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Abstract 

 

Papaya (Carica papaya L.) is a major fruit crop in tropical and subtropical regions worldwide. Papaya has three sex types, male, 

female, and hermaphrodite, and it is a model system for SunUp the evolution of plant sex chromosomes. Although the papaya 

genome has been sequenced, a systematic transcriptome analysis has not been performed. We report the generation of 75,847 raw 

sequences from Sanger sequencing of normalized cDNA libraries of the papaya cultivar SunUp prepared from 8 tissues collected 

from 14 developmental stages and the 3 sex types male, female and hermaphrodite. After trimming, processing and analysis, 16,362 

unique sequences were obtained. Functional classification and domain analysis of the collection of unique ESTs indicates there are 

several protein families with functional domain, gene regulatory network and signal transduction that are involved in a variety of 

developmental processes including sex differentiation. Comparison of the trioecious papaya transcriptome with that of monoecious 

plants revealed a unique sex related transcriptome profile. In addition, 106 unigenes were assigned to X/Y chromosomes. Functional 

annotation revealed sex development related biological processes in which these sex unigenes are involved. Extensive simple 

sequence repeats (SSR) and single nucleotide polymorphhism (SNP) were identified in papaya ESTs. These sequences will be useful 

for developing new molecular markers for genetic mapping, detecting allelic polymorphisms associated with phenotypic variations, 

and facilitating gene cloning for sex determination and agronomically important traits. 

 

Keywords: Papaya, Expressed Sequence Tags (ESTs), Comparative transcriptome, Sex determination, Molecular polymorphisms. 

Abbreviations: ESTs_Expressed Sequence Tags; HSY_Hermaphrodite-Specific region of the Yh chromosome; LGs_Link Groups; 

SSR_Simple Sequence Repeats; SNP_Single nucleotide polymorphism. 

 

Introduction 

 

Papaya (Carica papaya L.) ranks behind mango and pineapple 

as a major fruit crop in tropical and subtropical regions 

worldwide. Papaya has become a model system for plant 

genomic research of its relatively small genome size of 372Mb 

and completion of its draft genome sequence. The fact that 

papaya can produce fruit in as few as 9 months makes it a 

potential model organism for fruit tree crops (Ming et al., 2001). 

An added incentive for analysis of the papaya genome is the 

discovery that it has a pair of primitive sex chromosomes (Liu 

et al., 2004), which has commercial implications, as 

hermaphrodites have preferred agronomic characteristics.  

Large-scale sequencing and analysis of ESTs remain a 

fundamental part of genomic research to enable gene discovery, 

validation of genome annotation and functional molecular 

marker mining. EST sequencing projects have been completed 

or are under way for many plant species. These projects have 

provided useful tools for intragenomic comparisons (Schlueter 

et al., 2004) and intergenomic comparisons (Fulton et al., 2002), 

gene discovery (Ewing, 1999; Ronning et al., 2003; Hughes et 

al., 2004), molecular marker identification (Michalek et al., 

2002), and microarray development (Wisman et al., 2000; 

Kawasaki et al., 2001; Alba et al., 2004; Arpat et al., 2004; 

Close et al., 2004). A thorough description of the papaya 

transcriptome, involving a wide array of tissues and organs, 

would facilitate additional gene discovery for diverse 

applications related to agronomic traits and sex determination. 

The objective of this study was to produce extensive collections 

of EST sequences and cDNA clones for papaya genome 

annotation and to support the production of cDNA microarrays. 

In this paper, we report the sequencing and analysis of 75,847 

sequence reads obtained through Sanger sequencing of EST 

libraries generated from a variety of tissues, developmental 

stages, and sex types. Papaya unigenes were correlated with 

terms derived from the Gene Ontology (Gene Ontology 

Consortium 2001). Analyses of intragenomic and intergenomic 

comparisons were conducted against specialized databases to 

assign a functional annotation based upon similarities to 

identified protein domains. A set of protein families including 

putative transcription factors associated with sex and fruit 

development was identified. The present study represents a 
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systematic and comprehensive characterization of the 

transcriptome of trioecious papaya having nascent sex 

chromosomes and a comparative analysis of the papaya 

transcriptome with that of other higher plants. This papaya 

collection of ESTs constitutes an important resource for 

functional and evolutionary genomics of papaya and related 

species. 

 

Results  

 

Sequence analysis of the cDNA library 

 

A total of 75,847 trimmed EST papaya sequences were 

generated from whole-life-cycle normalized cDNA libraries by 

random sequencing of clones of the cDNA libraries. The cDNA 

libraries were constructed from the cultivar SunUp which is the 

same variety used for sequencing the draft genome (Ming et al., 

2008) and constructing and sequencing the sex chromosome 

physical map (Gschwend et al., 2012; Na et al., 2012; Wang et 

al., 2012). The cDNA libraries were normalized to reduce 

redundancy by subtraction using the ZAP-cDNA Synthesis kit 

(Stratagene, CA). Normalization and pooling strategies were 

used to increase the probability of identifying unique and 

diverse set transcripts. Clones were randomly picked and 

sequenced until library sequencing appeared to be saturated so 

there would be only a low probability of discovering a new 

mRNA due to the redundancy effect. These trimmed sequences 

were clustered and assembled into 9,080 contigs leaving 7,282 

singletons, yielding a total of 16,362 integrated unique 

sequences that varied in length from 101 to 2862bp, with an 

average length of 754bp (Supplementary Fig. 1). A total of 

15,064 (92.1%) of the 16,362 unigenes derived from expressed 

sequence tags (ESTs) matched sequences of the papaya draft 

genome (Ming et al., 2008), indicating high quality of our 

genome assembly.  

 

Functional annotation and classification of the ESTs 

 

Analysis of the 16,362 unisequences, by the tBLASTx program, 

revealed that 2954 (18.1%) of them had no match with 

non-redundant protein database (data not shown).The top five 

species which papaya unisequences closely match are Vitis 

vinifera, Ricinus communis, Populus trichocarpa, Arabidopsis 

lyrata, Arabidopsis thaliana (Supplementary Fig. 2). Sequence 

similarity and E-value distribution for whole ESTs collection in 

papaya transcriptome present general high similarity of papaya 

ESTs to those of other plants in public databases 

(Supplementary Fig. 3 and 4). This result should be expected as 

the ESTs in the present papaya study were from cDNA libraries 

constructed from a variety of tissues and organs across a range 

of developmental stages, including three sex type flowers both 

before and after meiosis. Thus, many of the novel ESTs may 

mainly represent tissue-specific genes or sex determination and 

differentiation related genes. Our set of unisequences was 

annotated by Blast2go tool (Götz et al., 2008), using similarity 

searches in nucleotide and protein databases, as well as in 

domain searches based on InterProScan. KEGG pathway and 

gene ontology terms were also assigned (Supplementary 

Table1,Supplementary Table 2, Supplementary Fig.5 and 

Supplementary Fig.6). In total, 12,526 (76.6%) of the 16,362 

unisequences were classified according to the Gene Ontology 

(GO) database (Ashburner et al., 2000; Gene Ontology 

Consortium 2001) (Supplementary Table 2). Of the 12,526 

unisequences, 8,061, 7,046 and 7,700 were classified by the 

GO terms (a) cellular components, (b) molecular functions, and 

(c) biological processes (Fig. 1). In category of molecular 

function, the largest set of genes (1,706) was assigned to the 

nucleotide binding category. Genes involved in protein kinase 

activity (596), transcription factor activity (377), and RNA 

binding (330) formed the second, the third, and the fourth 

largest groups, respectively. Plastid, mitochondrion, and plasma 

membrane formed the first, the second, and the third largest 

groups, respectively in gene category of cellular component. 

And the top three largest biological process groups are response 

to stress, protein modification process, response to abiotic 

stimulus, respectively (Fig. 1). 

 

Identification and characterization of protein family  

 

The unisequences were also analyzed for their protein domains 

through interPro protein domain database to assess assignment 

to characterized protein families, of which 1,093 protein 

domains were identified in 13,116 (8.3%) exemplar sequences 

(data not shown). Perhaps the number of identifiable domains 

was so small is because of incomplete gene sequences in the 

exemplars and most protein models were not based on plants. 

Even the model plant rice and A. thaliana were poorly 

represented in the exemplar sequences. The most abundant 

types of interPro transcriptional domains found in the 

collection of exemplar sequences were zinc finger protein 

family (ZnF), WD40-repeat protein family (WD40), 

helix-turn-helix transcription repressor (WHTH), and 

transcription factor GRAS (GRAS) (Fig. 2). These four types 

of domains constituted about 82% of those identified and are 

mostly related to gene transcription regulation functions. 

 

Features of transcriptome of papaya and comparative 

analysis of higher plants 

 

Biological annotation for the unique ESTs in papaya were 

inferred by the conserved homolog and GO annotation and 

were compared with those found in genomes of monoecious 

plants including Arabidopsis, cotton, poplar, pine, maize, and 

soybean. With the global genome-wide comparison of function 

annotation profile (Fig. 3 a, c, e) in papaya with these six plant 

genomes, we can identify specific functional elements and 

biological process involved in specific growth and development 

in different species. The wide divergence of gene distribution 

among different plant genomes Fig. 3(a, c, e) reflect the variety 

of different functional factors that these species possess. For 

example, papaya has higher proportion of genes involved in 

biological adhesion and rhythmic process than those in the 

other six genomes. Also, papaya has many more genes involved 

in growth and development and multi-organism and 

multicellular organismal processes compared all other genomes 

except that of Arabidopsis. Specifically, Arabidopsis showed 

considerable similarity with papaya on biological annotation 

profile than other plant genomes in this study (Fig. 3 a). This 

similarity might be expected since these two species are in the 

same order Brassicales and related more closely than to the 

other species. Particularly, exceptionally higher proportion of 

specific biological processes involved in sex determination and 

differentiation are identified in the unique trioecious papaya 

compared with the other species, all of which are 

hermaphrodites. These sex-related biological processes include 

meristem determinacy, meristem initiation and maintenance, 

pattern specification process, sexual reproduction, vegetative to 

reproductive phase transition, stem cell maintenance, 

fertilization, genetic transfer (Fig. 3 b, d, f). 

 

Mapping of the sequenced ESTs to sex chromosomes and 

autosomes  

 

A total of 15,064 (92.1%) of the 16,362 unigenes having sequence  
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Table 1. Distribution of the unisequences in the papaya genome. 

LG 1 2 3 4 5 6 7 8&10 9&11 
Unknown 

Location 

Unique EST # 1462 1600 1348 1194 1098 1636 1181 1187 1493 2865 

Percentage 8.94% 9.78% 8.24% 7.30% 6.71% 10.00% 7.22% 7.25% 9.12% 17.51 

Genetic 

Distance (cM) 
120.6 138.8 132.4 120.6 103.6 82.9 96.4 112.8 84.4  

Density 

(# per cM) 
12.1 11.5 10.2 9.9 10.6 19.7 12.3 10.5 17.7  

Total #  
12199 2865 

15064 

Total 

Percentage  

74.6% 17.5% 

92.1% 

 

 

a. 

 
b.  

 

 
c. 

 
 

 

Fig 1. Gene annotation distribution for whole ESTs collection in papaya transcriptome. Cellular component; b. Molecular function; c. 

Biological process. 

Cellular_component 

Molecular_function 

Biological_process 



453 

 

Table 2. ESTs statistics mapped to sex chromosome determination region HSY/X and autosome LG. 

Sex determination 

region 

HSY 

total 

HSY 

specific 

HSY-X 

shared 
X specific 

X 

total 
Autosomes Unmatched 

Unique EST # 104 31 73 6 79 

10737 1194 Percentage 0.64% 0.19% 0.45% 0.04% 0.48% 

Total # 183 

Total Percentage 1.12% 65.62% 7.30% 

 

 

homology with the draft genomic sequences of papaya variety 

SunUp matched the female draft genome with its XX sex 

chromosome (Table 1). Among these matches, 12199 (74.6%) 

were anchored and distributed throughout all papaya LGs 

(Table 1). 2865 sequences (17.5%) showed homology with 

papaya genomic sequences but they are not anchored to the 

integrated genetic and physical map (Yu et al., 2009). The most 

recently publishedgenetic map of papaya spans a total of 

1068.6 cM (Yu et al., 2009). Our present EST map covers 

1027.4cM or 96.1% of the papaya genome, and has a resolution 

of 10 EST sites per cM. The average density of EST sites 

differed among the chromosomes (Table 1). LG6 had the 

highest density of EST sites (19.7 sites/cM), and LGs 4 had the 

lowest density which is approximately half of LG6 (9.9 

sites/cM). This high density and annotation of the ESTs will 

greatly facilitate gene identification for isolation and the 

comparative study of gene evolution. One hundred and eighty 

three unique ESTs were anchored to the hermaphrodite- 

specific region of the Yh chromosome (HSY) and its X 

counterpart. We identified 104 unigenes mapped to the sex 

chromosome HSY region pseudomolecule based on the 

physical map (Na et al., 2012) of the SunUp hermaphrodite 

papaya (Table 2). 10737 UniESTs matched to autosomes only 

and were not included on the X and Y chromosomes. 

Approximately 1194 (7.3%) UniESTs showed no sequence 

homology with any papaya genomic sequences including those 

of the Y/X chromosome (Table 2).  

 
Characterization of sex determination associated ESTs in 

papaya 

 
The HSY and X counterpart ESTs encode several interesting 

targets with molecular function related to sex determination and 

flower differentiation including “protein binding”, “ser/Thr 

protein kinase activity”, “signal transducer”, and “transcription 

factors”(Fig. 4 c, Fig. 5 c). These molecular functions are 

consistent with and confirmed by biological process sets of 

HSY and X ESTs such as “floral meristem determinacy”, 

“negative regulation of flower development”, “regulation of 

transcription”, “maintenance of floral meristem identity”, 

“regulation of anatomical structure morphogenesis”, “flower 

whorl development”, etc. (Fig. 4 b and Fig. 5 b). In additiion, 

extensive genes involved in sex determination and 

differentiation were identified only in the HSY compared to the 

X (Fig. 6 b).Such expressed genic elements involved in the 

flowering process above, particularly in the HSY, are therefore 

interesting candidates for further cloning and function 

verification because they likely regulate sex determination and 

differentiation in papaya and may be indicative of sex 

chromosome evolution in higher plant. The proportion of HSY 

or X sequences in the categories related to sex determination 

and flower differentiation were greater than the categories 

formed by the classification of total genome unigenes by 

‘biological process’ (Fig. 6 b). This situation differs from the 

proportion of HSY or X sequences in the category ‘fruit 

development’ which was much smaller suggesting that the 

UniESTs set associated with HSY and X identified from 

normalized library in this study enhanced the discovery of new  
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Fig 2. The top categories of protein domains as identified by 

InterPro analysis of the transcriptome sequences. The total bar 

height indicates the number of exemplar sequences containing 

each domain. Categories with <8 members are not shown. 

 

 

sex determination and differentiation related genes and 

reinforce the value of using the normalized library-based EST 

sequencing approach for mining rarely expressed new genes. 

 

Functional molecular marker mining for application in 

breeding for agronomically important traits 

 

Identification and development of genic microsatellite (SSR) 

markers  

 

All 16,362 tentatively unique sequences (TUSs) were mined for 

the presence of SSRs using the MIcroSAtellite (MISA) tool 

(Thiel et al., 2003), which gave 5,424 SSRs at the frequency of 

1/2.3kb in coding regions in 3,774 TUSs (23.1%) (Table 3). 

1,110 ESTs contained more than one SSR and 1,039 SSRs were 

found as compound SSRs. In terms of distribution of different 

classes of SSRs, mononucleotide SSRs contributed to the 

largest proportion 3,749, (69.1%). Di- and tri- nucleotide SSRs 

was the second largest group and accounted for 991 (18.3%) 

while tri- nucleotide was the third largest group and accounted 

for SSRs 624 (11.5%). Only a limited number of SSRs of other 

classes were found. For instance, 33 tetrameric, 7 pentameric 

and 20 hexameric microsatellites were found. The most 

frequently occurring di-nucleotide motifs was AT (212), 

followed by CT (138) and AG (137). Among tri-nucleotides 

GAA, TCT and TTC were the top three highest SSR motifs. 
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   Table 3. Summary of SSRs identified from papaya ESTs. 

SSR mining results  No. 

Total number of TUSs examined: 16362 

Total size of examined sequences (bp): 12,332,907 

Total number of identified SSRs: 5424 

Number of SSR containing sequences: 3774 

Number of sequences containing more than 1 SSR: 1110 

Number of SSRs present in compound formation: 1039 

Frequency of SSR 1/2.3kb 

SSR Type  

Mono-nucleotide repeats 3749 

Di-nucleotide repeats 991 

Tri-nucleotide repeats 624 

Tetra-nucleotide repeats 33 

Penta-nucleotide repeats 7 

Hexa-nucleotide repeats 20 

Total 5424 
MISA, MIcroSAtellite; SSR, simple sequence repeats, TUS, tentative unique sequence. 

 

Single nucleotide polymorphism (SNP) mining  

 

Putative SNP were mined by using an integrated AutoSNP 

pipeline for large scale SNP discovery. The putative SNP 

occurred in a contig ≥5 ESTs from two or more genotype was 

considered for large scale SNP discovery to improve the 

reliability of SNPs identification. From 169 contigs containing 

SNPs, in silico analysis showed a total of 308 SNPs in total 

length 114,512 bp, with an average frequency of 1/372bp 

(Table 4). 

 

Discussion 

 

The whole-life-cycle papaya cDNA libraries were normalized 

to reduce redundancy by subtraction using the ZAP-cDNA 

Synthesis kit. This efficient technique includes a particularly 

important normalization step to enrich important transcripts 

expressed at much lower levels. So normalization and pooling 

strategies used in our study has the main advantage of 

increasing the probability of identifying unique and diverse set 

transcripts involved in comprehensive biological processes as 

shown in Fig. 1. For functional annotation and classification of 

the papaya ESTs by the tBLASTx, the top three species which 

papaya unisequences closely match are Vitis vinifera, Ricinus 

communis, Populus trichocarpa, not with papaya itself or to the 

Arabidopsis species, duo to the most abundant protein database 

of these three species in public non-redundant protein database 

used for tBLASTx. Our discovery of such large numbers of 

genes for functional categories including nucleotide binding, 

protein kinase activity, and transcription factor activity was 

somewhat of a surprise and indicates that considerable 

regulation network and signal transduction is appropriately 

involved in a variety of development regulatory process. Such 

regulation could be achieved via cell surface receptors that 

perceive external stimuli and respond by relaying a signal to 

within the cell. Kinases have been identified with the role of 

transduction of the signal from the cell membrane to the action 

site. These protein kinases are involved in protein 

phosphorylation and molecule binding regulation of other 

successive transducers in the signal transduction pathway 

(reference needed?). The extensive transcription factors 

identified in our study may be involved in triggering 

downstream genes and regulating various cellular functions. 

Exceptionally high predicted nucleotide/RNA binding function 

genes were identified in our study showing potentially related 

to concert development interaction process in papaya. These 

molecules may bind and interact with specific functional RNA, 

and then triggering locally or long-distance downstream target 

through intercellular or intracellular transport. These proteins 

regulate various specific biological functions in papaya 

including fruit development and sex determination and flower 

differentiation process. These findings are consistent with and 

extend that there is the complicated and concerted 

communication process involving multiple cellular pathways is  

responsible for growth and development process in papaya as 

in other species (Mahalingam et al., 2003; Zeng et al., 2006). 

These findings suggest that papaya has a highly developed 

signal transduction and regulation system and these genes can 

support traits needed for fruit development and sex 

determination in this important agronomically and scientifically 

relevant tree plant. Identification of the cis elements and the 

cognate related partner like transcription factors that bind to 

them during sex determination is the first step toward 

characterization of higher-order nucleoprotein complexes. 

Identification of knockouts mutants (deletion or site mutation) 

or construction of antisense lines for these transcription factor 

genes and the use of them for RNAseq next generation 

sequencing or for expression profiling with microarrays created 

from the sex chromosome differentially expressed cDNA 

collection will facilitate identification of the targets for these 

transcription factors. Additionally, extensive genes involved in 

sex determination and differentiation are specifically identified 

only in HSY compare with X (Fig. 6 b), which indicate that 

there is complicated and concerted regulatory process involving 

more factor and cellular pathways on HSY is responsible for 

sex determination compare with X counterpart in papaya. 

These findings suggest that Y has been evolved with a highly 

developed sex regulation system and these sex related factors 

on HSY can support traits needed for thriving in fluctuating and 

competitive environments. This pattern is consistent with the 

two Y types of male Y and hermaphrodite Y in papaya and 

nature of higher mutation frequency on male and 

hermaphrodite related phenotype compare with female, such as 

male to female sex reversal and peduncle length variation.  

Utilization of ESTs for large-scale gene discovery and marker 

development has been documented in many plant species. EST 

based markers have been developed because they can be used 

to assay the functional genetic variation compared to other 

classes of genetic markers (Varshney et al., 2005). The set 

tentative unique sequences (TUSs), based on ESTs generated in 

this study, were used for identification and development of 

molecular markers. This study mines a large set of genome 

wide new marker including SSR and single SNP markers for 

papaya. As these markers are derived directly from coding parts 

of the genome, they provide good opportunities to identify the 

‘perfect functional marker’ for traits of interest.  
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C) 

 

D) 

 

E) 

 

F) 

 

Fig 3. Comparative biological annotation of trioecious papaya transcriptome with monoecious plants. a, c, e. GO annotation 

comparison for papaya with Arabidopsis and cotton, popalar and pine as well as maize and soybean. b, d, f. Sex associated biological 

process in papaya compare with monoecious plants. Note that the y-axis in all the comparison histograms is displayed as log-scale. 
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Table 4. Summary of SNPs identified from papaya ESTs. 

Total number of contigs examined 9,080 

Number of contigs containing SNPs 169 

Total length of 169 contigs (bp) 114,512 

Total number of identified SNPs in 169 contigs 308 

Average SNP frequency 1/372bp 

 

 

a. 

 

b.  

c. 

 

 
 

 

 

Fig 4. Gene annotation distribution for HSY related ESTs collection on sex chromosome in papaya. a: Cellular component; 

b.Molecular function; c. Biological process. 
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a. 

 
b. 

 
c. 

 
 

 

Fig 5. Gene annotation distribution for ESTs collection related to X counrterpart of HSY in papaya.a: Cellular component; 

b.Molecular function; c. Biological process. 

 

EST-derived SSRs have been widely used in constructing 

high-density linkage maps, marker-trait association, diversity 

analysis, etc. in several crop species (Varshney et al., 2002). As 

transcripts are more highly conserved than nongenic sequence, 

they are useful in detecting the signature of divergent selection 

(Li et al., 2002). SNPs offer several advantages like 

high-throughput and cost effective genotyping (Varshney et al., 

2009a; Raju et al., 2010) and identification of functional 

markers for complex trait through linkage map development or 

association analysis (Rafalski et al., 2002; Moreno-Vazquez et 

al., 2003; Varshney et al., 2006), especially with the advances 

in next generation sequencing technologies which have made 

SNP discovery cheaper and faster (Varshney et al., 2009b). So 

SNP marker system is becoming very popular in recent times. 

The putative SNP occurred in a contig ≥5 ESTs from more than 

one genotype was considered for large scale SNP discovery to 

improve the reliability of SNPs identification by using pipeline 

AutoSNP (Barker et al., 2003).  Extended the repertoire of 

genic markers in our report will provide a high-throughput 

marker genotyping system for accelerating their use in genetics 

and breeding programs in papaya. Extensive genes involved in 

papaya transcriptome, as well as the unique transcriptome 

Cellular_component 

Molecular_function 

Biological_process 
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profile of the trioecious papaya compare with other 

hermaphroditic plants in our results suggest that papaya sex 

determination is the concerted process involving multiple 

cellular pathways controlled by a complicated gene regulatory 

network. Unfolding of the mechanism and the relationships of 

molecular events at system-level will be necessary for 

understanding this important concerted process. Our results 

have provided a rich framework and unified platform on which 

future genetic and functional studies can be based for papaya 

functional genomics research like fruit development and sex 

chromosome research. Combined with the information 

generated through various genome projects, it provides a basis 

and a prerequisite for understanding the precise process of the 

sex determination and evolution in higher plants and, ultimately, 

the detailed steps by which these genes direct specific process 

of sex determination. The next steps towards understanding sex 

biology are reconstructing sex association network using 

system approach as previously applied in other biological 

process (Zeng et al., 2007). When coupled with large-scale 

gene functional analysis studies, this will allow rapid functional 

definition of these key factors like sex determination genes 

which have the greatest potential in elucidating the network of 

sex determination. 

 

Materials and Methods 

 

Plant Materials 

 

Papaya cultivar SunUp (Carica papaya L.) plants were grown 

under natural field condition. 6 tissues (leaf, root, stem, flower, 

fruit, and seed) of SunUp papaya, including leaves from young 

seedlings and mature trees, roots from young seedlings, stem 

from young seedlings, flowers from female, male, and 

hermaphrodite plants before meiosis and after meiosis stage 

respectively, and fruits and seeds of 10 different stages from 7 

days after pollination to 100% ripe fruits (Supplementary Table 

3). 

 

Library construction 

 
The clones from a normalized whole-life-cycle cDNA library 

were used for obtaining EST sequences. This library was 

constructed by using all the tissues mentioned above 

(Supplementary Table 3). The cDNA libraries were constructed 

and normalized to reduce redundancy by subtraction using 

ZAP-cDNA Synthesis kit (Stratagene, CA). The normalization 

strategies were used to increase probability of identifying 

unique and diverse sets of transcripts especially for the rarely 

expressed genes. Clones were randomly picked and sequenced 

until library sequencing is saturated due to the redundancy 

effect. 

 

Sequencing and assembly of cDNA sequences 

 
The cDNA clones were sequenced from the 5’ ends. The 

sequences were trimmed by removing those that showed 

homology to sequences of cloning vectors, Escherichia coli, 

mitochondria and chloroplast contaminating sequences and 

those that were <100 bp by LUCY. Repeat sequences were 

masked by RepBase databases, TIGR Plant Repeat Databases 

and papaya repeat database. A total of 75,847 sequences 

trimmed were then clustered and assembled by PTA (paracel 

transcript assembler) package of Paracel Inc. (Huang et al., 

1996). The EST clusters were assembled into contigs by 

multiple-sequence alignment that generates a consensus 

sequence for each of the cluster. Clusters containing only one 

sequence were grouped as singletons. 

Annotation and genome-wide comparison of the ESTs 

 

Gene Ontology (GO) assignation and high-level functional 

category for UniESTs were performed based on Blast2Go 

function annotation system filtered by #seqs with cutoff=3.0 

(E-value < 1e_6) (Conesa et al., 2005; Götz et al., 2008), 

according to Gene Ontology (GO) (Gene Ontology Consortium 

2001), eukaryotic orthologous groups (KOGs), and KEGG 

metabolic pathways. For annotated papaya UniESTs, where 

possible, assigned predicted protein functions using a 

combination of sequence comparison with BlastP and domains 

identification with interProScan by Blast2Go tool (Conesa et al., 

2005; Götz et al., 2008). Large-scale genomics GO functional 

comparison for all of these related plant species were explored 

and plotted by program WEGO (Ye et al., 2006). Comparison 

histograms were displayed with GO items with significant 

relationship for the dataset compared base on Pearson 

Chi-Square test (Significance level is below the 0.05) at 

appropriate different levels. This process allowed assignment of 

unigenes to the GO functional categories of biological process, 

cellular component and molecular function. Distribution of 

unigenes was further investigated in terms of their assignment 

to sub-categories of the main GO categories. 

 

Protein family identification and analysis  

 

The exemplar sequences were analyzed for their protein 

domains to assess assignment to characterized protein families. 

Protein domains were predicted using InterProScan (Götz et al., 

2008) against integrated protein databases (PRINTS, Pfam, 

ProDom, PROSITE, SMART) with default set. The best 

InterProScan search hit and corresponding protein domains 

present in the exemplar sequences were determined for papaya 

uniESTs database protein family annotation. 

 

Mapping of ESTs 

 

The ESTs were mapped to the papaya HSY, X and autosomes 

using the BLASTN program by searching for homologous 

genomic sequences with known chromosomal locations (Ming 

et al., 2008; Yu et al., 2009) using a stringent criterion 

(sequence identity greater than 95% and E-value less than10-5) 

for sequence alignment.  

 

Genic microsatellite (SSR) identification and analysis 

 

A total of 16,362 unigenes were mined with a Perl script 

program, MISA (MIcroSAtellite) (Thiel et al., 2003) for 

identification of SSRs. MISA search provides information 

about the type and localization of each individual microsatellite. 

The SSR motifs, with repeat units more than five times in di-, 

tri-, tetra-, penta- and hexa- nucleotides were considered as 

SSR mining criteria in MISA script.  

 

Single nucleotide polymorphism (SNP) detection 

 

Putative SNP/indels were mined by using an integrated 

AutoSNP pipeline for large scale SNP discovery (Barker et al., 

2003). The pipeline utilized the CAP3 output files as input to 

detect SNPs/indels based on the nucleotide redundancy in the 

multiple sequence alignments. The AutoSNP pipeline generated 

text file includes contig ID, number of sequences in the contig 

ID, consensus length, number of SNPs and SNP frequency. The 

threshold for identification of SNPs was based on the number 

of sequences (≥5) in each consensus sequence and two or more 

sequences from different genotypes. 
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Fig 6. Biological annotation comparison of unique ESTs collection related to HSY, X and whole transcriptome in papaya. a. General 

GO annotation comparison for HSY, X and whole genome in papaya. b. Detailed biological process associated with sex 

determination condensed on HSY and X compare with genome in papaya. 

 

 

Accession numbers 

 

The GenBank accession numbers of the papaya ESTs are 

EX227656–EX303501 

 

Conclusion  

 

Our study has shown that papaya possess a unique 

developmental process associated with sex chromosome 

compare with monoecious plant species, which could be 

regulated by complex sex association network. The cDNA 

collection is composed of a broad repertoire of genes that are 

involved in a variety of growth and development process in 

papaya including a rich sets of candidate targets related to sex 

chromosome. This set of genes is an important resource for 

understanding the genetic interactions underlying sex 

determination signaling and regulation and will eventually 

contribute to papaya breeding improvement and elucidate sex 

chromosome. These results and ongoing sequencing projects 

for additional particular species from the closely related genus 

such as monoecious V. monoica, trioecious V. 

cundinamarcensis and other dioecious species promise to 

reveal a greater level of functional diversity in sex-associated 

factors and will also facilitate to unfold the evolution of 

eukaryotic sex chromosome.  
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