitative trait loci (QTL), of importsnt agricultural traits 

such as fruit size. Analysis of the levels of polymorphism present between different 

parental mapping populations wil1 further serve to elucidate the genetic variability 
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between the closely related varieties and give an idea of genetic distances and histories 

between the varieties. 

Although microsatellites have cIassica1ly been considered to be evolutionarily 

neutral, accumulating evidence suggests that, within the context of the genic fraction, 

they may playa pivotal role in evolutionary processes and response to environment 

By comparing and contrasting differences in the genomic and genic fraction 

between the types of microsatellite motifs present and their level of polymorphism. a 

better understanding of the different selection pressures on microsatellites in the genome 

will be gained. Further, due to these differences in selective pressure, a more complete 

picture of population evolution may be derived, accounting for the interacting complexity 

of naturaI and man-made pressures on plant genomes, such as dispersion and breeding for 

select traits. An assessment of the types of genes that microsatellites associate with will 

also serve to elucidate their potential role as evolutionary tuning knobs. 
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CBAPTER3 

MATERIALS AND MEmODS 

3.1 Plant Material and DNA Extraction 

A total of seven Carica papaya varieties including six parental varieties of five 

mapping populations; SunUp, AU9, Kapoho, 2H94, UH918 and UH928 as well as an FI 

cross ofKaek dhom x 2H94, were selected to screen for SSR polymorpbism. All varieties 

were genninated and planted at Kunia station, Oahu. 

SunUp, UH918, 2H94 and Kapoho are gynodioecious (hermaphrodite and 

female). AU9, UH928 and the FI are dioecious (male and female). SunUp is a transgenic 

cultivar derived from the Solo cultivar Sunset with PRSV resistance that produces a soft 

red-fleshed fruit. Kapoho is a Solo cultivar that produces a firm yellow fleshed fruit. 

UH918 and UH928 are both unimproved germplasm from different parts of Costa Rica. 

AU9 is an improved but unreleased Israeli variety. Kaek dhom is a cultivated Thai 

variety (Kim et 812002). 2H94 is a small fruit mutant selected from the segregating F2 

population derived from Kapoho x SunUp that has been selfed for four generations with a 

stable phenotype. Geograpbic origins of seed as well as mating systems are as listed in 

Table 3.1. 

Young leaf tissues were collected, lyophilized and ground to a fine powder. DNA 

was extracted using a method adapted from Tai and Tanksley (1990). Extracted DNA 

was purified using pel and run on gel electrophoresis to determine concentration. All 

samples were then standardized to a concentration of lOngl,...!. 
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Table 3.1 Papaya varieties, seed origin and mating system used to test for SSR 
polymorphism (adapted from Kim et al2002). 

Cultivars Seed 1_- .• 

n. 

u. _L -, 

... ..1! . Lines 

AU9 I. I. 

,,- . 1(' .. ~. 
'V<iU 

UH 918 (l- I. .R1ca 

UH928 ..I!!!!.Ell"! Costa Rip,. 

1-

ZH94 r- ~ I. 

3.2 Sequence Sources 

Three sources of sequence data were used for mining microsatellites. The first 

data set consisted of 1393 sequences from GenBank. Accession numbers CG680451 

through CG681045 were from Hawaii Agricultural Research Center (HARC) and 

accession number CG026197 through CG026996 were from The Institute of Genomic 

Research (TlGR). The second data set was derived from bacterial artificial chromosomes 

(BAC) ends generated at HARC and at the University of Hawaii at Manoa. BAC end 

sequencing (BES) resulted in 35,472 high quality sequences (Lai et.al2006). The third 

data set used was from cDNA libraries developed and sequenced at HARC. 

3.3 SSR MIning and PrImer Development 

Sequences obtained from GenBank, cDNA. and the first 120 BES were mined at 

HARC for SSRs using Microsatellite Analysis Server (MICAS), available at 
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http://21O.212.212.7IMIClindex.htmlfor SSRs with motif lengths ranging from di- to 

hexanucleotide. Primer pairs were designed using Primer3 (Rozen and Skaletsky 2000), 

available at http://fokker.wi.mitedU/cgi-binlprimer3/primer3 www.cgi. with the default 

criteria of: primer length of 18-27, an optimal length of 20 nucleotides, primer Tm of 57 -

60°C, with an optimal of 60°C, amplified PCR products sized between 100-300 bp and 

an optimal GC content of 40-60%. All other SSRs from BES were mined and the primers 

designed by Cbun Wan Jeffrey Lai at Dr. Gemot Presting's laboratory at University of 

Hawaii at Manoa using similar criteria with the exception of mining for mono- to tetra­

nucleotide repeats with a product size of 100-500 bp (Lai et al 2006). 

3.4 peR AmpUfication and Electrophoresis 

Primers were synthesized by Invitrogen and tested for amplification on the 

parental mapping populations. PCR reactions were performed in 96-well plates using 

GeneAmp PCR System 9700 (Applied Biosystems). Each 10-,1l reaction mixture 

contained 2-,11 of lOng/,ll concentration papaya genomic DNA, 0.7,11 of both the forward 

and reverse primers at 2ng/1l1 concentration, 0.8-1l12mM dNTP, 0.6-1l125mM MgCh, 

1.0-111 lOx PCR buffer, 0.08 units of Taq DNA polymerase and 4.12-111 diH20. 

The PCR conditions were: 3 min at 95°C, 35 cycles of 30 sec at 94°C, 20 sec at 

50°C, 30 sec at 72°C and 7 min at 72°C for final annealing. For primer pairs that did not 

display amplification after first testing, the initial annealing time was increased to 3 min. 

PCR products were run on Super 120 system (6mgel.com) with 4 % super fine resolution 

(SFR) agarose gels (Amresco) and stained with Ethidium Bromide. 
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3.5 Data Analysis 

For each microsatellite locus for AU9, Kapoho, UH918 and UH928, 

polymorphism was estimated by comparison with SunUp as the standard 2H94 was 

compared with the Fl (Kaek dhomx2H94 cross) for polymorphism. A binary matrix was 

used such that 1 represented polymorphism present and 0 represented no polymorphism 

and was scored manually. 
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4.1 Microsatellite Characteristics 

CHAPTER 4 

RESULTS 

A total of 939 microsatellites from BAC end sequences (BES), GenBank and a 

cDNA library were tested for polymorphism among seven parental varieties of five 

mapping populations. Of these, 831 amplified (88.5%) and 444 (53.4%) were 

polymorphic. 

4.1.1 Parental Variety Polymorphism 

Of 444 polymorphic markers the highest level of polymorphism was for Khak 

deum x 2H94 with 210 markers followed by UH928 x SunUp with 194, AU9 x SunUp 

with 189, UH918 with 177 and Kapoho x SunUp had the fewest with 97 (Table 4.1). 

4.1.2 Repeat Length 

SSR repeats are grouped into two classes, based on previously noted variance in 

the level of polymorphism due to length (see Microsatellites: Mutation Events). Class I 

repeats consist of SSR units that are ~O bp, and are considered to be hypervariable while 

Class IT repeats are ~18 bp and are considered to be moderately mutable (Temnkyh et aI 

2001; Pupko and Graur 1999). Of682 Class I SSRs 626 (91.8%) amplified and 372 

(59.4%) were polymorphic. Among 257 Class IT repeats 205 (79.8%) amplified and 72 

(35.1 %) were polymorphic (Table 4.2). 
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Repeats ranged in size from 20 to 90 bp. The most predominant repeat motif was 

20 bp with 144 followed by 22 bp with 109,24 bp with 106 and 40 bp with 47. The least 

abundant was 39, 44, 54 and 81 bp, which had one each (Figure 4.1). Certain motif 

lengths are not possible within the constraint of the repeat patterns. Repeat numbers 

would necessarily be multiples of two, three, four, five and six in this study as our sample 

set consisted of di- to hexanucleotide motifs. For example, repeats of 19,23 and 29 bp 

length are absent Further, certain repeat lengths would be overrepresented as they have 

multiple repeat types that yield the same number such that a 30 bp repeat could either be, 

for example, an (AT) repeated 15 times or an (ATT) repeated 10 times. 

Beyond the Class UClass n distinction for rate of polymorphism, there was a 

noticeable trend towards slight increase in the level of polymorphism with increasing 

length of the repeat (Figure 4.2). 

4.1.3 Motif Length 

Dinucleotides were the most predominant motif overa1l, accounting for 678 

(72.2%) of 939 repeats. Trinucleotides were the second most abundant with 172 (18.3%) 

representatives. Tetranucleotides accounted for 59 (6.3%), pentanucleotides for 7 (7.5%) 

and hexanucleotides for 3 (3.2%) (Table 4.2). 

4.1.4 Motif 

In describing motifs, circular permutations and complimentary strand nuc1eotides 

are included as one unit such that AG=GA=TC=CT. Thus, there are four possible 

dinucleotides, 10 possible trinucleotides and 130 possible tetranucleotides. ATffA was 
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by far the most common repeat with 481 (51.2%) representatives, followed by AG/GA 

with 176 (18.7%). 

4.2 Genomic Mierosatellites 

A total of 895 microsatellites from papaya BES and existing sequences in the 

GenBank were tested for polymorphism. Eighty of these microsatellites showed high 

levels of homology with mown ESTs, based on tBLASTx performed by Chun Wan 

Jeffrey Lai (Lai et al 2006) with a minimum E value of 10-4 and the additional criteria of 

80 bit, were placed into the genic SSR dataset Thus, 815 genomic SSR primer pairs were 

tested and analyzed for polymorphism and characteristics. Among the 815 genomic SSR 

primer pairs tested for polymorphism, 718 produced an amplified product (88.1 %) with 

387 displaying polymorphism (53.9%). 

4.2.1 Parental Variety Polymorphism 

Of the 387 genomic polymorphic markers, the highest level of polymorphism was 

between Kaek dhom x 2H94 with 172 followed by AU9 x SunUp with 167, UH928 x 

SunUp with 166, UH918 x SunUp with 154, and Kapoho x SunUp with 83, had the 

lowest (Table 4.1). The vast majority of markers showing polymorphism were shared by 

more than one variety, such that among SSRs unique to each there were 45 for· AU9, 39 

for UH928, 54 for 2H94, 32 for UH918, and 14 for Kapoho. 
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4.2.2 Repeat Length 

An initial 50 primer pairs from GenBank were designed for repeats varying from 

12 to 18 bp. Results from polymorphism tests confirmed the expected reduction in 

polymorphism between Class I and Class n repeats. Of the 219 Class n repeats, 171 

(78.1 %) amplified. Of these, 68 (39.8%) displayed polymorphism. Among 596 Class I 

repeats, 547 (91.8%) amplified and 319 (58.3%) displayed polymorphism (Table 4.3). As 

the primary objective of the study was to create a large number of polymorphic markers 

for the generation of a linkage map, we selected only SSRs with ~18 bp following these 

initial tests. Class n repeats with 18 bp were also included to increase the number of 

possible markers from the BES and to maintain consistency with the cDNA analysis, 

which included 18 bp due to limited amount of eDNA sequences available at the onset 

and the tendency of genic-associated microsatellites to be enriched at the lower repeat 

lengths (see: Genic Microsatellites). 

Class I repeats in the genomic fraction ranged in size from 20 bp to 90 bp. Of 596 

repeats, only 19 were above 40 bp. The most common repeat length was 20 bp with 126 

(21.1 %) followed by 24 bp with 92 (15.4%), 22 bp with 89 (14.9%), 26 bp with 47 (7.9%) 

and 40 bp with 44 (7.4%). The least common lengths were 39, 44, 54 and 90 bp with one 

each. 

4.2.3 Motif Length 

Among Class n repeats the most abundant length set was dinucleotides with 162 

(73.9%) followed by trinucleotides with 53 (24.2%). There were only four 

tetranucleotides (1.8%). Penta- and hexanucleotides were absent 
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Dinucleotides were again the most abundant for Class I repeats, with 453 (76.0%) 

followed bytrinucleotides with 90 (15.1%) and tetranucleotides with 46 (7.7%). Among 

the first 112 Class I primer sets that were mined for penta- and hexanucleotide repeats 

(see: Methods and Materials); there were 7 (6.3% of 112) pentanucleotides and no 

hexanuc1eotides. 

Overall, dinucleotides in the genomic fraction accounted for 615 (75.5%) 

followed bytrinucleotides with 143 (17.5%) and tetranucleotides with 50 (6.3%). There 

were only 7 pentanucleotide motifs and no hexanucleotides. The relatively low number of 

tetra- to pentanucelotide motifs and absence ofhexanucleotide motifs in the genomic 

fraction suggests that these repeats may be rare throughout the genomic fraction (Table 

4.3; Figure 4.3). 

4.2.4 Motif 

Among 615 dinucleotide motifs from Class I and Class IT, ATrrA predominated 

with 423 (68.8%), followed by AGrrC with 157 (25.5%) and ACrrG with 35 (5.7%). No 

CG/GC motifs were present (Figure 4.4). 

Among the 143 trinucleotide repeats, the most abundant was AAT/ATT with 65 

(45.5%), followed by AAG/CTT with 57 (39.9%). The other eight repeats types 

contained seven repeats or less. The GC-rich motifs were the rarest and CCG/GGC was 

completely absent (Figure 4.5). 

Of 130 possible tetranucleotide combinations, only 7 were present in 50 

tetranucleotides with AT -rich motifs accounting for 38 (76.0%). Only one motif 

containing G and C, CTGA, was present. The complete breakdown of motifs by length 
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and class with levels of polymorphism and amplification associated with each motifis 

shown in Table 4.3. 

4.3 Genic Microsatellites 

A total of 124 genic SSRs were tested for polymorphism, including 80 from BES 

that displayed high homology to ESTs in GenBank and 44 mined from cDNA (see: 

Methods and Materials). Of these 124 genic SSRs, 113 (91.1%) amplified with 57 

(50.4%) displayed polymorphism. 

4.3.1 Variety Polymorphism 

Among 57 polymorphic genic microsatellites, the highest level of polymorphism 

was for Khak deum x 2H94 with 38 followed by UH928 x SunUp with 28, UH918 x 

SunUp with 23, AU9 x SunUp with 22 and Kapoho x SunUp had the fewest with 14 

(Table 4.1). 

4.3.1 Repeat Length 

Class IT repeats consisted only of 18 bp for genic SSRs. Of38 Class IT repeats, 34 

(89.5%) amplified and 4 (11.8%) were polymorphic. 

There were 86 Class I repeats, ranging in size for 20 to 63 bp. Only four repeats 

were over 40 bp. The most abundant was 22 bp with 18 (20.9%), followed by 20 bp with 

16 (18.4%) and 24 bp with 15 (17.2%). Repeats of 34, 42, 46 and 48 bp were the least 

abundant with one each. Seventy nine Class I repeats (91.9%) amplified with 53 (67.1 %) 

displaying polymorphism. 
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4.3.3 Motif Length 

Among 38 Class II repeats, dinucleotides were the most abundant with 20 (52.6%) 

followed closely by trinucleotide repeats with 16 (42.1 %). No tetranucleotides were 

present Among 15 Class II repeats mined for penta- and hexanucleotide motifs (see: 

Methods and Materials) there were two hexanucleotide repeats (13.3% of 15) and no 

pentanucleotides. 

Among 86 Class I repeats, dinucleotides were again the most abundant with 60 

(69.8%) followed by trinucleotides with 16 (18.6%) and tetranucleotides with nine 

(10.5%). Among the 30 Class I repeats mined for penta- and hexanucleotide motifs there 

was one hexanucleotide (3.3% of 30) and no pentanucleotides. 

Overall, dinucleotides accounted for 80 (64.0%), trinucleotide accounted for 32 

(25.6%), tetranucleotides accounted for 9 (7.2%). Among the 45 sequences mined for 

penta- and hexanucleotides, hexanucleotides accounted for three (6.7% of 45). There 

were no pentanucleotides in the genic fraction (Figure 4.6). 

4.3.4 Motif 

Among 80 Class I and Class II dinucleotide motifs, ATffA predominated with 58 

(72.5%), followed by AGffC with 19 (23.8%) and ACffG with three (3.8%). There were 

no CG/GC repeats present (Figure 4.7). 

Among 32 Class I and Class II trinucleotides, 21 were AAGffCC (65.6%), 

followed by AATffTA with six (18.7%), AGTffCA with three (9.4%) ACGffOC with 

two (6.5%) and ACCffGG with one (3.1 %) (Figure 4.8).The nine tetranucleotide motifs 
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represented three out of130 categories. TATGI ATAC accounted for four (44.4%), 

ATTTITAAA accounted for two (22.2%) and AAAGlTTTC accounted for three (33.3%). 

Of the four hexanucleotides, three were CTITG-rich (75%) and one was AT-rich (25%). 

The complete breakdown of motifs by length and class with levels of polymorphism and 

median length associated with each motif is shown in Table 4.4. 

4.3.5 Protein Association 

Eighty-three DES and cDNA sequences showed high levels of homology to 

proteins with known functions from tBLASTx (see: Methods and Materials). 

Functionality was verified using TAIR (http://www.arabidopsis.orgD and independent 

literature searches. Sequences were divided between GO categories. Thirty-two were 

associated with stress response (abiotic), nine with defense (biotic stress), nine with 

protein degradation, eight with housekeeping, seven with signal transduction, seven with 

transcription factors, six with structural and five with growth regulation (Table 4.5). 

Due to the limitations of the available cDNA-derived and EST -associated SSRs, 

a complete overview of the representative numbers for each class was not possible at this 

time. Such information would provide a more accurate picture of the significance of the 

number of genes associated with SSRs in relation to their rate of occurrence in the whole 

genome. 
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Table 4.1. Summary of SSR polymorphism among parental varieties of five mapping populations. 

Parental Varlet) 
AU9xSunU KapohoxSunUD UH918xSunUp UH928xSunUp. 2H94xKhak dhom 

Repeat Type Repeat Motif Genic Genomic trotal Genic Genomic Total Genic Genomic Total Genic Genomic Total Genic Genomic Total 
ATrrA 13 91 104 7 39 46 12 76 88 16 69 105 19 81 100 
AGIGAlCTrrC 2 34 36 1 13 14 3 29 32 4 34 38 5 34 39 
ACiCAfTG/GT 1 5 6 2 7 9 0 8 8 0 8 8 1 9 10 
GC/CG 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

01· Totals 16 130 146 10 59 69 15 113 128 20 131 151 25 124 149 
MTrrTA 1 9 10 2 10 12 3 20 23 3 7 10 4 17 21 
MGrrTC 5 13 18 2 6 8 3 8 11 2 17 19 5 16 21 
MCrrTG 0 0 0 0 0 0 0 1 1 0 2 2 0 1 1 
AGCrrCG 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
ACGrrGC 0 2 2 0 1 1 0 1 1 0 0 0 0 0 0 
AGTrrCA 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
ACcrrGG 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
AGGrrCC 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 
ACTrrGA 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

TrI· Totals 6 22 28 4 17 21 6 30 36 5 26 31 9 35 44 
Tetra· 0 11 11 0 7 7 2 9 11 3 9 12 2 12 14 
Penta· 0 0 0 0 0 0 0 2 2 0 0 0 0 1 1 
Hexa· 0 0 0 0 0 0 0 0 0 0 0 0 2 0 2 

Totals 0 11 11 0 7 7 2 11 13 3 9 12 4 13 17 
Totals 22 167 189 14 83 97 23 154 1n - 28 166 'UM 38 m 210 ----

• 
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Table 4.2. SSRs in the papaya genome. Percent amplified and polymorphic SSR by class and motif (adapted from Mun et a12006). 

ATTrrTA 

TrI· 
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Figure 4.1 Distribution of repeat lengths for Class I microsatellites. 
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Figure 4.2 Level of polymorphism among Class I repeats by length. Repeat lengths 
with fewer than 10 representatives were not included. 
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Table 4.3 Genomic SSRs. Percent amplified and polymorphic SSR by class and motif (adapted from Mun et al 2006). 

Repeat 
Type Repeat Motif Tested Primer Pairs Amplification (%) Polymorphic %) 

Class 
Class I Class II Subtotal Class I Class II Subtotal Class I II Subtotal 

288 78 366 170 32 202 
ATfTA 319 104 423 (90.3) (75.0) (86.5) (59.0) (41.0) (55.2) 

104 35 139 9 73 
AG/GAlCTfTC 113 44 157 (92.0) (79.5) (88.5) 64 (61.5) (25.7) (52.5) 

19 12 31 8 17 
DI· ACiCAlTGlGT 21 14 35 (90.5) (85.7) (88.6) 9 (47.4) (66.7) (56.7) 

33 23 56 12 30 
MTmA 35 30 65 (94.3) (76.7) (86.2) 18 (54.5) (52.2) (53.6) 

41 12 53 6 32 
MGmC 41 16 57 (100) (75.0) (92.9) 26 (63.4) (50.0) (60.1) 

4 1 3 
McmG 3 2 5 2 (66.7) 2 (100) (80.0) 2 (100) (50.0) (75.0) 

5 2 2 
ACGfTGC 5 1 6 4 (80.0) 1 (100) (83.3) (50.0) 0 (40.0) 

6 1 
AGTfTCA 3 4 7 2 (66.7) 4 (100) (85.7) 1 (50.0) 0 _(16.7) 

2 1 
AGGfTCC 2 0 2 2 (100) nla (100) 1(50.0) nla (50.01 

1 
TrI· ACTfTGA 1 0 1 1 (100) nla (100) o (0) nla 0 

44 48 24 
Tetra· 46 4 50 (95.7) 4 (100) (98.0) 24 (54.5) 0 (50.0) 

7 2 
Penta· 7 0 7 7 (100) nla (100) 2 (28.6) nla (28.6) 

547 171 718 319 68 387 
Totals 596 219 815 (91.8) (78.1) (88.1) (58.3) (39.8) (53.9) 
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Table 4.4. Genic SSRs. Percent amplified and polymorphic by class and motif (adapted from Mun et a12006). 

Repeat 
TYD8 RaD88t Motif Tasted PrImer Pairs AmDllflcatlon {%I Polvmorohlc {%I 

CIaaa 
CIaaa I CIaaa II Subtotal Class I Class II Subtotal Class I II Subtotal 

40 13 53 29 2 
ATrrA 44 14 58 (oo.9) (92.91 191.41 172.51 115.41 31 158.51 

13 3 16 7 
7 143.81 AG/GAlCTrrC 14 5 19 192.91 (60.O1 184.2) {53.81 0 

1 3 1 
DI- AClCArrG/GT 2 1 3 2 (100) (100) (100) (50.0J 0 1 (33.3) 

2 6 4 
AATITTA 4 2 6 4 11001 11001 11001 11001 0 4 166.71 

11 8 19 8 1 
9 147.4) AAGITTC 12 9 21 191.7J (88.9) (90.5) 172.7) (12.5J 

AACITTG 0 0 0 nla nla nla nla nla nla 
2 2 

ACGrrGC 0 2 2 nla (100) (1 CO} nla nla nla 
3 3 

AGTrrCA 0 3 3 nla 11001 (100) nla 0 1 133.3\ 

AGGrrCC 0 0 0 nla nla nla nla nla nla 
TrI- ACTrrGA 0 0 0 nla nla nla nla nla nla 

8 3 
3 137.5) Tetra- 9 0 9 8188.9) nla (88.9) 137.5) nla 

2 3 1 1 2 
Hem- 1 2 3 1 (100) (100) (100) f100J (50.01 (66.7) 

79 34 113 53 4 
Totals 88 38 124 (91.9) (89.5) (91.1) (67.1) (11.8) 57 (50.4) 
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CHAPTER 5 

DISCUSSION AND CONCLUSIONS 

5.1 General Trends 

The level ofpolymotphism between different parental varieties is ~cative of the 

genetic distance among wild germplasm, improved but not released breeding lines, and 

commercial varieties. Generally, higher levels of polymorphism were observed between 

Sunup and wild germplasm, UH918 and UH928, while the lowest rate ofpolymotphism 

was between two Hawaiian Solo varieties from the same gene pool that have undergone 

more than 2S generations of inbreeding (Storey 1969). The implication for level of 

diversity is in agreement with a previous study of papaya germplasm using AFLP 

markers (Kim et aI. 2002). As with the AFLP analysis the rate of polymorphism between 

SunUp and dioecious UH928 was higher than between SunUp and gynodioecious UH918 

after surveying 939 SSR markers, in agreement with what was detected using 44S AFLP 

markers (186 polymorphic and 2S9 monomorphic) (Kim et a1. 2002). The current results 

increase reliability of these measures as twice as many markers were used to assess the 

polymorphism rate. Further, as dioecious varieties outcross, the increased genetic 

diversity would be expected over the gynodioecious UH918. 

The highest level of polymorphism was detected between a commercial Thai 

variety, Kaek dhom and a mutant plant 2H94 from Hawaiian Solo gene pool. This can 

be explained by greater genetic distance between Hawaiian Solo papaya and the unknown 

original germplasm from which Kaek dhom was derived. Kaek dhom was not included 

in the previous diversity study of papaya germplasm. AU9, the Israeli improved but 
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unreleased variety, bad the second highest level of polymorphism. AU9 is dioecious, 

which might account for some increase in polymorphism and is also produced in an 

unique environment as compared to the Costa Rica and Hawaiian varieties. The 

geographical dispersal thus may also explain some of the high levels of polymorphism 

found. 

Out of the 939 SSR markers tested, 108 (11.5%) were not amplified from any of 

the papaya varieties. It is believed that null alleles, in which there is no PCR product, are 

generally attributed to mutation in the binding site for a DNA primer or due to the primer 

site being too close to the microsatellite motif. Null alleles have previously been reported 

with a wide range of rates. For example, in wheat the range from 10% to 25% in different 

studies (Gupta and Varshoey 2000). 

Microsatellite loci are reported to have different rates of mutation based on 

several factors including length of repeats, motif length, repeat motif and various 

organism-specific factors such as sex and mating type. Overall comparison of our papaya 

microsatellite data with those from other organisms is complicated by experimental 

differences in the criteria set for SSR mining and the methods used for generating SSRs. 

For example, some reports include mononucleotides or exclude penta- and 

hexanucleotides, as for rice (McCouch et al 1997; McCouch et al 2002). Also, some 

reports will include imperfect (broken) and compound repeats (Katti et al2001), which 

were excluded here (see: Methods and Materials). Nevertheless, some general trends can 

be observed and comparisons with related species, such as other dicots like Arabidopsis, 

can be noted. 

41 



In most organisms, ranging from human to Arabidopsis, it has been found that 

frequency of repeats decreases exponentially with repeat length .The general tendency 

towards shorter repeats in genomes is attributed to the longer microsatellites displaying a 

tendency to accumulate point mutations, which act to limit their expansion and create 

imperfect (broken) or compound (close together) repeat units (Katti et al2001 This holds 

true also for the papaya genome. The majority of papaya repeats were below 40 bp, with 

911 of 939 being under 40 bp long (97.0%). However, this result may also be an artifact 

of using BES. High quality BES from papaya had an average size of 493 bp (Lai et aI 

2006), thus setting a limit on the availability oflonger length repeats that could be mined 

and have primer pairs designed for amplification purposes. The recent production of a 

significant amount of papaya shotgun sequences will give a more accurate picture of the 

overa1l trend in length for microsatellites throughout the genome. 

Longer repeats are also thought to be more prone to mutation events, as their 

longer length provides more opportunity for slippage and unequal crossover. The slight 

increase in levels of polymorphism found with SSRs in papaya associated with increasing 

lengths is in agreement with this theory. However, as so few longer repeats were 

available the data was somewhat limited due to sma1l numbers. 

Class I displayed a total polymorphism rate of 59.4% polymorphism and Class IT 

displayed a rate of 35.1 %. The differences between these classes has been well 

established previously and often sets the criteria for mining microsatellites for mapping 

purposes, with the hypervariable Class I repeats being the SSRs of choice (Mun et aI 

2006). 
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Overall, dinucleotides predominated in the genomic fraction accounted for 695 

(74.0%) followed bytrinucleotides with 175 (18.6%) and tetranucleotides with 59 (6.2%). 

The other motif lengths were relatively rare and hexanucleotides were completely absent. 

The paucity of penta- and hexanucleotides may, in part be due to their exclusion in 

mining the majority ofBES (see: Methods and Materials) or it may indicate that a 

negative selection pressure exists on repeat motifil longer than trinucleotides. The latter 

may, in fact, be the case as these repeats are reported as rare in many organisms including 

human, Drosophila, Arabidopsis, rice, Medicago tnmcatula and citrus (Katti et aI 2001; 

Cardle et aI 2000; Mun et aI 2006; Chen et aI 2006). Also, the abundance of dinucleotides, 

which most often tend to be of the A(x)u, variety has been attributed to point mutations 

occurring in poly A tails, and thns creates an over-abundance of this particular class 

(Varshneyet aI 2005). 

It has been noted by some authors that slippage rates are higher for dinucleotides 

than other classes (Kruglyak. et aI 1998). However, this is not necessarily an overall trend 

and others disagree (Eisen 1999). The data from papaya did not show an increase 

between the polymorphism level and motif class (Table 4.2) 

Repeat motifil show highly specific taxa and species characteristics. For example, 

the most common motif in humans and Drosophila in the genomic fraction is AClGT, 

which is relatively rare in plants. In rice, GClCG is very common, as it is for other 

monocots. However, in dicots, such as Arabidopsis, ATffA tends to be predominant and 

GC-rich repeats of any class are extremely rare (Mohan et aI 1997; Katti et aI 2001; 

Morgante et aI 2002). Papaya shows repeat preferences very similar to those reported for 

Arabidopsis. Overall, ATffA is the predominant dinucleotide motif and AATffTA is the 
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predominant trinucleotide motif. The near complete absence of CO/GC repeats in papaya 

has also been widely observed in many other organisms. With the exception of monocots, 

CO/GC repeats are extremely rare in most organisms. This is typically explained by the 

tendency of CpO islands to contribute to methylation that occurs in cytosine when 

associated with guanine. Further, GC tends to form highly stable secondary structures 

called hairpins, which might explain the lack of GC even in species that do not methylate, 

such as yeast (Mun et al 2006). Dinucleotide motif (GC)" was completely absent from the 

papaya genomic fraction and there were only five GC-rich motifs among the other classes. 

Thus, GC-rich motifs accounted for only 0.5% of the papaya SSRs, demonstrating 

selective pressure against this class of repeats. 

5.3 Genomic and Genic: Comparative Analysis 

The levels of polymorphism between varieties show some variation between the 

genomic and the genic fractions (Figure 5.1). The close relationship between the Solo 

cultivars SunUp and Kapoho is evident by the low level of polymorphism detected, both 

in the genomic and the genic fraction. The two unimproved varieties, UH918 and UH928, 

showed similar levels of polymorphism in the genomic and genic fraction. UH928, 

however, showed a slight increase in both fractions over UH918. UH918 is a 

gynodioecious, whereas UH928 is dioecious. The lower level of polymorphism between 

these two sex types in the genic fraction may, in part, be explained by the out crossing 

that would occur for the dioecious UH928 versus the selfing for gynodioecious UH918 

that would lead to a decrease in genetic variability. 
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The variety AU9 displayed a high level of polymorphism in the genomic fraction, 

nearly equivalent to the level of polymorphism found in the two unimproved varieties, 

but had the second lowest in the genic fraction. AU9 is an improved but unreleased 

variety bred in Israel. The high level of polymorphism in the genomic region may be an 

indication of speciation resulting from geographical diffusion, as AU9 is bred in an 

environment further removed from the Central American origins. AU9 is also a dioecious, 

which allows for out-crossing and thus an increase in genetic diversity compared to the 

gynodioecious SunUp. The lower level of polymorphism in the genic region may be an 

indication of selection pressures from breeding creating a bottleneck that particularly 

impacts the microsatellites in genic region. It has previously been noted that selective 

pressures of breeding can significantly reduce genetic diversity in the target genes or 

genomic regions while levels of genetic diversity in other regions may remain high 

(Vigouroux et aI 2002). 

Variety 2H94 is a unique case. It is a mutant with small fruit that shows across the 

board high levels of polymorphism. In the genomic and genic regions has the highest 

level of polymorphism. This suggests that the many phenotypic variations that took place 

show a strong correlation with many genotypic changes, impacting both the genic and 

genomic regions. 

The genomic and genic fractions displayed unique microsatellite characteristics 

that are consistent with differences in selective pressure acting on these two regions. 

Selection pressures in coding regions to maintain protein functionality create an area 

within the genome that is characterized by higher levels of sequence conservation, 

leading to an overall reduction in the rate of mutations (Varshney et aI 2005). If 
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microsatellites are highly mutable, one would expect to find far fewer in the coding 

regions and a reduction in their levels of polymorphism when compared to the genomic 

fraction. Papaya showed some consistency with different selective pressures acting on 

these two regions; the genic fraction of papaya microsatellites displayed a somewhat 

lower level of polymorphism (50.4%) than did the genomic (53.9%). However, for the 

Class IT genic microsatellites, the level of polymorphism was only 11.8% as opposed to 

39.8% for Class IT genomic SSRs. Class IT markers are abundant in the genic fraction, 

which is why those SSRs with 18 bp were included. In light of this, the reduced level of 

polymorphism in this region as compared to the genomic region as well as the abundance 

of Class IT, in general, indicates that there may well be selective pressures in this region 

limiting polymorphism and size of repeats. However, a larger dataset for genic region 

SSRs would be needed for accurate assessment of polymorphism and general trends in 

repeat size. Further, the nearly identical level of polymorphism may be due to the 

presence of 3' UTR and intronic sequences in the genic fraction. This idea is supported 

by the large number of dinucleotide and ATffA motifs present in this fraction (see 

below). 

Microsatellites in coding regions of papaya showed enrichment for tri- and 

hexanucleotides compared to genomic fraction. However, the percentage of dinucleotides, 

particularly {A'Dn was much higher than has previously been reported for coding regions. 

Analysis of repeats in humans and many other species have shown that SSRs that are 

multiples of three are predominantly enriched in exonic regions, often accounting for 

over 90%, as compared to intergenic regions (Subramanian et a12003; Katti et a12001; 

Zhang et a1 2004). The high percentage of dinucleotides in the papaya sample thus 
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suggests that there may be an ovenepresentation of intronic or 3' UTRs present in our 

sample. As both BES and cDNA sequences were used, this seems highly probable. If, 

however, these sequences were in exonic regions it is likely that the dinucleotides, in the 

context of a reading frame, would actually be hexanucleotides. In this case, (A T)9 would 

actually be (ATATAT)3' 

Differences between the motifs present in the genic and genomic fraction have 

previously been noted in other species. In Arabidopsis, there was a significant enrichment 

for AG-rich motifs in the genic fraction and enrichment for AT-rich motifs in the 

genomic fraction (Zhang et al2oo5). This trend, with the exception of the (A1Jn rich 

dinucleotides discussed above, was also noted for papaya (Figure 5.2). This lends further 

support to the hypothesis that the (A1Jn are likely to be associate with the intronic or 

UTRs. Trinucleotides, however, showed enrichment for AAG motifs (Figure 5.3), as 

would be expected in comparison with Arabidopsis. In general, it has been found that 

small hydrophilic repeats are more tolerated than other classes, as they would have the 

least impact on overall protein structure (Katti et al2oo1). In Arabidopsis, the most 

common amino acid associated repeat was for lysine (Zhang et a12004). Consistent with 

Arabidopsis, papaya showed a strong bias for trinucleotide repeats in the genic region 

towards AAG, which codes for lysine, a small hydrophilic repeat 

The majority of SSRs were associated with proteins involved in gene regulation 

and stress response (78.6%) (Table 4.4), as has previously been reported in many 

organisms including E. coli (Li et a12004), S. cerevisae (Young et aI 2000) and rice 

(Lawson and Zhang 2006). This suggests that microsatellites, due to their high levels of 

polymorphism, may indeed act as evolutionary tuning knobs for fine control of the 
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direction of evolution. For a more accurate picture, however, a complete assessment of 

gene categories within the entire genome would be necessary to understand if the high 

level of SSR -association with defense and stress genes is significant in the face of the 

level of specific genes occurring throughout the genome. 

Unfortunately, data on relationships between genotypic polymorphism and 

phenotypes is lacking, particularly in plants. Plants would prove to be a valuable model 

system in this case as genetic variability can often show having drastic phenotypic 

consequences and thus would provide a relatively simple way to determine the role of 

SSRs in the genome. 
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5.4 Conclusions and Prospects 

Papaya production is an essential component to agricultural and nutritional well­

being in many parts of the world Due to the copious amounts of potential offspring 

generated by each fruit, relatively short generation time, year-long fruit production and 

production of a large database of sequence data, papaya represents a potential fruit model 

system. 

The great phenotypic diversity found in papaya has not been recognized by the 

limited genetic diversity. Many variables have an impact on genetic diversity within 

populations. For example, geographical distribution, environmental conditions and 

mating systems can lead to genetic changes. For species that have been selected by 

humans for breeding, there is also the impact of breeding for traits of importance to 

humans such as large fruits, sweet taste or high yields. The selection criteria and 

traditional methods of breeding can create bottlenecks in which inbreeding and other 

artificial selection pressures drastically reduce the level of genetic variability and create 

reproductive isolation within domesticated species. Thus, paradoxically, success in 

breeding and selection can impose limits on the ability to continue to use the same 

traditional methods of breeding and selection. 

A lack of genetic diversity can, in the end, have a negative impact on fitness and 

the ability to adapt to new or evolving stresses. This leaves crop species particularly 

vulnerable to pest populations that are rapidly evolving tolerance to traditional methods 

of control, such as pesticides. This newly evolved resistance can lead to widespread crop 

losses and, in turn, negatively impact food security. This, coupled with the need to 
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increase productivity, has lead to the development and use of molecular techniques in 

order to increase genetic diversity, pest resistance and yield 

The analysis of regions displaying selection pressure can assist in the 

identification of genes that are agronomically important (Vigouroux et aI 2002). Thus, 

SSRs can serve as a starting point for relatively easy identification of genes of unknown 

function that may serve a crucial role for improvement of crop species. 

The development of SSRs markers and maps for papaya will also serve to 

elucidate several lines of inquiry into tree fruit features, such as fruit size and generation 

time, that may be important for improvement not only in papaya, but other species as 

well. The tools provided by molecular biology will greatly assist breeders, with important 

consequences, not only economically and ecologically but in terms of food security as 

well. 

There is a current program to sequence the papaya genome. When these 

sequences become available, they will not only aid in increasing the density of the papaya 

linkage map, but will also aid further analysis of SSR characteristics within the genome. 

A much more detailed analysis will then be possible. The inclusion of data on imperfect 

repeats, compound repeats and "seed" repeats (Class II) will further serve to illuminate 

the evolution of SSRs in the genome as well as their potential role. The SSRs generated 

may also serve as a starting ground for analysis of relationships between genotypic 

mutations in SSRs and phenotypic changes. With the availability of proteins associated 

with SSRs this area, which is severely lacking in plants and may prove to be very 

insightful, can be more fully explored The 939 markers generated here will be of great 

use in the creation of a linkage map, providing a powerful tool for analysis and breeding. 
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APPENDIX 



Table 4.5. Protein-associated SSRs: roles and references 
Name Role Reference Notes 

1 pbac-48B-A1l.t1 083.ab1 defense F~iwara et a12006 
2 pbac-9A·D09.t1 076.ab1 defense Brieri mildew defense 
3 pbac-98D-FOS.t1.FOS.scf defense RQio et a1 2004 I resnoDSe = cell death 
4 Dbac-3C-E08. vi 06S.ab1 defense TAIR 
5 pbac-3C-D12.y1 096.ab1 defense Shatters et a12004 insect defense 
6 PBAC-17C-H1l.Y1.Hll defense Rojo et a12004 (see above) 
7 pbac-27C-G10.y1 082.ab1 defense TAIR varies- role in resistance 
8 I pbac-29B-F07.y1 06l.ab1 defense Shatters et a12004 insect defense 
9 I Dbac-43D-H08.v1 074.ab1 defense Varet et a12002 induced accumulation 

10 pbac-34A-A09.y1 06S.ab1 devel on TAIR 
11 pbac-4A-GOS.t1 037.ab1 devel regulation TAIR 
12 pbac-8SD-B1l.t1.B1l.scf cleve on Oikawa et a12004 plant stature 

13 pbac-10C-C04.y1 023.ab1 development on Haga et a1200S siRDal transduction in phototropbism 
14 pbac-29C-H06.t1 OS7.abl development on TAIR 
15 Dbac-99C-E01. v1.E01.scf stress Nisbitmi 1997 cell wall on 
16 PY01003XID10.fl stress Creelman and Mulpuri 1999 multiPle environmental 
17 pbac-99A-D04.y1.D04.scf ho RenrnAD1I et a12004 
18 pbac-76A-D07.y1 OS8.ab1 TAIR 

LOPez-lara et a12oo1 
filtty acid synthesis (maybe involved in root 

19 I pbac-49B-E12.t1 097.ab1 ho nodulation) 
20 i pbac-27B-GOS.y1 037.ab1 housekeeping TAIR 
21 I pbac-27C-Hll.y1 094.ab1 ho TAIR 
22 I pbac-30A-D04.t1 03l.ab1 house Caillau et a1 2005 and secondary metabolism 
23 I pbac-3C-H06.t1 OS7.abl house biocvc.OJ'l! carbon recyclinl! 

24 PY01007X1A08.fl. house TAIR 
2S I pbac-28A-C06.y1 039.ab1 protein on Sanderfoot et a1 1998 I 
26 PBAC-40A-HOl.T1 013 on TAIR 
27 I pbac-1D-F03.y1 028.ab1 on TAIR 
28 Dbac-31B-E10.v1 081.ab1 I protein on TAIR 
29 pbac-46A-A10.t1 07l.ab1 I protein on TAIR 



Table 4.5. (Continued) Protein-associated SSRs: roles and references. 
30 pbac-47C-H03.t1 029.abl orotein on TAIR 
31 PY0100IX1D04.fl protein on TAIR 
32 PYO 1 003XIAI O.fl orotein on TAIR 
33 PY03003XIGl2.fl orotein on TAIR 
34 pbac-63B-A08.yl OS3.abl siI!Dal transduction ReymondandFarmer 1998 
3S pbac-7A-E09.vl 069.abl sie:na1 transduction TAIR 
36 PBAC-S9C-A02.Yl.A02 signa! transduction Assmann 2002 
37 PBAC-2B-B08.Tl 063 signal transduction TAIR 
38 pbac-41A-G09.yl 068.abl sie:na1 transduction TAIR 
39 pbac-17A-EOS.yl 036.abl sie:na1 transduction TAIR 
40 PV01002XIGI0.fl sie:na1 transduction TAIR 
41 pbac-l00D-HI0.t1.H10.scC stress Lehfeldt et al 2000 phenvlDr01l8lloid metabolism 
42 pbac-26C-FOS.yl 044.abl stress TAIR 
43 pbac-29D-CIO.yl 070.abl stress TAIR I plant deCense/radica1s 
44 pbac-31B-F09.t1 077.abl stress Bittner et al2001 
4S pbac-89AOS 024.ab 1 stress TAIR 
46 pbac-99A-All.vl.All.scf stress TAIR 
47 pbac-S9D-FI0.vl.F10.scf stress Eckardt 200 1 remove toxins from cytoplasm 
48 pbac-44A-BI2yl 095.abl stress TAIR I plant disease resistance 

49 pbac-29C-B09.t1 07S.abl stress TAIR 
50 pbac-21C-F01.t1.F01.scf stress Leyseretall996 envilonmeilial 
51 PBAC-59C-A04.Yl.A04 stress Guo et al 1998 oxidative defense and si 
52 PBAC-4OC-F03.Yl 028 stress TAIR 
53 pbac-6B-Bll.yl 091.abl stress TAIR 
54 pbac-26A-A08.vl 055.abl stress TAIR 
55 pbac-4SD-A09.tl 067.abl stress TAIR 
56 pbac-16A-A03.yl 018.abl stress TAIR 
57 pbac-I7D-G07.t1 054.abl stress TAIR 
58 pbac-29C-All.yl 083.abl stress TAIR 
59 pbac-27B-E08.tl 065.abl stress TAIR 
60 pbac-61D-HI2.vl 102.abl stress TAIR 

(, ' 



Table 4.5. (Continued) Protein-associated SSRs: roles and references. 
61 pbac-43D-E02.tl OOS.OOI 
62 pbac-63B-F02.yl 015.abl 
63 pbac-28A-B03.tl 026.abl 
64 pbac-I6B-H07.yl 062.001 
65 pBAC-lSB-EOS.yl.E08.OOI 
66 pBAC·18B-HI0.tl.HI0.ab1 
67 PYOl003XIB02.fl 
68 PYOI011XIB07.fl 
69 PYOI024XlD08.fl 
70 PYOl006XIEI2.fl 
71 pbac-19A-A02.tl.A02.OOI 
72 pbac-52·H08.yl.H08.scf 
73 pbac-l0C-G06.tl 049.abl 
74 pbac-45D-D09.tl 076.001 
75 PYOlOO5XIHl1.fl 
76 pbac-25A·Hll.tl 094.abl 
77 pbac43B-A04.yl 021.001 
78 pbac-7A-FI0.vl 089.abl 
79 PYOI021XlE03.fl 
80 PY03006XlH07.fl 
SI pbac-27A-D08.Yl 064.001 
S2 PYOl008XlG05.fl 
83 PBAC·5SA-E02.Y1.E02 

stress 
stress 
stress 
stress 
stress 
stress 
stress 
stress 
stress 
stressIllWwth rel!lllation 
strw:tmal 
strw:tmal 
strw:tmal 
strw:tmal 
strw:tmal 
strw:tmal (possibl 

· . on 
· . on 
· . 
· . 
· . 
· . n 

translation 

TAIR. 
TAIR. 
TAIR. 
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TAIR. 
TAIR. 
TAIR. 
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TAIR. 
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