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           Introduction 

 Thomas ( 1971 ) fi rst suggested that the lack of correlation between genome size and 
structural complexity is mainly due to the accumulation of repetitive sequences by 
coining the term C-value paradox. Since then, genomes have been proved to actively 
expand by means of several mechanisms including polyploidization, transposition, 
and duplication. Today, it is well known that animal, among them mice and humans, 
and plant genomes, including such agriculturally important plants as rice, corn, or 
wheat, have acquired a repertoire of repetitive elements accounting for the vast 
majority of nuclear DNA in many cases (Kubis et al.  1998 ). 

 Three main classes of repetitive sequences are considered: transposable elements 
(TEs), tandem repeats (TRs), and high copy number genes. On the one hand, TEs 
constitute the most abundant component of many plant genomes, ranging from 40 
up to 80 % of total genomic DNA (Bennetzen et al.  2005 ). TEs can be further 
divided into DNA-mediated class II transposons and RNA-mediated class I ret-
rotransposons. DNA transposons were fi rst described by Barbara McClintock as 
genetic elements capable of transposing to different chromosomal locations in 
maize plants ( 1950 ) and today are known to constitute an important family of TEs 
in plants (Jiang et al.  2003 ). The most common TEs in plants though are LTR 
retrotransposons (   Novikov et al.  2012 ); non-LTR retrotransposons, while numer-
ous, remain mostly inactive and under regulation of the host genome (Cheng and 
Ling  2006 ). On the other hand, TRs are main constituents of centromeric, telomeric, 
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and subtelomeric regions of many eukaryotes, comprising hundreds to thousands of 
tandemly arrayed monomeric repeats (Ugarkovic and Plohl  2002 ). These repeats 
also appear at interspersed positions and in low-recombining regions, such as sex 
chromosomes or B chromosomes (Camacho et al.  2000 ; Navajas-Pérez  2012 ). 
This type of sequences can account for a large portion of genomic DNA (Saini et al. 
 2008 ). The third class is constituted by high copy number genes. Some molecular 
data suggest that a great number of plant genes belong to gene families ranging in 
size from a few members to hundreds (Martienssen and Irish  1999 ). 

 Apart from the role of constitutive heterochromatin, traditionally linked to a 
major architectonic function necessary for cell division (Yunis and Yasmineh  1971 ), 
repetitive elements—in the best of cases—have been considered dispensable if not 
junk or selfi sh DNA with no function at all (Ohno  1972 ; Orgel and Crick  1980 ). 
This lack of function contrasts with their prevalence in the genomes. In fact, an 
increasing number of pieces of evidence are changing the whole picture posing that 
repetitive sequences would play important roles in different biological aspects. It is 
now evident, for example, that repetitive sequences have been crucial drivers of 
genome evolution signifi cantly contributing to the expansion of the genomes and 
consequently shaping contemporary chromosome organization through events of 
chromosome rearrangements due to interactions between scattered repeats (Fedoroff 
 2000 ). Indeed, up to 70 % of fl owering plants have evolved through a polyploid 
ancestor in their lineages so both whole-genome and segmental duplications are 
common and key events in plant genome evolution (Wang et al.  2012 ). Also, varia-
tions in repeats content are thought to infl uence the determination of continuous 
phenotypic characters (Meagher and Vassiliadis  2005 ; Gemayel et al.  2010 ) or be 
related to the response to environmental cues (   Schmidt and Anderson  2006 ). More 
recently, the implication of repetitive elements in gene regulation has been demon-
strated (Thornburg et al.  2006 ; Lunyak et al.  2007 ; Román et al.  2011 ) suggesting 
they might be fundamental for the creation of new genes and sophisticated regula-
tory network systems. Thus, the study of repetitive sequence elements is essential to 
understand the nature and consequences of genome size variation between different 
species and for studying the large-scale organization and evolution of plant genomes. 

 Finally, it is worth mentioning the implication of repetitive sequences (mainly 
satellite DNAs and retrotransposons) in the emergence of sex chromosomes. Many 
Y chromosomes have more abundant heterochromatin derived from repetitive 
sequences compared with X chromosomes and autosomes. Accumulation of repeti-
tive sequences contributes to generate gene deserts found in the Y chromosomes, 
Y-chromosome chromatin expansion, and chromosome breaks and rearrangements 
and may well be a key factor in the generation of differences in morphology and size 
observed between X and Y chromosomes that ultimately prevent the recombination 
in the sex-determining region. This has been proved by cytogenetic analyses and 
more recent genome-based projects in both plant and animal genomes (Matsunaga 
 2009 ; Navajas-Pérez  2012 ). Also theories on the implication of TEs in the origin of 
sex reproduction have been put forward (Arkhipova  2005 ). 

 Due to their high rate of change, repetitive elements have been used to detect 
polymorphisms in diverse type of biological analyses. The variation of 
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minisatellites repeat copy led to the DNA profi ling method for general use in human 
genetic analysis (Jeffreys et al.  1985 ). Soon, with the advent of PCR, hypervariable 
and ubiquitous microsatellite markers became widely used in genome mapping and 
population analysis and genotyping (Ellegren  2004 ). Also, satellite DNA has helped 
to clarify phylogenetic relationships among related species by checking the pres-
ence/absence status (Navajas-Pérez  2012 ) or by analyzing the rates of change 
(Robles et al.  2004 ) and to understand the dynamics of repetitive elements in the 
genomes (Navajas-Pérez et al.  2009a ). Other repetitive DNA as rRNA sequences has 
been traditionally used in phylogeny (Pace  2009 ). TEs have been used to examine 
genome structure and composition as well as to successfully elucidate evolutionary 
relationships (Ray  2007 ). 

 In these grounds, several databases devoted to store, curate, and classify repetitive 
DNA have been developed recently: as for satellite repeats (Macas et al.  2002 ), 
tandem repeats (Navajas-Pérez and Paterson  2009 ), or transposable elements 
(Llorens et al.  2011 ; Bousios et al.  2012 ). As the genomic information increases a 
pleiad of methods for mining, detection and further analysis of repetitive DNA are 
arising (Benson  1999 ; Jurka  2003 ; Navajas-Pérez et al.  2007 ). 

 Papaya, because of its position in the tree of life sharing a common ancestor with 
 Arabidopsis  about 72 million years ago, and with the existence of an incipient pair 
of sex chromosomes is a promising genomic model. In the past decade many 
genomic resources have been generated, as a draft whole-genome sequence, an 
integrated genetic and physical map including sex-determining region, three BAC 
libraries, and a large collection of ESTs (Ming et al.  2008 ; Na et al.  2012 ; Wang 
et al.  2013 ; also Chap.   17     in this text). This offers a good opportunity to characterize 
the papaya repeatome among many other issues. In fact, coupled with this develop-
ment, a large collection of SSR and AFLP markers comprising sex-specifi c markers 
have been characterized (Ma et al.  2004 ; Chen et al.  2007 ), and a papaya repeat 
database has been generated (Nagarajan et al.  2008 ). In this chapter, we highlight 
the most relevant information regarding this matter.  

    Transposable Elements 

 The papaya repeatome is dominated by TEs, comprising of 52 % of the genome and 
~93 % of the repeatome as described in Nagarajan et al. ( 2008 ). This is almost cer-
tainly a conservative estimate as repeat elements and TEs, in particular, are hard to 
assemble from whole-genome shotgun sequencing data (Nagarajan and Pop  2009 ). 
In addition, the vast majority of identifi ed TEs in the genome are papaya-specifi c 
(71 %) and unidentifi able using consensus sequences for other plant repeats, under-
scoring the rapid divergence of TE families in plant genomes (Nagarajan et al. 
 2008 ). Using de novo repeat fi nders and manual curation, a custom library of TE 
families was constructed for the papaya genome, providing a curated database of 
889 papaya TE families that serve as a resource for annotation of newly sequenced 
plant genomes (  ftp://ftp.cbcb.umd.edu/pub/data/CPR-DB    ). 
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 A wide representation of known common types of TEs were found in the papaya 
genome, with retrotransposons (40 % of the genome) being the dominant class and 
 Ty3–gypsy  (27.8 %) being the dominant type (71 % of these are papaya specifi c). 
 Ty1–copia  (5.5 %) and LINE (1 %) retrotransposons, as well as CACTA-like DNA 
transposons (0.1 %), were the other major identifi able types. A signifi cant fraction of 
the TE matches were either unknown retrotransposons (8.4 %) or unannotated families 
(8.5 %), highlighting the need for further characterization of these repeat families. 
In particular, the observed lack of known DNA transposons (0.2 % of the genome) 
compared to other plant genomes could be due to the presence of unannotated papaya-
specifi c DNA transposon families (Table  13.1 ; Nagarajan et al.  2008 ).

   In agreement with earlier observations, the TE content in the papaya genome is 
intermediate between the much smaller  Arabidopsis  genome (Arabidopsis Genome 
Initiative  2001 ) (14 % TE content) and the much larger maize genome (Messing 
et al.  2004 ) (58 % TE content), but as a function of the genome size, it is relatively 
repeat rich (Nagarajan et al.  2008 ). The high TE content of the papaya genome 
serves to explain the observation that it has a smaller gene repertoire than the 
 Arabidopsis  genome despite having a genome that is three times the size (Ming 
et al.  2008 ). The expansion of most TE families in the papaya genome is presum-
ably ancient, with most TE matches being inactive fossils that have diverged sub-
stantially from their consensus. However, for several families (papaya-specifi c, 
often  Ty3–gypsy  elements), dozens of nearly perfect copies can be found in the 
papaya genome, some with EST matches, suggesting that some elements may still 
be active (Nagarajan et al.  2008 ). 

 A striking feature of TEs in the papaya genome is the similarity with the rice 
genome despite their divergence on the species tree. As reported in Nagarajan et al. 
( 2008 ), 57 % of matches to retrotransposons and 81 % of matches to DNA transposons 
among TIGR plant repeats (  ftp://ftp.tigr.org/pub/data/TIGR_Plant_Repeats    ) were 
to rice repeats. Phylogenetic analysis of  Ty1–copia  and  Ty3–gypsy  elements (Fig.  13.1 ) 

    Table 13.1    Summary    of TE content of papaya WGS and sex chromosomes   

 Percentage of sequence (%) 

 Class  Element  MSY  X  WGS 

 (I Retrotransposons)  Ty1/copia  4.6  5.8  5.5 
 Ty3/gypsy  47.1  35.1  27.8 
 LINE  0.6  1.1  1.1 
 SINE  0  0  <0.01 
 Other  11.4  8.4 

 64.3  49.9  42.8 
 (II Transposons)  CACTA/En-Sp  <0.01  0  0.01 

 MuDR-IS905  0  0  <0.01 
 Tc1-IS630-Pogo  0  0  <0.01 
 Other  0  0  <0.01 

 0.1  0.1  0.01 
 Unclassifi ed  Unknown  13.4  9.4  8.72 
 Total  77.8  59.3  51.62 
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also revealed a similar pattern where papaya sequences tended to cluster with rice 
sequences. It was also observed that the ratio of  Ty3–gypsy  to  Ty1–copia  elements 
in the papaya genome was closer to the 2:1 ratio of the rice genome than to the 1:1 
of  Arabidopsis  and maize genomes. Taken together these pieces of evidence may 
suggest a horizontal mode of transfer for introduction of these retrotransposons into 
the papaya genome.

       Tandem Repeats 

 The existence of 277.4-Mb whole-genome shotgun sequences (WGS) of papaya 
allows an in silico exploration for TRs. Repeat motifs between 1 and 2,000 bp were 
analyzed and classifi ed according size into micro- (1–6 bp), mini- (7–100 bp) and 
satellite (>100 bp) tandemly arrayed sequences, as described in Nagarajan et al. 
( 2008 ). According to this approach, a total of 414,681 class I (≥20 bp) repeats were 
characterized in 57,360 loci (spanning a total of 4.8 Mbps, representing 1.3 % of the 
total genome size). The analysis revealed an average repetitive-unit length of 79 bp 
and a copy number average of 7.23 (ranging from 1.8 to 969.3 copies). The average 
AT content was 72 %, slightly higher than the average AT content of the genome 
(65 %). Tandem repeats are randomly distributed in the papaya genome, and there 
is no correlation between tandem repeat number and gene density. This supports 
the observation that papaya genome is mostly euchromatic (Ming et al.  2008 ). 

  Fig. 13.1    Phylogenetic analysis of plant genome sequences matching the Ty3–gypsy retrotrans-
poson sequence ATGP5A_I in bases 3,700–4,100 (the fi ve best matches for each species were 
included in the phylogenetic analysis) [modifi ed with kind permission of Springer Science + Business 
Media from Nagarajan et al. ( 2008 )]       
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 In terms of physical quantity of DNA, microsatellites represent a 0.19 % of the 
total papaya genome size, minisatellites a 0.68 %, and satellite DNAs a 0.43 %. 
Following the same approach, Navajas-Pérez and Paterson ( 2009 ) found similar 
abundance of tandem repeats in angiosperms assemblies, 0.19, 0.83, and 0.5 % on 
average for micro-, mini-, and satellite DNAs, respectively. Punctual quantifi cations of 
TRs in other species reveal that these sequences frequently constitute a large portion 
of the genomes (Lim et al.  2005 ; Saini et al.  2008 ). However, although all papaya 
TR sequences may not be covered, most known repetitive elements are found to be 
reasonably well represented. 

 Despite their low percentage, microsatellites represent the class with the highest 
number of tandem repeat copies in papaya. Dinucleotides are the best represented 
with ∼180,000 units, the most common being (TA/AT)n and (AG/TC)n along with 
long A/T stretches. TTC/AAG, AAT/TTA trinucleotides and their multimeric vari-
ants (with up to 969.3 repeats in a single locus), and pentanucleotides are also com-
mon repeats in papaya. Previous reports based on genomic library screenings and 
mining of repeated DNA databases have demonstrated the same for a great number 
of plant species (revised in Navajas-Pérez and Paterson  2009 ). 

 Longer TRs are normally specifi c to a related group of species due to their rapid 
evolutionary change rate (Miklos  1985 ). Thus, only a small portion of TRs were 
annotated. Those sequences fell into DNA binding, pseudogenes, or TE-like catego-
ries (Table  13.2 ) (Navajas-Pérez and Paterson  2009 ). It can be argued that these 
sequences could be somehow involved in gene regulation/inactivation or evolved 
through a TE intermediate. These fi ndings agree with the recent tendency to con-
sider repeat DNAs functional, instead of simply junk or parasitic elements.

   There is a general tendency in the distribution of repeat-unit sizes in papaya tandem 
repeats to sequences between 9 and 50 bp, which account for a high number of 
copies as well as for the maximum number of variants and loci (Nagarajan et al. 
 2008 ). This agrees with data on papaya for perfect SSRs from Wang et al. ( 2008 ) 
who found that the 20-bp repeats were the most common repeats in class I, followed 
by 24-bp repeats with insignifi cant variance between EST and WGS or BES sequence 
data and with data from Navajas-Pérez and Paterson ( 2009 ) who found the abun-
dance of repeats in the range 9–30 bp in eight WGS of plants from different sources. 
This might suggest that structural features such as monomer length could play a role 
in tandem repeat preservation and evolution (Ugarkovic and Plohl  2002 ). 

    Perfect SSR Sampling 

 Due to the reproducibility of their amplifi cations and the possibility to better detect 
polymorphisms among individuals, perfect SSRs are preferred for fi ne-scale mapping, 
population analysis, and genotyping. It is important to note that the term perfect 
repeat is used to denote repeats that do not contain insertions, deletions, and/or 
mismatches with respect to their basic repetitive motif. In this context, an additional 
mining has been performed in papaya to detect two types of perfect SSRs: class I or 
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SSRs ≥20 bp and class II, less variable SSRs between 12 and 20 bp. Following this 
method, a total of 371,710 perfect SSRs were identifi ed in the papaya genome, of 
which 32,164 (8.7 %) and 339,546 (91.3 %) belonged to class I and class II SSRs, 
respectively. The density was of one per 8.6 kb for class I and one per 0.8 kb for 
class II on average. Thus, according to this approach class II SSRs was substantially 
more abundant than class I SSRs on a genome-wide scale (Wang et al.  2008 ). 

 The same procedure was used to scan 51.2-Mb bacterial artifi cial chromosome 
(BAC) end sequences (BES) (Ming et al.  2001 ) and 13.4-Mb expressed sequence 
tag (EST) sequences (Ming et al.  2008 ). A total of 49,738 SSRs were identifi ed 
from BES, including 3,581 (7.2 %) class I and 61,394 (92.8 %) class II SSRs with 
densities of one per 14.3 and 1.1 kb, respectively, while 10,688 SSRs with 94.2 % 
class II and 5.8 % class I were gathered from EST sequences. 

 The highly mutable nature of SSRs makes them potentially powerful markers 
for analyzing genetic polymorphisms between closely related genotypes. Around 
11,000 primer pairs have been developed by different authors (Santos et al.  2003 ; 

   Table 13.2    Mini- and satellite-DNA BLAST hits summary in  Arabidopsis thaliana  TAIR7 release 
[modifi ed with kind permission of Springer Science + Business Media from Navajas-Pérez and 
Paterson ( 2009 )]   

 Annotation  Arabidopsis  Papaya  Poplar  Grapevine  Rice 

 Unclassifi ed proteins  4,256  63  71  56  50 
 Transposable elements, viral, and plasmid 

proteins 
 1,047  426  14  9  6 

 Metabolism  283  14  5  16  12 
 Cell rescue, defense, and virulence  180  1  6  3  4 
 Classifi cation not yet clear-cut  179  1  3  6  2 
 Protein synthesis  88  0  2  8  5 
 Cellular transport, transport facilitation, and 

transport routes 
 80  1  1  2  2 

 Transcription  75  7  5  6  2 
 Cellular communication/signal transduction 

mechanism 
 58  0  2  1  0 

 Protein fate  51  2  4  2  3 
 Subcellular localization  50  1  2  0  3 
 Biogenesis of cellular components  44  2  0  0  0 
 Cell cycle and DNA processing  13  2  0  1  1 
 Energy  12  1  1  1  0 
 Development (systemic)  10  0  0  1  0 
 Protein with binding function or cofactor 

requirement (structural or catalytic) 
 8  0  0  0  2 

 Cell fate  8  0  0  0  0 
 Systemic interaction with environment  3  0  0  0  0 
 Interaction with environment  2  0  0  0  0 
 Storage protein  1  0  1  1  0 
 Regulation of metabolism and protein function  1  0  0  0  0 
 Total  6,449  521  117  113  92 
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Pérez et al.  2006 ; Eustice et al.  2008 ; Wang et al.  2008 ; Ramos et al.  2011 ) from 
different sources (BES, EST, and WGS) for the amplifi cation and polymorphism of 
class I SSRs in papaya. This batch of primers was tested on four selected genomic 
DNA samples, including the parents of an F2 mapping population, an “AU9” female 
and “SunUp” hermaphrodite, and two pooled DNA samples containing either ten 
female or ten hermaphrodite F2 plants, as described in Wang et al. ( 2008 ), and 
contributed to integrate the WGS data with EST and BES sequences to construct a 
high-density marker map. This complete set of SSR markers throughout the genome 
will assist diverse genetic studies in papaya and related species. For example, some of 
these SSR markers have been used to analyze polymorphisms in tropical accessions 
of papaya and their cross-amplifi cation with  Vasconcellea  species (Pérez et al.  2006 ), 
and others have been used for marker-assisted selection in backcross programs 
(Ramos et al.  2011 ).   

    Gene Families 

 Despite containing fewer genes overall compared to the  Arabidopsis  genome, the 
papaya genome has several gene families with increased copy number (Ming et al. 
 2008 ). These gene families, identifi ed by a gene “tribe” analysis by comparison 
with  Arabidopsis , poplar, grape, and rice genes, highlight the role of gene family 
expansion in papaya tree and fruit development. In particular, compared to 
 Arabidopsis , the papaya genome is marked by an increase in certain families of tran-
scription factors (e.g., RWP-RK), resistance genes (NBS-LRR), lignin synthesis 
genes, starch-associated genes, and those involved in volatile development (Ming 
et al.  2008 ). 

 While the papaya genome lacks signatures of recent genome duplication, a sig-
nifi cant fraction of the genes (>2 %, representing 3 % of the papaya genome) are 
present in a large number of copies (>20; Nagarajan et al.  2008 ). Many of the most 
abundant genes are, not surprisingly, similar to those found in TEs (with matches 
to integrases and polyproteins). However, a number of them also represent non-
TE- associated functions including MADS-box transcription factors, zinc-fi nger 
proteins, topoisomerases, and serine/threonine phosphatases (Nagarajan et al. 
 2008 ) and could be under strong selection in the papaya genome.  

    Telomeres 

 Telomeres are highly conserved structures that maintain chromosome integrity by 
stabilizing chromosome termini. Telomeric DNA is made up of relatively short 
arrays of a 7-bp long TG-rich sequence added by a telomerase enzyme. This solves 
the capping and replication issue at the ends of a DNA double helix (Watson and 
Riha  2010 ). The fi rst eukaryotic telomere sequence, TTTAGGG, was cloned for 
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 Arabidopsis thaliana , and found to be present in most higher plants, except for 
plants of order Asparagales that harbor human-type telomere repeat, TTAGGG 
(de la Herrán et al.  2005 ), and plants from several genera of the Solanaceae family 
(Sykorova et al.  2003 ). There is no obvious correlation between telomere size and 
phylogenetic relationships, and the length of telomeric DNA widely varies among 
plant taxa, ranging from 0.3 kb in green algae (Petracek et al.  1990 ) to 100 kb in 
tobacco (Fajkus et al.  1995 ). Telomeres in  A. thaliana  are 2.5 kb long on average 
(   Richards and Ausubel  1988 ). Papaya telomeres belong to the  Arabidopsis  type 
(Nagarajan et al.  2008 ), and their size ranges from 25 kb to well over 50 kb (Shakirov 
et al.  2008 ). 

 Telomere microsatellite-like repeats are separated from the rest of the genomic 
DNA by a transitional sequence or subtelomere. Subtelomere does not necessarily 
participate in telomere function but can facilitate meiotic pairing or protect terminal 
genes against the loss and gain processes at the chromosome ends (Kipling  1995 ). 
Subtelomeric or telomere-associated sequences (TAS), in addition to location and 
the ineffectiveness for sequence homogenization (Contento et al.  2005 ), have a 
similar organization in many plants (Ganal et al.  1991 ), being frequently constituted 
by species-specifi c long tandem repeats, transposons, and degenerate variants of 
(TTTAGGG)n motifs (Riethman et al.  2005 ; Navajas-Pérez et al.  2009b ). Multiple 
copia- and gypsy-like retrotransposons and different DNA transposons occupy sub-
telomeric regions in papaya as well as tracts of microsatellite-like repeats including 
the vertebrate motif in a small copy number (Ming et al.  2008 ; Nagarajan et al. 
 2008 ). In addition, inspection of subtelomeric regions indicated that nine of them 
share 0.5–1.5 kb of nearly identical DNA sequence immediately adjacent to terminal 
telomeric repeats (Ming et al.  2008 ). Also, Navajas-Pérez and Paterson ( 2009 ) 
found some repeats in papaya WGS showing homology with the telomere-like 500 
repeat of A. thaliana, all of these, typical features of a TAS. Notably, the organization 
of subtelomeric DNA in papaya contrasts sharply with  Arabidopsis  subtelomeres, 
which consist of unique sequence on eight out of ten chromosome arms.  

    Centromeres 

 In eukaryotes, centromeres are often composed of cytologically distinctive hetero-
chromatin and are associated with long arrays of satellite DNA (Kipling  1995 ). 
This highly repetitive nature makes centromeres diffi cult for sequencing and fi ne-
scale genetic mapping (Navajas-Pérez and Paterson  2009 ). Notwithstanding the dif-
fi culties, centromere-specifi c repetitive DNA sequences have been isolated yet from 
several plant species, including  Brassica napus  (Harrison and Heslop-Harrison 
 1995 ),  A. thaliana  (Martinez-Zapater et al.  1986 ),  Oryza sativa  (Wang et al.  1995 ), 
or  Sorghum bicolor  (Miller et al.  1998 ). 

 Although the papaya genome is largely euchromatic, highly condensed hetero-
chromatin knobs exist on most chromosomes’ centromeric and pericentromeric 
regions representing an estimated 30–35 % of the genomic DNA. Five BACs that 
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mapped onto centromeric region have been analyzed up to date. Sequence analysis 
showed that all of these BACs lack known centromere-specifi c sequences. BACs 
contained 19.7 % of known repetitive sequences based on a RepeatMasker search, 
including 115 gypsy retroelements—which are a typical feature of the pericentro-
meric region of plant chromosomes—2 copia retroelements, 85 simple repeats, 457 
low complexity repeats, one DNA transposon, and one small RNA (Yu et al.  2007 ). 
However, a large portion of this heterochromatic DNA was probably not covered 
neither by the draft genome sequence nor in BAC libraries, and its nature remains 
understudied (Ming et al.  2008 ). 

 It is noteworthy that papaya male-specifi c region of Y chromosome (MSY) 
mapped close to the centromere of the Y chromosome (Yu et al.  2007 ). Fine mapping 
showed that the centromere of the Y chromosome is either directly associated with 
knob 4 or is immediately adjacent to either side of this knob, a region showing more 
divergence between X and Y than the rest of the MSY. It may indicate that the fi rst 
sex-determining gene of papaya was possibly located within the centromeric region 
where recombination is severely or completely suppressed. Thus, accumulation of 
genes related to male functions near the centromere would have favored and trig-
gered the establishment and expansion of the MSY region. Natural selection of such 
genes may result in a selective advantage to recombination suppression between 
these genes and the sex-determining region on the proto-sex chromosome 
(Charlesworth et al.  2005 ).  

    Sex-Chromosome Repeatome 

 Early evolved plant sex chromosomes like those from papaya have given rise 
to many studies in recent years which have proved chromosomal rearrangements 
and repetitive DNA accumulation crucial events in sex-chromosome evolution 
(Sola- Campoy et al.  2012 ). Sex chromosomes are thought to have evolved from a 
standard autosomal chromosome pair as a consequence of a rarely recombining 
region containing genes involved in sex determination (Ming et al.  2011 ). That pro-
gressive suppression of recombination is the ultimate consequence of the accumula-
tion of diverse repetitive sequences, such as mobile elements and satellite DNAs, 
that consequently gives rise to Y-chromosome degeneration. This may further 
inhibit recombination between X and Y chromosomes and ensure the maintenance of 
dimorphic sex chromosomes, while conferring them with exceptional evolutionary 
features. 

 In papaya, the lack of recombination might have been caused by the proximity of 
MSY to the centromere as mentioned before together with two large-scale inversions, 
followed by numerous additional chromosomal rearrangements (Wang et al.  2012 ). 
These data come from a recently constructed physical map of the MSY region 
and its X counterpart by chromosome walking and sequenced bacterial artifi cial 
chromosomes—BACs (Wang et al.  2012 ; Gschwend et al.  2011 ). Thus, papaya 
constitutes the fi rst complete sequencing of a plant Y-specifi c region together with 
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its X counterpart. This offers a good opportunity to gain insights into structural 
organization and composition of plant-sex chromosomes. According to this analysis, 
papaya MSY encompasses 8.2 Mb, more than twice as large as the corresponding 
3.5-Mb female region. As predicted by the model of sex- chromosome evolution, the 
male-specifi c region expanded by massively accumulation of repeated DNA, repre-
senting 83 %, while the corresponding X region included 70 % of such repeats 
(Na et al.  2012 ). In any case, both are much higher than the papaya genome-wide 
average of 56–58 % (Ming et al.  2008 ; Nagarajan et al.  2008 ). 

 A more detailed analysis revealed that among all interspersed repeats in this 
region, the retroelements are the most signifi cantly accumulated repeats with 
64 % in the MSY and 50 % in the corresponding X region. They are the principal 
responsible of the larger size of the MSY accounting for nearly 99 % of all iden-
tifi able interspersed repeats. DNA transposons were also found but in a minor 
extension, representing only 0.1 % of the MSY region (Table  13.1 ). 80.2 % of the 
younger inversion sequence is already repetitive and at least 80.7 % of second 
inversion too. This would support the predicted early accumulation of transpos-
able elements in the initial stage of sex-chromosome evolution after recombina-
tion stops (Charlesworth et al.  2005 ). As for the unannotated sequences, a total of 
36 new repeats were identifi ed. However, only 21 of them—20 from the MSY 
and 1 from the X—had no match to papaya genome sequences and then were 
regarded as potentially sex-specifi c repeats. Interestingly, all these MSY-specifi c 
repeats mapped within two regions where the MSY explosion occurred, suggest-
ing their role in the origin of sex chromosomes (Na et al.  2012 ). Tandem repeats 
content has been estimated in 3.1 % for the X region and 3.8 % for the MSY 
(Na et al.  2012 ). 

 Finally, it is remarkable that papaya X counterpart also presented higher 
repetitive content than the genome-wide average. This has been found in other 
organisms (Bergero et al.  2007 ). In papaya, could partly be explained consider-
ing the pericentromeric location of sex-determining regions of the X and Y chro-
mosomes    (Gschwend et al.  2012 ). Also, due to the lack of recombination between 
X and Y chromosomes in males and hermaphrodites, the X region would have a 
lower effective population size than the autosomes and then a reduced effi cacy of 
purifying selection redounding on a higher accumulation of repeat DNA (Wang 
et al.  2012 ).  

    Methods 

    Sources 

 The papaya 277.4-Mb WGS from a “SunUp” female plant (Ming et al.  2008 ), a total 
of 51.2-Mb BES from a hermaphrodite BAC library (Ming et al.  2001 ), and 13.4- Mb 
EST sequences (Ming et al.  2008 ) were used for repeats mining.  
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    Annotation of TEs 

 TEs were annotated using RepeatMasker (  http://www.repeatmasker.org    ) and a non-
redundant database combining plant repeats from Repbase (   Jurka  2003 ), CPR-DB 
(  ftp://ftp.cbcb.umd.edu/pub/data/CPR-DB    ), and TIGR (  ftp://ftp.tigr.org/pub/data/
TIGR_Plant_Repeats    ). CPR-DB was constructed by applying the de novo methods 
RepeatScout (Price et al.  2005 ) and PILLAR (Edgar and Myers  2005 ) to the com-
plete set of contigs from the papaya genome. Repeat families were annotated using 
a combination of manual curation (786 repeat families; N. Jiang, personal commu-
nication) and BLAST searches against NR and PTREP (  http://wheat.pw.usda.gov/
ITMI/Repeats    ).  

    Tandem Repeats Detection 

 Tandem repeats were detected by using the Tandem Repeats Finder software (Benson 
 1999 ). Repeat units between 1 and 2,000 bp were analyzed, and only repeats arrayed 
in tandems >25 bp were considered. Repeats were classifi ed into micro- (1–6 bp), 
mini- (7–100 bp), and satellite (>100 bp) tandemly arrayed sequences. A nonredun-
dant set of sequences was constructed using the program cd- hit-est, as implemented 
in the package CD-HIT (Li and Godzik  2006 ), at the 85 % similarity level. For anno-
tations, the nonredundant sequences were BLASTed with the Arabidopsis TAIR 7 
release (Poole  2007 ) and the hits classifi ed according to the MIPS functional cata-
logue database (  http://mips.gsf.de    ). Perl scripts were written to automate the pro-
cess. A perl program Simple Sequence Repeat Identifi cation Tool (SSRIT) available 
at   http://www.gramene.org     (Temnykh et al.  2001 ) was used for perfect SSR auto-
mated mining according to Wang et al. ( 2008 ).  

    Analysis of High Copy Number Genes 

 Annotated genes (DNA and protein sequences) in the papaya genome were 
BLASTed against the whole-genome sequence to fi nd signifi cant matches 
( E -value < 1e−20), and searches against the NR protein database (NCBI, January 
2008) were used to fi nd plant homologs.  

    Data Access and Retrieval 

 The sequences and annotations in the papaya repeat database are available via FTP 
downloads at   ftp://ftp.cbcb.umd.edu/pub/data/CPR-DB    . The sets of novel TE 
sequence in papaya (annotated and unannotated) are presented as multi-fasta fi les in 
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a format convenient for use with RepeatMasker. For tandem repeats, redundant and 
nonredundant databases as well as a consensus sequence list are available in multi- 
fasta fi les. A fi le including annotations is also provided. High copy number papaya 
transcripts and protein sequences are also available as annotated multi-fasta fi les. 
Further details can be found in the README fi le accompanying the database. Also 
a comprehensive information of 11,000 perfect SSR marker surveyed can be found 
in Santos et al. ( 2003 ), Pérez et al. ( 2006 ), Eustice et al. ( 2008 ), Wang et al. ( 2008 ), 
and Ramos et al. ( 2011 ).      
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