
Genome-Wide Analysis of Repetitive Elements in Papaya

Niranjan Nagarajan & Rafael Navajas-Pérez &

Mihai Pop & Maqsudul Alam & Ray Ming &

Andrew H. Paterson & Steven L. Salzberg

Received: 7 August 2008 /Accepted: 8 September 2008
# Springer Science + Business Media, LLC 2008

Abstract Papaya (Carica papaya L.) is an important fruit
crop cultivated in tropical and subtropical regions world-
wide. A first draft of its genome sequence has been recently
released. Together with Arabidopsis, rice, poplar, grapevine
and other genomes in the pipeline, it represents a good
opportunity to gain insight into the organization of plant
genomes. Here we report a detailed analysis of repetitive
elements in the papaya genome, including transposable
elements (TEs), tandemly-arrayed sequences, and high
copy number genes. These repetitive sequences account
for ∼56% of the papaya genome with TEs being the most
abundant at 52%, tandem repeats at 1.3% and high copy
number genes at 3%. Most common types of TEs are
represented in the papaya genome with retrotransposons
being the dominant class, accounting for 40% of the
genome. The most prevalent retrotransposons are Ty3-
gypsy (27.8%) and Ty1-copia (5.5%). Among the tandem
repeats, microsatellites are the most abundant in number,

but represent only 0.19% of the genome. Minisatellites and
satellites are less abundant, but represent 0.68% and 0.43%
of the genome, respectively, due to greater repeat length.
Despite an overall smaller gene repertoire in papaya than
many other angiosperms, a significant fraction of genes
(>2%) are present in large gene families with copy number
greater than 20. This repeat database clarified a major part
of the papaya genome organization and partly explained the
lower gene repertoire in papaya than in Arabidopsis.
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Introduction

Much of the nuclear genome of most angiosperms is
composed of different repetitive DNA elements. This was
first stated by Thomas [47], who coined the term C-value
paradox to describe the observation that genome size does
not always correlate with structural complexity, and that
variations in DNA content are mainly due to the accumu-
lation of such repetitive sequences. Plant genomes have
acquired a variety of repeat elements that account for up to
97% of nuclear DNA [14, 31]. For practical purposes,
repetitive sequences can be divided into three main classes.
(1) Transposable elements (TEs), which are the best-
defined category and constitute the most abundant compo-
nent of many genomes, ranging from 40% to 80% [4]. TEs
can be further divided into RNA-mediated class I retro-
transposons and DNA-mediated class II transposons. The
most common TEs in plants are LTR retrotransposons [3].
In contrast, transposition of non-LTR retrotransposons is
rarely observed in plants, suggesting that most of them are
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inactive and/or under regulation of the host genome [7]. (2)
Tandem repeats, where individual copies are arranged
adjacent to each other forming tandem arrays of the
monomeric unit, appear preferentially in the centromeric,
telomeric, and subtelomeric regions of many eukaryotes,
comprising hundreds or thousands of repeats [19, 49].
These repeats also appear at interspersed positions and in
low-recombining regions, such as sex chromosomes or B
chromosomes [6, 33], with their function, if any, still
unclear. These type of sequences can account for a large
portion of genomic DNA in some cases [15, 38]. Finally,
(3) high copy number genes, such as ribosomal or histone
genes, are also an important part of the repeatome.

Except for high copy number genes, repetitive elements
have often been considered junk DNA with no function
[35]. However, recent studies suggest that they may play an
important role as drivers of genome evolution in several
regards, such as response to environmental cues [44],
determination of continuous phenotypic characters [27]
and gene regulation [48].

The study of repetitive sequence elements is essential to
our understanding of the nature and consequences of genome
size variation between different species, and for studying the
large-scale organization and evolution of plant genomes. As
a result, different databases and methods devoted to the
analysis of this type of DNA have been recently developed
(see for example [5, 10, 18, 25, 28, 32, 50, 51]).

Here we describe CPR-DB, a database of papaya
genome repeats, in an effort to shed light on papaya
genome organization and specifically on the role of
repetitive elements. It should additionally be a valuable
resource for the study of angiosperm evolution by facilitat-

ing the rapid identification and characterization of repetitive
elements in other related plants.

Results

In order to create a papaya repeat database (CPR-DB), a
papaya female genome sequence [30] was mined for re-
petitive elements. CPR-DB is divided into three main
categories: transposable elements (TEs), tandem repeats and
high copy number genes.

Transposable Elements

TEs are abundant in the papaya genome, with more than
43.4% of the genome (Table 1) being homologous to
identifiable TEs. An additional 8.5% of the genome is
covered by repetitive sequences that are currently unanno-
tated but are likely to be novel TEs, based on their high
copy number and similarity to other TEs. Thus, about 52%
of the papaya genome is composed of TEs.

Most common types of TEs are represented in the
papaya genome (among more than 600 types in Repbase
[18]) with the dominant class being retrotransposons (40%
of the genome) and the most abundant types being Ty3-
gypsy (27.8%) and Ty1-copia (5.5%) retrotransposons and
CACTA-like DNA transposons (0.01%). An interesting
feature of the papaya genome seems to be the relatively low
abundance of known transposons (0.20%) compared to
other plant genomes. Some of this discrepancy could be
accounted for by the presence of several papaya-specific
transposon families that have yet to be annotated.

Table 1 Summary of TE content of papaya contigs

Class Element Length occupied Percent of total contig length

I (Retrotransposons) Ty3-gypsy 77.3 Mbp (76.8 Mbp) 27.8 (27.6)
Ty1-copia 15.3 Mbp (14.1 Mbp) 5.5 (5.1)
LINE 3.0 Mbp (2.7 Mbp) 1.1 (0.96)
SINE 1.1 kbp <0.01
Other 23.6 Mbp (22.0 Mbp) 8.4 (7.9)

II (Transposons) CACTA, En/Spm 40.2 kbp 0.01
Micron 9.7 kbp <0.01
MITE 7.6 kbp <0.01
MuDR-IS905 7.6 kbp <0.01
Other 497.8.0 kbp

(469.1 kbp)
0.18 (0.17)

Unclassified Unknown 598.2 kbp (70.7 kbp) 0.22 (0.03)
Unannotated Unknown 23.7 Mbp (23.7 Mbp) 8.5 (8.5)
Total Misc. 144.1 Mbp

(140.8 Mbp)
51.9 (50.4)

Papaya contigs were compared to known repeat elements in Repbase, the TIGR plant repeat database and a collection of papaya specific TE
sequences, using RepeatMasker (with a conservative cutoff score of 350). The numbers in parentheses are those for the papaya specific repeat
sequences
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The annotation of TEs, in general, is a difficult task as
the lack of selective constraints on the element can make it
unidentifiable by homology in an evolutionarily short time-
span. To annotate the papaya genome, therefore, we would
ideally need a library of TE families that are papaya-
specific or from a closely related species. Due to the
absence of such a dataset, we constructed our own library,
using de novo repeat finders to identify repeat families in
the papaya genome and curating and annotating those that
correspond to TEs (see “Methods”). We hope that our
curated database of 889 papaya TE families can now serve
as a resource in the annotation of other plant genomes.

For annotating papaya contigs, we used sequences in
Repbase [18] and TIGR plant repeats (ftp://ftp.tigr.org/pub/
data/TIGR_Plant_Repeats) in addition to the papaya TE
families to do homology searches with RepeatMasker
(http://www.repeatmasker.org). Not surprisingly, the trans-
poson annotation of papaya contigs is dominated by the set
of papaya-specific TE families (Table 1). In fact, when
these sequences are excluded from the analysis only 14% of
the genome is annotated as TEs (Table 2), thus demon-
strating their utility in the analysis.

Typically, the matches to TEs in the genome tend to be
inactive fossil repeats that have diverged from the consen-
sus sequence. However, for several families of papaya-
specific repeats (many of them annotated as Ty3-gypsy
elements) we found dozens of nearly perfect copies,
suggesting the possibility of some recent activity. Interest-
ingly, some of the annotated papaya-specific repeat families
also match EST sequences from other plant species.

To investigate the evolutionary history of TE elements in
the papaya genome we reconstructed evolutionary trees for
three known plant TE sequences (Ty1-Copia: RN107_I,
FRSgTERT00100296 and Ty3-Gypsy: ATGP5A_I) with
many good matches in the papaya genome (see “Methods”).
As can be seen in Figs. 1 and 2, sequences from the same

plant species typically form a distinct clade with high
confidence and the overall topology of the high confidence
edges matches the known plant phylogeny. In addition, the
various sequences exhibit different patterns of conservation
in the five published plant genomes. For example, Fig. 1
demonstrates an interesting feature of matches to the Ty3-
Gypsy retrotransposon ATGP5A_I: it has two distinct
regions of conservation. While the poplar genome has many
good matches to bases 1,200–1,500 and none to bases
3,700–4,100 in ATGP5A_I, the reverse is true for the rice
genome. Similarly, in Fig. 2, while both the Ty1-Copia
sequences have one region of conservation the set of species
that match them is markedly different. Among the two
species that are common, sequences from the grape genome
are more conserved than those from the papaya genome,
suggesting a more recent introduction of these sequences
into the grape genome or slower evolution in the grape
genome. Interestingly, in both Figs. 1 and 2, sequences from
the papaya genome tend to cluster more closely than
expected with sequences from the rice genome.

Tandem Repeats

The papaya genome was also scanned for tandem repetitive
elements—between 1 and 2,000 bp—using the Tandem
Repeats Finder software [5]. A total of 414,681 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 were classified into three classes:
microsatellites (1–6 bp), minisatellites (7–100 bp) and
satellites (>100 bp). Table 3 summarizes the sizes and
abundance of tandem repeats. In terms of physical quantity

Table 2 Summary of plant repeat element content of papaya contigs

Class Element No. Length occupied Percent of total contig length

I (Retrotransposons) Ty3-gypsy 27,964 20.8 Mbp 7.51
Ty1-copia 13,816 8.1 Mbp 2.93
LINE 1,367 0.3 Mbp 0.11
SINE 37 3.2 kbp <0.01
Other 15,599 4.4 Mbp 1.56

II (Transposons) CACTA, En/Spm 4,591 359 kbp 0.13
MuDR-IS905 675 53.6 kbp 0.02
Tc1-IS630-Pogo 380 20.5 kbp 0.01
Other 5,702 437 kbp 0.15

Unclassified Unknown 43,638 6.4 Mbp 2.30
Total Misc. 113,789 40.8 Mbp 14.72

Papaya contigs were compared only to known repeat elements in Repbase and the TIGR plant repeat database using RepeatMasker (with the less
conservative default parameters)
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of DNA, minisatellites and satellites were the most
represented in papaya, constituting 0.68% and 0.43% of
the total genome size, respectively. However, micro-
satellites constitute the class with the highest number of
tandem repeat copies, including dinucleotides with
∼180,000 units, TTC/AAG, AAT/TTA and their multi-
meric variants (with up to 969.3 repeats in a single locus)
and pentanucleotides as the most common repeats. Several
stretches of A/T, AT/TA, TAC/ATG, AGA/TCT and ATT/
TAA motifs are also very common in papaya. Significant-
ly, we detected the plant telomeric motif (TTTAGGG)n
125 times in four different loci. Except for the presence of
the vertebrate telomeric (TTAGGG)n motif in a small copy
number (5), and their variants (TTAGGGC, TTAGGGG,

TTAGGGT-repeated ∼100 times) no other telomere-asso-
ciated or centromeric motifs were detected. Minisatellites,
especially those ranging from 9 to 30 bp, constituted the
second most frequent tandem repeat type. Interestingly, for
this class we also found the maximum number of loci and
sequence variants (Fig. 3). Finally, 2,866 variants met the
requirements to be considered putative satellite DNA
sequences. Up to 70% of them ranged from 101 to
300 bp in length.

A non-redundant dataset was constructed including
23,041 repeat families. For a small fraction of these
(1,790), a hit was found in the Arabidopsis genome. The
annotated function was classified based on the hit in the
MIPS functional catalogue database (http://mips.gsf.de).

a

b

Fig. 1 Phylogenetic analysis of
plant genome sequences match-
ing the Ty3-Gypsy retrotranspo-
son sequence ATGP5A_I in a
bases 1,200 to 1,500 and b bases
3,700 to 4,100. Note that where
possible, the five best matches
for each species were included
in the phylogenetic analysis.
Also, the edge labels here cor-
respond to the confidence in the
edges
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The vast majority of matches corresponded to unclassi-
fied proteins, mainly including TE-like sequences, pseu-
dogenes, and DNA-binding factors. The remaining
sequences had no match and should be regarded as
papaya-specific.

High Copy Number Genes

While most of the genes in the papaya genome have a low
copy number (based on a BLAST comparison with the
genome, see “Methods”), a significant fraction of the genes

a

b

Fig. 2 Phylogenetic analysis of
plant genome sequences match-
ing the Ty1-Copia retrotranspo-
son sequences a RN107_I bases
3,400 to 5,000 and b
FRSgTERT00100296 bases
1,400 to 1,800. Note that where
possible, the five best matches
for each species were included
in the phylogenetic analysis.
Also, the edge labels here cor-
respond to the confidence in the
edges
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(>2%, representing 3% of the papaya genome) are present
in a large number of copies (>20) as can be seen in Fig. 4.
Many of the most abundant genes are similar to those found
in TEs (gag-pol polyprotein, retroelement integrase) and it
is therefore not surprising to see them in so many copies.
Some of the genes, however, represent non-TE related
proteins providing interesting insights into papaya biology
(Table 4). Comparison of papaya genes at the protein level
(see “Methods”) revealed a similar but slightly different set
of genes that are part of large families in the papaya
proteome (Table 5).

Discussion

The papaya female genome, as a conservative estimate (due
to the difficulty of assembling repeat elements in the whole
genome shotgun sequencing approach), has a large fraction
(∼56%) composed of repetitive sequences. A lion’s share of
these repetitive sequences is taken up by transposable
elements (52%). Since large genomes tend to have higher
TE content, the proportion in the papaya genome is
somewhat as expected in comparison to the much smaller
Arabidopsis genome [2] (14% TE content) and the much
larger maize genome [28] (58% TE content). However, in
contrast to the larger rice genome [17] (35% TE content),
papaya is relatively TE rich. While being roughly three
times the size of the Arabidopsis genome, the papaya
genome has similar TE content to the maize genome that is
nearly twenty times the size of Arabidopsis. The relatively

high TE content of the papaya genome also agrees with the
observation that while its genome is three times the size of
the Arabidopsis genome its gene repertoire is actually
smaller [30].

The papaya genome and the rice genome share some
similarities in their transposon content. For example, a large
fraction of matches to TEs in the papaya genome are to
known elements in the rice genome (Table 6). In addition,
in contrast to a prior analysis [21], our analysis suggests
that the ratio of Ty3-gypsy to Ty1-copia elements in the
papaya genome is closer to the 2:1 ratio1 of the rice genome
than to the 1:1 of Arabidopsis and maize genomes [28].

Phylogenetic analysis of TE sequences in the papaya
genome reveals a familiar pattern of these sequences
tending to cluster with each other and being distinct from
homologous sequences from other genomes. An interesting
feature seen in these phylogenies is that the within species
divergence in two Ty1-Copia elements is greater in papaya
than in the grape genome while the opposite seems to be
true for a Ty3-Gypsy element. Also, the Ty3-Gypsy
element is more conserved over a larger evolutionary time
scale, from Arabidopsis to rice to papaya, than for the Ty1-
Copia elements. Another intriguing aspect is the tendency
of sequences from the rice genome to cluster with papaya
sequences, despite their large divergence on the species
tree. In our analysis, we observed that papaya sequences

Table 3 Tandem repeats in the papaya genome

Total number of blocks Total number of copies Variants Total length/genome %

Microsatellites (1–6 bp)
Mononucleotide 1,165 39,236 4 39,236
Dinucleotide 9,879 182,121 11 361,834
Trinucleotide 2,504 43,544.2 56 130,208
Tetranucleotide 835 9,338.7 75 37,342
Pentanucleotide 1,822 16,933.9 134 85,150
Hexanucleotide 1,448 11,914.4 551 71,255
Total 17,653 303,088.2 831 725,025/0.19%
Minisatellites (7–100 bp)
7–30 bp 28,500 81,612.9 23,660 1,430,645
31–50 bp 4,767 14,126.7 4,060 501,660
51–70 bp 1,686 4,292.6 1,663 245,130
71–100 bp 1,888 4,423.5 1,844 364,977
Total 35,731 98,228.3 31,227 2,542,412/0.68%
Satellites (>100 bp)
101–200 bp 1,712 3,864.4 1,704 539,166
201–300 bp 473 1,126.9 471 271,170
301–400 bp 536 1,715.9 536 566,950
>400 bp 145 430.3 145 198,947
Total 2,866 7,137.5 2,856 1,576,233/0.43%
Grand total 57,360 414,681.4 34,914 4,843,670

1 We use the estimate from Table 2 as a large fraction of the
Retrotransposon matches in Table 1 have not been classified.
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tend to have higher substitution rates and this could be an
explanation for this discrepancy.

Another important part, constituting ∼2%, of the papaya
genome, is composed of tandem repeats. Relative to other
plant genomes (reviewed in [25]), tandem repeats in papaya
appear to be under-represented. However, since repeat
regions, especially those that are long and highly con-
served, are particularly difficult to handle in sequence
assembly, this percentage could be considerably under-
estimated.

Tandem repeats are more-or-less randomly distributed
in the papaya genome, with their number positively
correlated with supercontig length. However, no correla-
tion was found between tandem repeat number and gene

density (Fig. 5). Since tandem repeats are known to be the
main component of constitutive heterochromatin [12], this
fact may suggest that the draft genome of papaya lacks
assembled contigs of heterochromatin, although DAPI
staining experiments suggest that papaya genome is also
largely euchromatic [30].

Based on genomic library screenings some repetitive
motifs have been found to be abundant in plants. We found
that the most common dinucleotides in papaya are (TA/
AT)n and (AG/TC)n along with long A/T stretches. This
agrees with the results of Macas et al. [25] and Lagercrantz
et al. [20] who found that (AA/TT)n and (AG/TC)n are the

Fig. 4 Distribution of copy numbers for papaya genes (for 1≤n≤50)
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Fig. 3 Distribution of tandem
repeats in papaya

Table 4 High copy number transcripts in the papaya genome

Transcript Copy number Similar to

evm.model.supercontig_
185.9

112 MADS box
transcription factor

evm.model.supercontig_
219.4

100 Zinc finger

evm.model.supercontig_
30.166

91 MADS box
transcription factor

evm.model.supercontig_
3040.1

70 Protein kinase

evm.model.supercontig_
2.67

30 NADH-plastoquinone
oxidoreductase
subunit 2

Note that the numbers reported here are based on independent blast
searches and complement the study based on gene models in Ming et
al. [30]. In particular, the matches to the two MADS box genes
overlap substantially and should not be interpreted as suggesting that
there are 112+91 MADS box genes in the papaya genome (for a more
authoritative number see Ming et al. [30])
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most common dinucleotides in plants. Trinucleotides (TTC/
AAG)n, (AAT/TTA)n and (TAA/ATT)n are also abundant in
the papaya genome. (TAA/ATT)n is also predominant in
wheat [46], tomato [45], soybean [1] and Arabidopsis [24].
In contrast, (AAC/TTG)n and (ACC/TGG)n that account for
84.5% of eggplant microsatellites [34], seem to be under-
represented in papaya with only a few copies.

We found a moderate number of copies of the plant
telomeric motif (TTTAGGG)n indicating that papaya
telomeres belong to the Arabidopsis type, which is not
surprising since they are in the same order (Brassicales).
Nonetheless, we also found the vertebrate type telomeric
motif (TTAGGG)n and some variants several times. The
presence of such derived vertebrate-telomeric motifs has
also been reported in lily plants [9].

For longer tandem repeats, inferring relationships with
other groups of plants is more difficult since these
sequences are normally specific to a related group of
species [33, 42] and also undergo rapid evolutionary
changes [29]. In this context, it is not surprising that
BLAST hits with the Arabidopsis genome were found only
for a small portion of repeats. In these cases, they showed
homology to DNA binding sequences, pseudogenes, or TE-
like DNA sequences, suggesting their possible role in gene
regulation/inactivation and their probable origin as TEs [26,
27, 37]. These findings agree with some recent studies that
indicate that tandem repeats could have an important role in
gene regulation processes [48], speciation [16], or proper
chromosomal packing in mitosis and meiosis [8] and
contrast with earlier studies that denied any function for
these sequences, considering them to be junk [35], or
parasitic elements [36].

Interestingly, we detected a bias in the distribution of
repeat-unit sizes in papaya tandem repeats. It appears that
sequences between 9 and 50 bp account for a high number of
copies as well as for the maximum number of variants and
loci (Fig. 3). It could indicate that tandem repeat units in this
range are preferred in the papaya genome. Some authors

have argued that structural features such as monomer length,
AT content, short sequence motifs or secondary and tertiary
structures may be important factors for tandem repeat
preservation and evolution [13, 39, 49]. It has been proposed
that these structural constraints could be important for tight
packing of DNA and proteins in heterochromatin, and are
consequently under selective pressure [49] and this could be
an important area for future studies.

Finally, despite the fact that the papaya genome contains
fewer genes than the Arabidopsis genome [30], several
gene families have strikingly higher copy number in papaya
than Arabidopsis, particularly in families associated with
tree and fruit development. The set of high copy number
genes identified here are therefore interesting targets for
further study and characterization to reveal their functions
in the papaya genome. Note that the analysis here is
complementary to the analysis in Ming et al. [30] where a
comparative analysis with other sequenced plant genomes
was used to find gene families under strong selection.

Methods

Transposable Elements Analysis

We used a combination of homology-based and de novo
methods to identify signatures of transposable elements
(TEs) in the papaya genome. Because there are many known
families of TEs in plants, homology-based methods should
be highly effective in identifying and annotating them. We
used RepeatMasker (http://www.repeatmasker.org) (which
combines BLAST searches with an array of heuristics to

Table 6 Summary of matches to TEs in various TIGR plant repeat
databases

Plant Class I (retrotransposons) Class II (transposons)

Estimated
count

Length
covered
(in kbp)

Estimated
count

Length
covered
(in kbp)

Arabidopsis 556 128 12 1.6
Brassica 696 171 14 1.6
Glycine 444 165 1 0.05
Hordeum 292 66 956 59
Lycopersicon 2,744 1,200 1 0.37
Lotus 127 29 0 0
Medicago 323 39 6 0.94
Oryza 13,719 5,300 7,542 552
Solanum 550 125 321 65
Sorghum 796 187 17 2.1
Triticum 1,281 257 564 43
Zea 7,867 1,600 129 17
Total 29,395 9,300 9,563 684

Table 5 High copy number proteins in the papaya genome

Transcript Copy number Similar to

evm.model.supercontig_
2.153

>500 Topoisomerase I

evm.model.supercontig_
13.121

430 Serine/threonine
phosphatase

evm.model.supercontig_
232.8

416 Guanine nucleotide-
exchange protein

evm.model.supercontig_
1.174

316 Pentatricopeptide
repeat-containing
protein

evm.model.supercontig_
224.2

137 Salt-inducible
protein
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organize the matches) in combination with a custom-built
library of plant repeat elements for our initial classification of
TEs (Tables 2 and 3). The customized library was generated
by combining plant repeats from Repbase [18] and plant
repeat databases from TIGR (ftp://ftp.tigr.org/pub/data/
TIGR_Plant_Repeats). Repeat elements identified as ribo-
somal RNA sequences in the TIGR databases (matching
∼3% of the papaya genome) were excluded from our repeat
library, leaving a database of 76,924 repeat sequences that
were used to search the papaya genome.

Homology-based methods are limited to finding elements
that have not diverged too greatly from known repeats.
Because databases of known TEs are necessarily incomplete,
we used additional de novo methods to search for repeat
elements in papaya contigs. For this purpose, we applied two
recently developed repeat-finding tools, PILER [41] and
RepeatScout [11] to the complete set of contigs from the
papaya genome. Both these tools are fast (RepeatScout ran in
less than 4 h) and can process large genomes on a standard
desktop Linux computer. In all, PILER was able to find 428
repeat families while RepeatScout found 6,596 repeat
sequences. Note that the output from RepeatScout is not
grouped into families and hence the repeat sequences that it
finds tend to be redundant.

The repeat families obtained from PILER and RepeatScout
were annotated using a combination of manual curation (786

repeat families, N. Jiang, personal communication) and
automated analysis. For the automated annotation, the
combined dataset from PILER and RepeatScout was made
non-redundant, using CD-HIT [23] at the 90% similarity
level, leaving behind 6,240 repeat families. As a post-
processing step, we selected only those families which have
at least ten good (E-value<10−20) BLAST matches to papaya
contigs. The resulting dataset contains 2,198 repeat families
in the papaya genome (84 found by PILER and 2,114 found
by RepeatScout). BLAST searches against NR and PTREP
(http://wheat.pw.usda.gov/ITMI/Repeats) were then used to
identify repeat families matching genes associated with
transposons and retrotransposons. This procedure discovered
an additional 103 repeat families that could be annotated as
retrotransposons. The combined database of 889 annotated
papaya-specific TE sequences was used in addition to the
database of known repeats to annotate the papaya genome
(Table 1). The remaining, unannotated repeat families (1,455
sequences with no matches to known genes) were then used
to estimate the additional repeat content of the genome (the
“Unannotated” class in Table 1).

Phylogenetic Analysis of TE Sequences

From the set of known plant TE sequences, we identified three
sequences with many good matches in the papaya genome for

Fig. 5 Distribution of tandem repeat copy number, supercontig length and gene density for papaya scaffolds
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further phylogenetic analysis. Two of these sequences
(RN107_I and FRSgTERT00100296) correspond to Ty1-
Copia retrotransposons while the third (ATGP5A_I) corre-
sponds to a Ty3-Gypsy restrotransposon element. BLAST
searches against the papaya genome and the NR DNA
database (NCBI, January 2008) was used to find sequences
with good homology (E-value<10−20). These searches helped
identify the conserved regions of these sequences which
were then used to generate CLUSTALW [22] multiple
alignments for these sequences (up to five sequences for
each species). Phylogenetic tree reconstruction was then
performed using MrBayes [43] to generate an ensemble of
500 trees (GTR model with gamma distributed rate variation
among sites) and derive the consensus tree. Interestingly, in
all cases, the TE sequences only matched regions in other
plant genomes.

Tandem Repeats Detection

The papaya whole genome sequence was explored for
tandem repeats by using the Tandem Repeats Finder
software [5]. Repeat units between 1 and 2,000 bp were
analyzed, and only repeats arrayed in tandems ≥25 bp were
considered (a complete catalogue of SSRs is described in
Wang et al. this issue). Repeats were classified into micro-
(1–6 bp), mini- (7–100 bp) and satellite (>100 bp)
tandemly-arrayed sequences. A non-redundant set of
sequences was constructed using the program cd-hit-est,
as implemented in the package CD-HIT [23], at the 85%
similarity level. For annotations, the non-redundant sequen-
ces were BLASTed with the Arabidopsis TAIR 7 release
[40] and the hits classified according to the MIPS
functional catalogue database (http://mips.gsf.de). Perl
scripts were written to automate the process.

High Copy Number Genes Detection

The set of annotated genes (including introns and exons) in the
papaya genome were BLASTed against the whole genome
sequence to find significant matches (E-value<10−20). Similar
searches were also conducted using the predicted protein
sequences. In addition, the papaya genes were annotated by
BLASTing against the NR protein database (NCBI, January
2008) and transferring annotations from the best match if it
was a significant match (E-value<10−20).

Data Access and Retrieval

The sequences and annotations in the CPR-DB 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 un-annotated) are presented as multi-fasta
files in a format convenient for use with RepeatMasker. For

tandem repeats, redundant and non-redundant databases as
well as a consensus sequence list are available in multi-
fasta files. A file including annotations is also provided.
High-copy number papaya transcripts and protein sequen-
ces are also available as annotated multi-fasta files. Further
details can be found in the README file accompanying
the database.
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