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The draft genome of the transgenic tropical fruit tree
papaya (Carica papaya Linnaeus)
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Rachel L. Skelton1, Jan E. Murray1,2, Cuixia Chen2, Wubin Qian4, Junguo Shen5, Peng Du5, Moriah Eustice1,8,
Eric Tong1, Haibao Tang9, Eric Lyons10, Robert E. Paull11, Todd P. Michael12, Kerr Wall13, Danny W. Rice14,
Henrik Albert15, Ming-Li Wang1, Yun J. Zhu1, Michael Schatz7, Niranjan Nagarajan7, Ricelle A. Acob1,8,
Peizhu Guan1,8, Andrea Blas1,8, Ching Man Wai1,11, Christine M. Ackerman1, Yan Ren4, Chao Liu4, Jianmei Wang4,
Jianping Wang2, Jong-Kuk Na2, Eugene V. Shakirov16, Brian Haas17, Jyothi Thimmapuram18, David Nelson19,
Xiyin Wang9, John E. Bowers9, Andrea R. Gschwend2, Arthur L. Delcher7, Ratnesh Singh1,8, Jon Y. Suzuki15,
Savarni Tripathi15, Kabi Neupane20, Hairong Wei21, Beth Irikura11, Maya Paidi1,8, Ning Jiang22, Wenli Zhang23,
Gernot Presting8, Aaron Windsor24, Rafael Navajas-Pérez9, Manuel J. Torres9, F. Alex Feltus9, Brad Porter8,
Yingjun Li2, A. Max Burroughs7, Ming-Cheng Luo25, Lei Liu18, David A. Christopher8, Stephen M. Mount7,26,
Paul H. Moore15, Tak Sugimura27, Jiming Jiang23, Mary A. Schuler28, Vikki Friedman29, Thomas Mitchell-Olds24,
Dorothy E. Shippen16, Claude W. dePamphilis13, Jeffrey D. Palmer14, Michael Freeling10, Andrew H. Paterson9,
Dennis Gonsalves15, Lei Wang4,5,6 & Maqsudul Alam3,30

Papaya, a fruit crop cultivated in tropical and subtropical regions,
is known for its nutritional benefits and medicinal applications.
Here we report a 33 draft genome sequence of ‘SunUp’ papaya,
the first commercial virus-resistant transgenic fruit tree1 to be
sequenced. The papaya genome is three times the size of the
Arabidopsis genome, but contains fewer genes, including signifi-
cantly fewer disease-resistance gene analogues. Comparison of the
five sequenced genomes suggests a minimal angiosperm gene set
of 13,311. A lack of recent genome duplication, atypical of other
angiosperm genomes sequenced so far2–5, may account for the
smaller papaya gene number in most functional groups. None-
theless, striking amplifications in gene number within particular
functional groups suggest roles in the evolution of tree-like habit,
deposition and remobilization of starch reserves, attraction of
seed dispersal agents, and adaptation to tropical daylengths.
Transgenesis at three locations is closely associated with chloro-
plast insertions into the nuclear genome, and with topoisomerase I
recognition sites. Papaya offers numerous advantages as a system
for fruit-tree functional genomics, and this draft genome sequence

provides the foundation for revealing the basis of Carica’s
distinguishing morpho-physiological, medicinal and nutritional
properties.

Papaya is an exceptionally promising system for the exploration of
tropical-tree genomes and fruit-tree genomics. It has a relatively
small genome of 372 megabases (Mb)6, diploid inheritance with nine
pairs of chromosomes, a well-established transformation system7,
a short generation time (9–15 months), continuous flowering
throughout the year and a primitive sex-chromosome system8. It is
a member of the Brassicales, sharing a common ancestor with
Arabidopsis about 72 million years ago9. Papaya is ranked first on
nutritional scores among 38 common fruits, based on the percentage
of the United States Recommended Daily Allowance for vitamin A,
vitamin C, potassium, folate, niacin, thiamine, riboflavin, iron and
calcium, plus fibre. Consumption of its fruit is recommended for
preventing vitamin A deficiency, a cause of childhood blindness in
tropical and subtropical developing countries. The fruit, stems, leaves
and roots of papaya are used in a wide range of medical applications,
including production of papain, a valuable proteolytic enzyme.

*These authors contributed equally to this work.
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A total of 2.8 million whole-genome shotgun (WGS) sequencing
reads were generated from a female plant of transgenic cultivar
SunUp, which was developed through transformation of Sunset that
had undergone more than 25 generations of inbreeding10. The esti-
mated residual heterozygosity of SunUp is 0.06% (Supplementary
Note 1). After excluding low-quality and organellar reads, 1.6 million
high-quality reads were assembled into contigs containing 271 Mb
and scaffolds spanning 370 Mb including embedded gaps (Supple-
mentary Tables 1 and 2). Of 16,362 unigenes derived from expressed
sequence tags (ESTs), 15,064 (92.1%) matched this assembly. Paired-
end reads from 34,065 bacterial artificial chromosome (BAC) clones
provided alignment to an fingerprinted contig (FPC)-based physical
map (Supplementary Note 2). Among 706 BAC end and WGS
sequence-derived simple sequence repeats on the genetic map, 652
(92.4%) could be used to anchor 167 Mb of contigs or 235 Mb of
scaffolds, to the 12 papaya linkage groups in the current genetic map
(Supplementary Fig. 1).

Papaya chromosomes at the pachytene stage of meiosis are
generally stained lightly by 49,6-diamidino-2-phenylindole (DAPI),
revealing that the papaya genome is largely euchromatic. However,
highly condensed heterochromatin knobs were observed on most
chromosomes (Supplementary Fig. 2), concentrated in the centro-
meric and pericentromeric regions. The lengths of the pachytene
bivalents that are heavily stained only account for approximately
17% of the genome. However, these cytologically distinct and highly
condensed heterochromatic regions could represent 30–35% of the
genomic DNA11. A large portion of the heterochromatic DNA was
probably not covered by the WGS sequence. The 271 Mb of contig
sequence should represent about 75% of the papaya genome and
more than 90% of the euchromatic regions, which is similar to the
92.1% of the EST and 92.4% of genetic markers covered by the
assembled genome and the theoretical 95% coverage by 33 WGS
sequence12.

Gene annotation was carried out using the TIGR Eukaryotic
Annotation Pipeline. The assembled genome was masked based on
similarity to known repeat elements in RepBase and the TIGR Plant
Repeat Database, plus a de novo papaya repeat database (see
Methods). Ab initio gene predictions were combined with spliced
alignments of proteins and transcripts to produce a reference gene
set of 28,629 gene models (Supplementary Table 3). A total of 21,784
(76.1%) of the predicted papaya genes with average length of 1,057
base pairs (bp) have similarity to proteins in the non-redundant
database from the National Center for Biotechnology Information,
with 9,760 (44.8%) of these supported by papaya unigenes. Among
6,845 genes with average length 309 bp that had no hits to the non-
redundant proteins, only 515 (7.5%) were supported by papaya uni-
genes, implying that the number of predicted papaya-specific genes
was inflated. If the 515 genes with unigene support represent 44.8%
of the total, then 1,150 predicted papaya-specific genes may be real,
and the number of predicted genes in the assembled papaya genome
would be 22,934. Considering the assembled genome covers 92.1% of
the unigenes and 92.4% of the mapped genetic markers, the number
of predicted genes in the papaya genome could be 7.9% higher, or
24,746, about 11–20% less than Arabidopsis (based on either the

27,873 protein coding and RNA genes, or including the 3,241 novel
genes)2,13, 34% less than rice3, 46% less than poplar4 and 19% less
than grape5 (Table 1).

Comparison of the papaya genome with that of Arabidopsis
sheds new light on angiosperm evolutionary history in several ways.
Considering only the 200 longest papaya scaffolds, we found 121 co-
linear blocks. The papaya blocks range in size from 1.36 Mb contain-
ing 181 genes to 0.16 Mb containing 19 genes (a statistical, rather
than a biological, lower limit); the corresponding Arabidopsis regions
range from 0.69 Mb containing 163 genes to 60 kilobases (kb) con-
taining 18 genes. Across the 121 papaya segments for which co-
linearity can be detected, 26 show primary correspondence (that is,
excluding the effects of ancient triplication detailed below) to only
one Arabidopsis segment, 41 to two, 21 to three, 30 to four, and only 3
to more than four.

The fact that many papaya segments show co-linearity with two to
four Arabidopsis segments (Fig. 1, and Supplementary Figs 3 and 4) is
most parsimoniously explained if either one or two genome duplica-
tions have affected the Arabidopsis lineage since its divergence from
papaya. Although it was suspected that the most recent Arabidopsis
genome duplication, a14, might affect only a subset of the
Brassicales15, previous phylogenetic dating of these events15 had sug-
gested that the more ancient b-duplication occurred early in the
eudicot radiation, well before the Arabidopsis–Carica divergence.
This incongruity is under investigation.

In contrast, individual Arabidopsis genome segments correspond
to only one papaya segment, indicating that no genome duplication
has occurred in the papaya lineage since its divergence from
Arabidopsis about 72 million years ago5. The lack of relatively recent
papaya genome doubling is further supported by an L-shaped distri-
bution of intra-EST correspondence for papaya (not shown). How-
ever, multiple genome/subgenome alignments (see Supplementary
Methods) reveal evidence in papaya of the ancient ‘c’ genome
duplication shared with Arabidopsis and poplar that is postulated
to have occurred near the origin of angiosperms14. Indeed, both
papaya (with no subsequent duplication) and poplar (with a rela-
tively low rate of duplicate gene loss) suggest that cwas not a duplica-
tion but a triplication (Fig. 1), with triplicated patterns evident for
about 25% of the 247 Mb comprising the 200 largest papaya scaffolds.

Table 1 | Statistics of sequenced plant genomes

Carica
papaya

Arabidopsis
thaliana

Populus
trichocarpa

Oryza sativa
(japonica)

Vitis
vinifera

Size (Mbp) 372 125 485 389 487

Number of chromosomes 9 5 19 12 19

G 1 C content total (%) 35.3 35.0 33.3 43.0 36.2
Gene number 24,746 31,114* 45,555 37,544 30,434

Average gene length (bp per gene) 2,373 2,232 2,300 2,821 3,399

Average intron length (bp) 479 165 379 412 213

Transposons (%) 51.9 14 42 34.8 41.4

*The gene number of Arabidopsis is based on the 27,873 protein-coding and RNA genes from
The Arabidopsis Information Resource website (http://www.arabidopsis.org/portals/
genAnnotation/genome_snapshot.jsp) and recently published 3,241 novel genes6.
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Figure 1 | Alignment of co-linear regions from Arabidopsis (green), papaya
(magenta), poplar (blue) and grape (red). ‘Vv chr16r’ is an unordered
ultracontig that has been assigned to grape chromosome 16. Triangles
represent individual genes with transcriptional orientations. Several
Arabidopsis regions belong to previously identified duplication segments
(a3, a11, a20, b6, c7, shown to the right)23. The whole syntenic alignment
supports four distinct whole-genome duplication events: a, b within the
Arabidopsis lineage, an independent duplication in poplar, and c which is
shared by all four eudicot genomes. Co-linear regions can be grouped into
three c sub-genomes based on Camin–Sokal parsimony criteria.
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This is most probably an underestimate that will increase as papaya
contiguity is improved. Triplication in papaya and poplar corre-
sponds closely to the triplication suggested by an independent ana-
lysis of the grape genome5.

A few hundred papaya chromosomal segments were aligned using
BLASTZ to their one to four syntenic regions in Arabidopsis, and the
results examined visually using the Genome Evolution (GEvo)
viewer16. The orthologous region of grape was also included5, making
the alignment a six-way comparison. One example is given in
Supplementary Fig. 5: a 500 kb segment of papaya, its four 60 kb
syntenic, orthologous Arabidopsis segments and the 400 kb ortholo-
gous segment of grape.

For the homologous Arabidopsis segments that are discernibly co-
linear (by MC-SCANNER) to the 200 longest papaya scaffolds,
34.8% of Arabidopsis genes in any one segment correspond to a
papaya gene, whereas only 24.8% of papaya genes in any one segment
correspond to an Arabidopsis gene. Moreover, the Arabidopsis homo-
logous segments contain fewer genes, on average only about 57.9% of
the number in their papaya counterparts.

Papaya provides a useful outgroup necessary to detect subfunctio-
nalization. Supplementary Fig. 6 is a GEvo screenshot of a blastn
alignment illustrating subfunctionalization of conserved non-coding
sequences (CNSs)17 upstream of two syntenic, duplicate Arabidopsis
genes and their single papaya orthologous gene. The a-duplicated
genomes within Arabidopsis are perfect for CNS discovery18.

Comparative analysis of the papaya and Arabidopsis 59 untrans-
lated regions showed that only 14% of orthologous promoter pairs
exhibit significantly higher levels of sequence identity than random
comparisons (Supplementary Figs 7 and 8). Although some highly
conserved promoters show substantial conservation across much of
their length, sequence similarity for most orthologous papaya pro-
moters is indistinguishable from background.

Global analysis of all inferred protein models from papaya,
Arabidopsis, poplar, grape and rice clusters the 208,901 non-redundant
protein sequences into 39,706 similarity groups, or ‘tribes’19, 11,851 of
which contain two or more genes (see Supplementary Methods). Tribes
with multiple genes in a species typically correspond to families or
subfamilies of genes; however, tribes may also contain just one gene
(‘singleton tribes’). In papaya, 25,312 gene models were classified into
12,958 tribes, 5,669 of which were specific to papaya (Supplementary
Table 4). Of the papaya-specific tribes, 5,314 were singleton tribes. EST
support was markedly lower for genes in papaya-specific tribes (below
14%) than in tribes that included genes from at least one other taxon
(72.4%).

To investigate the smaller number of genes in papaya, we com-
pared tribe membership from each of the five sequenced angiosperm
species (Supplementary Table 5). Among the 6,726 tribes that con-
tain genes from both Arabidopsis and papaya, 3,595 contain equal
numbers of genes from both species. However, tribes with more
Arabidopsis genes outnumber those with more papaya genes by more
than 2:1 (2,153:979). The trend of smaller number of papaya genes is
widespread across tribes of all sizes and major functional categories
(Supplementary Table 6 and Supplementary Fig. 9).

We then examined membership in the 815 tribes with members
identified as being likely transcription factors in the Arabidopsis tran-
scription factor database (http://arabidopsis.med.ohio-state.edu/
AtTFDB/). This set includes 2,897 genes in Arabidopsis and 2,438
in papaya (a ratio of 1.19:1). The details of tribe membership are
illustrated for 25 exemplar families and superfamilies (Fig. 2), where
most transcription-factor tribes have fewer genes in papaya than

Arabidopsis. Some transcription-factor tribes had more genes in
papaya, specifically RWP-RK, MADS-box, Scarecrow, TCP and
Jumonji gene families. Interestingly, the difference in MADS protein
family size appears to be due to expanded numbers for half of the 36
MADS tribes. The other 18 MADS tribes had fewer papaya genes,
including 14 that were not found in papaya.

Assuming that a generalized angiosperm could potentially require
only the types and minimal numbers of genes that are shared among
divergent plant species, we examined each of the tribes shared among
the five angiosperms with sequenced genomes. The number of genes
required in a minimal flowering plant is based on the observed
minimum number of genes across each of the shared tribes
(Table 2). When the smallest observed number is taken for each
evolutionarily conserved tribe, a minimal angiosperm genome of
13,311 genes is estimated. Papaya has the smallest number of genes
for more tribes than any other sequenced taxon (4,515, or 76% of
5,925 shared tribes), reinforcing the notion that papaya has fewer
genes than any angiosperm sequenced so far.

Only 55 nucleotide-binding site (NBS)-containing R genes were
identified in papaya; about 28% of the 200 NBS genes in Arabidopsis20

and less than 10% of the 600 NBS genes in rice21. Resistance proteins
also have a carboxy-terminal leucine-rich repeat (LRR) domain.
These NBS-containing R-gene families can be subdivided into three
classes: NBS–LRR, toll interleukin receptor (TIR)–NBS–LRR, and
coiled-coil (CC)–NBS–LRR on the basis of their amino-terminal
region. Papaya NBS–LRR outnumbered both TIR–NBS–LRR and
CC–NBS–LRR genes, in contrast to both poplar (with more CC–
NBS–LRR genes4) and Arabidopsis (with more TIR–NBS–LRR).
More than 50% of the NBS-type R genes were clustered in about
eight scaffolds, indicating that resistance gene evolution may involve
duplication and divergence of linked gene families.
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Figure 2 | Comparison of gene numbers in transcription-factor tribe or
related tribes from Arabidopsis and papaya. Most transcription factors are
represented by fewer genes in papaya than Arabidopsis. Transcription-factor
names are given, with values after the names corresponding to: number of
tribes with genes assigned to transcription factor group, number of tribes
with smaller counts in papaya than Arabidopsis, number of tribes with equal
counts in papaya and Arabidopsis, number of tribes with larger counts in
papaya, and number of tribes with zero members in papaya. Supporting data
are provided in Supplementary Table 8.

Table 2 | Deduced potential minimal angiosperm gene number based on species with smallest number of genes for each tribe

Carica papaya Arabidopsis thaliana Populus trichocarpa Oryza sativa (japonica) Vitis vinifera Shared tribes Minimal gene number

Shared tribes with minimum 4,515 3,597 1,548 3,657 3,597 5,925 13,331

Number of unique tribes 5,708 2,950 6,338 13,003 3,567

Number of conserved tribes lost or
missing from each species

405 113 28 429 175
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Homologues for genes involved in cellulose biosynthesis are pre-
sent in papaya and Arabidopsis, with more cellulose synthase genes in
poplar, perhaps associated with wood formation. Papaya has at least
32 putative b-glucosyl transferase (GT1) genes compared with 121 in
Arabidopsis identified using sequence alignment. A total of 38 and 40
cellulose synthase-related genes (GT2) were identified in papaya
using the 48 poplar and 31 Arabidopsis genes as queries, respectively.
These genes include 11 cellulose synthase (CesA) genes, the same
number as in Arabidopsis but 7 fewer than in poplar. Putative cel-
lulose orientation genes (COBRA) were more abundant in
Arabidopsis (12) than in papaya (8).

Papaya also has a similar complement though fewer genes for cell-
wall synthesis than Arabidopsis. Papaya and Arabidopsis, respectively,
have 6 and 12 callose synthase genes (GT2); 15 and 15 xyloglucan
a-1,2-fucosyl transferases (GT37); 5 and 7 b-glucuronic acid trans-
ferases in familes GT43 and GT47; and 27 and 42 in GT8 that includes
galacturonosyl transferases, associated with pectin synthesis.

The cell wall of plants is capable of both plastic and elastic exten-
sion, and controls the rate and direction of cell expansion22. Despite
fewer whole-genome duplications, papaya has a similar number of
putative expansin A genes (24) as Arabidopsis (26) and poplar (27),
and more expansin B genes (10) than Arabidopsis (6) and poplar (3).

In contrast to expansion-related genes, papaya has on average
about 25% fewer cell-wall degradation genes than Arabidopsis, in
some cases far fewer. For example, papaya and Arabidopsis, respec-
tively, have 4 and 12 endoxylanase-like genes in glycoside hydrolase
family 10 (GH10); 29 and 67 pectin methyl esterases (carbohydrate
esterase family 8); 28 and 69 polygalacturonases (GH28); 15 and 49
xyloglucan endotransglycosylase/hydrolases (GH16); 18 and 25
b-1,4-endoglucanases (GH9); 42 and 91 b-1,3-glucanases (GH17);
and 15 and 27 pectin lyases (PL1).

A semi-woody giant herb that accumulates lignin in the cell wall at
an intermediate level between Arabidopsis and poplar, papaya gene-
rally has intermediate numbers of lignin synthetic genes, fewer than
poplar but more than Arabidopsis despite fewer opportunities for
duplication in papaya. Poplar, papaya and Arabidopsis have 37, 30
and 18 candidate genes for the lignin synthesis pathway, respec-
tively4,23, with papaya having an intermediate number of genes for
the PAL, C4H, 4CL and HCT gene families, and only one COMT and
two C3H genes. In contrast, poplar has three C3H genes, which are
presumed to convert p-coumaroyl quinic acid to caffeoyl shikimic
acid, whereas there are two in papaya and one in Arabidopsis. Papaya,
Arabidopsis and poplar each have two genes in the family
CCoAOMT, which are presumed to convert caffeic acid to ferulic
acid4. Compared with these other plants, papaya has the fewest genes
in the CCR gene family (1 gene) and the most in the F5H (4 genes)
and CAD gene families (18 genes), which all mediate later steps of the
lignin biosynthesis pathway.

More starch-associated genes in papaya, a perennial, may be due to
a greater need for storage in leaves, stem and developing fruit than in
Arabidopsis, an ephemeral that stores oil in the seed. Papaya and
Arabidopsis, respectively, have 13 and 6 putative starch synthase
(GT5) genes; 8 and 3 starch branching genes; 6 and 3 isoamylases
(GH13); and 12 and 9 b-amylases (GH14). Early unloading of fruit
sugar in papaya is probably symplastic24, with five genes for sucrose
synthase/sucrose phosphate synthase (GT4); seven are reported for
Arabidopsis. Five acid invertase (GH32) sequences were found in
papaya whereas 11 have been reported in Arabidopsis. Papaya has
at least seven putative neutral invertase (GH32) genes; Arabidopsis
has six. Wall-associated kinases (WAK) are thought to be involved in
the regulation of vacuolar invertases, with 17 in Arabidopsis and only
10 in papaya. Arabidopsis and papaya have 14 and 7 hexose trans-
porters, respectively. The greater number of genes for sugar accu-
mulation in Arabidopsis may reflect recent genome duplications.

Papaya has undergone particularly striking amplification of genes
involved in volatile development. Papaya and Arabidopsis, respec-
tively, have 18 and 8 genes for cinnamyl alcohol dehydrogenase; 2

and 1 genes for cinnamate-4-hydroxylase; 9 and 3 genes for pheny-
lalanine ammonia lyase; and 24 and 3 limonene cyclase genes.

Papaya ripening is climacteric, with the rise in ethylene production
occurring at the same time as the respiratory increase25. Papaya and
Arabidopsis, respectively, have similar numbers of genes involved in
ethylene synthesis, with four each for S-adenosyl methionine
synthase (SAM synthase); 8 and 13 for aminocyclopropane carb-
oxylic acid (ACC) synthase (ACS); 8 and 12 for ACC oxidase
(ACO); and 42 and 64 for ethylene-responsive binding factors
(AP2/ERF).

Because papaya grows in tropical climates where daily light/dark
cycles do not change much over the year, we can ask if more or fewer
light/circadian genes are required to synchronize with the environ-
ment. In fact, there are fewer light/clock genes in the papaya genome
(49% and 34% of poplar and Arabidopsis, respectively; Supplemen-
tary Table 7). However, among the core circadian clock genes, the
pseudo-response regulators (PRRs; Supplementary Fig. 10) have
expanded in poplar compared with Arabidopsis, and the papaya
PRR7 cluster has seemingly duplicated with the recent poplar
salicoid-specific genome duplication4 (Supplementary Fig. 11).
Against the backdrop of fewer overall genes, the parallel expansion
of the PRRs is consistent with circadian timing being important in
papaya.

The PAS–FBOX–KELCH genes control light signalling and
flowering time; however, the only papaya orthologue (ZTL) lacks
an obvious KELCH domain compared with Arabidopsis and poplar,
which have five and one KELCH domains, respectively (Supplemen-
tary Fig. 10). In fact, the papaya genome contains fewer KELCH
domains (37 compared with 130 and 74 in Arabidopsis and poplar,
respectively). In contrast, there are three constitutive photomorpho-
genic 1 (COP1) paralogues in the papaya genome compared with
only one in Arabidopsis (Supplementary Tables 7 and 8). A similar
expansion has been noted in moss (Physcomitrella patens), which has
nine COP1 paralogues that are hypothesized to aid in tolerance to
ultraviolet light (Supplementary Fig. 12)26. Both KELCH domains
and the WD-40 of the COP1 family form b-propellers and play a role
in light-mediated ubiquitination. There is not a general expansion of
WD-40 genes in papaya (173 compared with 227 in Arabidopsis).
Perhaps papaya has developed an alternative way of integrating light
or timing information specific to day-neutral plants, such as a strict
adherence to the diel light/dark cycle that is better served by the COP-
mediated system.

Sex determination in papaya is controlled by a pair of primitive
sex chromosomes, with a small male-specific region of the Y chro-
mosome (MSY)8. The physical map of the MSY is currently estimated
by chromosome walking to span about 8 Mb (ref. 27). Two scaffolds
in the current female-genome sequence align to the X chromosome
physical map based on BAC end sequences, spanning 4.5 Mb and
including 254 predicted protein-encoding genes, of which 75
(29.5%) have EST support (Supplementary Table 9 and Supple-
mentary Fig. 13). If adjusted for the percentage of unigene validation
for other genes (48.0%), the estimated number of genes in the
X-specific region would be 156. The average gene density would be
one gene per 19.5 kb, lower than the estimated genome average of one
gene per 14.3 kb. By contrast, among seven completely sequenced
MSY BACs totalling 1.2 Mb, a total of four expressed genes were
found on two of the BACs14,28. The somewhat lower-than-average
gene density in the X-specific scaffolds is accompanied by more
repetitive DNA (58.3%) than the genome-wide average, perhaps
because this region is near the centromere28. Re-analysis of
the repetitive DNA content of the MSY BACs, to include the new
papaya-specific repeat families identified herein, increased the aver-
age repeat sequence to 85.6%, with 54.1% Gypsy and 1.9% Copia
retro-elements (Supplementary Table 10). This compares with an
earlier estimate of 17.9% using the Arabidopsis repeat database
alone28.
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The SunUp genome has presented an opportunity to analyse trans-
gene insertion sites critically. Southern blot analysis was key in the
initial identification of transgenic insertion fragments and was per-
formed with probes spanning the entire 19,567-bp transformation
vector used for bombardment (Supplementary Fig. 14). Among the
identified inserts were the functional coat-protein transgene confer-
ring resistance to papaya ringspot virus, which was found in an intact
9,789-bp fragment of the transformation plasmid, and a 1,533-bp
fragment composed of a truncated, non-functional tetA gene and
flanking vector backbone sequence. The structures of the coat-
protein transgene and tetA region insertion sites were determined
from cloned sequences. Southern analysis also confirmed a 290-bp
non-functional fragment of the nptII gene originally identified by
WGS sequence analysis (Supplementary Fig. 15). Five of the six
flanking sequences of the three insertions are nuclear DNA copies
of papaya chloroplast DNA fragments. The integration of the trans-
genes into chloroplast DNA-like sequences may be related to the
observation that transgenes produced either by Agrobacterium-
mediated or biolistic transformation are often inserted in AT-rich
DNA29, as is the chloroplast DNA of papaya and other land plants.
Four of the six insert junctions have sequences that match topoisome-
rase I recognition sites, which are associated with breakpoints in geno-
mic DNA transgene insertion sites and transgene rearrangements29.
The presence of these inserts was confirmed by high-throughput
MUMmer30 analysis for each region of the transformation vector.
Evidence for the presence of other transgene inserts is not conclusive
(Supplementary Note 3).

Its lower overall gene number notwithstanding, striking variations
in gene number within particular functional groups, superimposed
on the average approximate 20% reduction in papaya gene number
relative to Arabidopsis, may be related to key features of papaya
morphological evolution. Despite a closer evolutionary relationship
to Arabidopsis, papaya shares with poplar an increased number of
genes associated with cell expansion, consistent with larger plant size;
and lignin biosynthesis, consistent with the convergent evolution of
tree-like habit. Amplification of starch-synthesis genes in papaya
relative to Arabidopsis is consistent with a greater need for storage
in leaves, stem and developing fruit of this perennial. Tremendous
amplification in papaya of genes related to volatile development
implies strong natural selection for enhanced attractants that may
be key to fruit (seed) dispersal by animals and which may also have
attracted the attention of aboriginal peoples. This also foreshadows
what we might expect to discover in the genomes of other fragrant-
fruited trees, as well as plants with striking fragrance of leaves (herbs),
flowers or other organs.

Arguably, the sequencing of the genome of SunUp papaya makes it
the best-characterized commercial transgenic crop. Because papaya
ringspot virus is widespread in nearly all papaya-growing regions,
SunUp could serve as a transgenic germplasm source that could be
used to breed suitable cultivars resistant to the virus in various parts
of the world. The characterization of the precise transgenic modifica-
tions in SunUp papaya should also serve to lower regulatory barriers
currently in place in some countries.

METHODS SUMMARY
Gene annotation. Papaya unigenes from complementary DNA were aligned to

the unmasked genome assembly, which was then used in training ab initio gene

prediction software. Spliced alignments of proteins from the plant division of

GenBank, and transcripts from related angiosperms, were generated. Gene pre-

dictions were combined with spliced alignments of proteins and transcripts to

produce a reference gene set. Detailed descriptions are given in Methods.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Genome assembly. The Genome sequence was assembled by Arachne31. WGS

reads and BAC end reads were trimmed by LUCY and screened for organellar

sequences32. Two approaches were applied to screening and removing reads of

presumably organellar origin to alleviate the load in assembling highly repetitive

regions by WGS assembly software. The first approach was an iterative process,

in which reads were assembled, contigs matching with organellar genomes iden-

tified, constituent reads removed, and the process repeated by two or three more

rounds. This approach produced the read sets for the released assemblies

Stripped3 and Stripped4. The second approach was to remove plasmid clones
and BAC clones of presumably organellar origin by identifying clones with both

end reads matching entirely with organellar genomes, with physical map

information an amendment to the identification of BAC clones. Two rounds

of iterative screening based on pairing information of assembled and unplaced

reads were added to the second approach to generate the read set for the released

Papaya1.0 assembly.

The sequence error rates were estimated by aligning assembled shotgun

sequences with two finished BACs (GenBank accession numbers EF661023

and EF661026). The error rate of the assembly at 33 coverage or deeper

(74.2% of assembled sequences) was less than 0.01% based on average quality

values of 20 or greater in trimmed sequence. The error rate at 23 coverage

(16.3%) was 0.37%. The error rate at 13 coverage (9.5%) was approximately

0.75%, because these sequences are at the ends of the contigs (and sequence

reads) where the sequence quality declined.

Genome annotation. Gene annotation was conducted following the TIGR

Eukaryotic Annotation Pipeline. Repeat sequences were identified in the

assembled genome and masked by RepeatMasker, RepeatScout and

TransposonPSI, based on known repeat elements in RepBase databases and
TIGR Plant Repeat Databases, and the papaya novel repeat database constructed

in this study33,34. Program to Assemble Spliced Alignments (PASA)35 was used to

generate spliced alignments of papaya unigenes to the unmasked assembly, which

was then used in training ab initio gene prediction software Augustus,

GlimmerHMM and SNAP36–38. Ab initio gene prediction software Fgenesh,

Genscan and TWINSCAN were trained on Arabidopsis39–41. Spliced alignments

of proteins from the plant division of GenBank and transcripts from related

angiosperms (Arabidopsis thaliana, Glycine max, Gossypium hirsutum, Medicago

truncatula, Nicotiana tabacum, Oryza sativa, Zea mays) were generated by the

Analysis and Annotation Tool (AAT)42. Spliced alignment of proteins from the

Pfam database were generated using GeneWise43,44. Gene predictions generated by

Augustus, Fgenesh, Genscan, GlimmerHMM, SNAP and TWINSCAN were com-

bined with spliced alignments of proteins and transcripts to produce a reference

gene set using the evidence-based combiner EVidenceModeler (EVM)45. Protein

domains were predicted using InterProScan against protein databases (PRINTS,

Pfam, ProDom, PROSITE, SMART)46–50.

Construction of papaya repeat database. We used a combination of homology-

based and de novo methods to identify signatures of transposable elements in the
papaya genome. We used RepeatMasker (http://www.repeatmasker.org) in

combination with a custom-built library of plant repeat elements for our initial

classification of transposable elements. The customized library was generated by

combining plant repeats from Repbase and plant repeat databases from TIGR

(ftp://ftp.tigr.org/pub/data/TIGR_Plant_Repeats)33. Repeat elements identified

as ribosomal RNA sequences in the TIGR databases match a large fraction of the

papaya genome (about 3%). Ribosomal RNAs were identified separately, and

therefore 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 transpos-

able elements are necessarily incomplete, we used additional de novo methods to

search for repeat elements in papaya contigs. For this, we applied two recently

developed repeat-finding tools, PILER and RepeatScout to the complete set of

contigs from the papaya genome34,51. PILER was able to find 428 repeat families

whereas RepeatScout found 6,596 repeat sequences.

The repeat families obtained from PILER and RepeatScout were annotated

using a combination of manual curation (786 repeat families) and automated
analysis. For the automated annotation, the combined data set from PILER and

RepeatScout was made non-redundant (using CD-HIT at the 90% similarity

level), leaving behind 6,240 repeat families52. As a post-processing step, we

selected only those families that had at least ten good (E value , 1 3 1020)

BLAST matches to papaya contigs. The resulting data set contained 2,198 repeat

families in the papaya genome. BLAST searches against non-redundant and

PTREP (http://wheat.pw.usda.gov/ITMI/Repeats) were then used to identify

repeat families matching genes associated with transposons and retrotranspo-

sons. This procedure discovered an additional 103 repeat families that could be

annotated as being retrotransposons. The combined database of 889 annotated

papaya-specific transposable-element sequences was used in addition to the

database of known repeats to annotate the papaya genome. 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.
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Supplementary Note 1. 
  
 Estimate of residual heterozygosity in SunUp. Arachne was used to estimate 
the level of heterozygosity. Single nucleotide polymorphisms and insertions/deletions 
were included in the analysis if at least two reads disagreed with the consensus but agreed 
with each other. The total number of bases in the analysis refers to regions of at least 4X 
sequence coverage. 
 
Supplementary Note 2. 
 

Genetic and physical maps. A high density genetic map was constructed using 
an F2 population derived from a dioecious variety AU9 and the sequenced Hawaiian 
cultivar SunUp.  SSR markers derived from BAC end and WGS sequences were used so 
the physical map and assembled WGS sequences can be easily anchored to the genetic 
map.  A total of 707 markers were mapped into nine major and three minor linkage 
groups (LGs), including 706 microsatellite markers and a morphological marker fruit 
flesh color. Linkage groups 8 and 10 were merged because each possessed a subset of 
SSR markers associated with the same scaffold. Linkage groups 9 and 11 were merged 
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based on Fluorescence In Situ Hybridization (FISH) results (Supplementary Figure 1). 
This map spanned 1037.1 cM with an average distance of 1.45 cM between adjacent 
markers.   
 The entire set of 39,168 BAC clones of the papaya BAC library was fingerprinted 
using the High-Information-Content Fingerprinting system1. One fifth of these 
fingerprints were excluded due to empty insert clones, incomplete restriction enzyme 
digestion, highly repetitive sequences, or failure to size on the capillary sequencer. A total 
of 30,824 fingerprints, estimated as 11X genome equivalents, were used to construct a 
papaya physical map. After automated overlap evaluation and manual review, 26,466 
papaya BAC clones were assigned to 963 contigs. A total of 4,358 singleton clones could 
not be assigned to the fingerprint contigs. The three largest contigs included over 200 
BACs, whereas 204 contigs contain only two BACs. The remainder of the 756 contigs 
contained 3 to 199 BACs. 
 
Supplementary Note 3. 

Southern blots suggested a band with a slight reaction to a fragment of the 
gentamycin resistance gene.  However, we have not been able to confirm its presence by 
PCR, by analyses of BAC and fosmid clones generated from SunUp DNA, and by 
analysis of WGS sequences.  High-throughput MUMmer analysis also revealed un-
assembled singleton sequences corresponding to a fragment of the uidA (GUS) gene, and 
to a fragment of the PRSV coat protein gene.  Both singletons had border sequences at 
least on one side, but these inserts have not been confirmed by other means such as PCR 
and by obtaining the border sequences of both sides.    
 
G+C content 

Papaya has an AT-rich genome, with an overall G+C content of 35.3%, nearly 
identical to that of Arabidopsis at 35%. Coding exons contain significantly higher G+C 
content, averaging 44.4% (Supplemental Fig. 16). The G+C excess is likely due to a 
combination of factors, notably the exclusion of stop codons in coding regions as well as 
other codon biases. If introns are included, the G+C content of transcripts excluding 
UTRs drops to 37.5%. 
 
Transposable elements  

More than 43.4% of the papaya genome is homologous to identifiable 
transposable elements (TEs) and an additional 8.5% is covered by repetitive sequences 
that are currently unannotated but are likely to be novel TEs (Supplementary Table 11). 
Given the fact that un-assembled gaps are largely composed of TEs, this could be an 
underestimate. Most of the major types of repeats in Repbase 2 are represented in papaya, 
with the dominant class being retrotransposons (40% of the genome) and some of the 
abundant types being Ty3-gypsy (27.8%) and Ty1-copia (5.5%) retrotransposons. An 
interesting feature of papaya is the relatively low abundance of known DNA transposons 
(0.20%) compared to other plant genomes. The papaya genome is dominated by papaya-
specific TE families, and when these are excluded, only 14% of the genome is covered by 
known TEs. 
 
Introns 

We used EST-confirmed introns to estimate the intron size of papaya. The average 
intron length in papaya is 479 bp, the longest among plants sequenced to date (Table 1). 
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Comparison of 4,403 orthologous gene pairs shows that papaya introns are over twice as 
long as those in Arabidopsis, but only slightly longer than rice. These comparisons also 
indicate fewer introns in the papaya genes than in their orthologs in Arabidopsis (8,319 
versus 11,718) and rice (6,874 versus 7,011).  
 
Telomeres and subtelomeric regions 

Papaya telomeres, like most other plant telomeres, are composed of tandem arrays 
of (TTTAGGG)n repeats. Terminal restriction fragment analysis revealed that papaya 
telomere tracts are relatively long, stretching beyond 10 kb (E. Shakirov and D. Shippen, 
unpublished data), more than twice the size of Arabidopsis telomeres 3. In several cases, 
sequenced ESTs map as close as 6-8 kb to the telomeric repeats. Additionally, sequences 
resembling DNA transposons and Copia- and Gypsy-type LTR elements are associated 
with the subtelomeric regions of 11 of the 13 chromosome arms that have been analyzed. 
Strikingly, these elements reside as close as 1.5 kb upstream of the telomere tracts. 
Furthermore, stretches of 1-1.5 kb of the subtelomere sequence immediately flanking 
telomeres are highly conserved, and display only a few nucleotide substitutions, deletions 
or insertions. Portions of these subtelomeric sequences are also found elsewhere in the 
genome. The papaya subtelomeric sequences are reminiscent of those in Plasmodium 
falciparum (malarial protozoan), where up to 120 kb of nearly identical subtelomeric 
sequence are present on all chromosome arms, consistent with frequent inter-
chromosomal exchange 4.  
 
tRNA genes 

tRNAscan-SE analysis 5 yields 388 putative tRNA genes or pseudogenes. 
Predicted tRNA genes with introns include 8 Met (9 without introns), 2 Ser (27 without), 
and 6 Tyr (3 without). There is some clustering of tRNA genes, for example 24 predicted 
tRNA genes (19 Cys, 2 Tyr, and 3 pseudogenes) reside within a 9435 bp segment on 
scaffold 8. For comparison, Arabidopsis is predicted to contain 639 tRNA genes, 
including 8 predicted pseudogenes, and 11 Met, 2 Ser, and 70 Tyr genes with introns 
(http://lowelab.ucsc.edu/GtRNAdb/Athal/).  
 
snRNA genes 

We annotated a total of 47 snRNA genes (8, 16, 4, 11, 3, 1, 1, 1 and 2 genes for 
U1, U2, U4, U6, U11, U12, U4atac and U6atac, respectively).  Although this is less than 
the 75 snRNA genes annotated for Arabidopsis, papaya has more snRNA pseudogenes 
(50 or more).  Some of these are degenerate duplicate genes.  Others are clearly 
processed pseudogenes, as is common in mammalian genomes 6.  Intact papaya snRNA 
genes share the highly conserved upstream element (USE; RTCCCACAT), which occurs 
at 66-78 nt upstream of the end of the mature snRNA 7.  Several genes for the same 
snRNA often occur within 10 or 20 kb but there are only a few cases of different snRNAs 
occurring together (U2 with U6 and U1 with U5).   
  
Organelle genomes 

The WGS reads included both chloroplast (12%) and mitochondrial (7%) DNA. 
The papaya chloroplast genome is 160,100 bp long and encodes 78 protein, 29 tRNA and 
4 rRNA unique genes.  Gene content and order are the same as in Arabidopsis.   

The mitochondrial genome is 476,890 bp long and encodes 38 proteins, 22 tRNA 
and 3 rRNA genes.  An 11,105 bp direct repeat includes ccmFN.  In addition there are 17 
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direct repeats between 53 and 156 bp in length, and 16 inverted repeats between 55 and 
563 bp long.  In contrast to Arabidopsis, papaya has intact mitochondrial genes for rps1, 
rps10, rps13, rps14, rps19, sdh3 and sdh4.   In addition to a 12,319 bp region of DNA 
transferred from the plastid, there are 17 chloroplast-like regions in the mitochondrial 
genome between 106 and 2495 bp long having at least 70% nucleotide identity with the 
chloroplast genome. Gene order is not conserved between the papaya mitochondrial 
genome and other plant mitochondrial genomes, but rrn5 and rrn18 remain linked as in 
all plants and the clusters atp4/nad4L and cob/rps14/rpl5 have conserved synteny in non-
monocot angiosperms. 255,967 bp (53%) of the genome has no detectable homology to 
other mitochondrial genomes. Of this, 24,808 bp match non-chloroplast nucleotide 
sequences in the non-redundant database. 

A total of 858,190 bp (0.31%) of the nuclear genome assembly matches the 
mitochondrial genome in segments of 37-5,741 bp (mean: 254 bp) and 63-100% identity 
(mean: 79%). A total of 785,954 bp (0.28%) matches the chloroplast genome in segments 
of 39-5,655 bp (mean: 236 bp) and 64-100% identity (mean: 84%).  The longer segments 
from both organelles have generally higher percentage identities, suggesting that freshly 
transferred segments are quickly fragmented and deleted.  While only 1836 bp of the 
chloroplast genome is not found in the nuclear assembly, 218,702 bp (46%) of the 
mitochondrial genome is absent. 

Twenty three different intergenic regions covering a total of 32,397 bp (6.8%) of 
the mitochondrial genome correspond to LINE, Copia and Gypsy retroelements.  This 
corresponds to about 12% of the regions that have no homology to other mitochondrial 
genomes.  If all of these regions were transferred from the nucleus with its current TE 
proportion we would expect about 50% TE instead of 12%.  This suggests that some of 
the intergenic mitochondrial DNA comes from non-nuclear sources, or corresponds to old 
transfers that have either been shuffled beyond recognition or were derived from 
ancestral nuclear genomes with relatively few TEs.  The G+C content of homologous 
mitochondrial and nuclear regions, as a function of sequence similarity, suggests that 
transfers from the mitochondrion to the nucleus are much more common than transfers in 
the other direction. 

The GenBank Accession numbers for the chloroplast and mitochondrial genomes 
are EU431223 and EU431224 respectively. 
 
Cytochrome P450 monooxygenase genes.  

One of the most striking features of the papaya genome is that it contains only 
142 CYP (cytochrome P450 monooxygenase) full-length genes and 39 pseudogenes in its 
compiled genome, which is significantly less than the 245 full-length genes and 27 
pseudogenes present in Arabidopsis 8,9 (http://www.p450.kvl.dk/p450.shtml; 
http://arabidopsis-p450.biotec.uiuc.edu/). The fact that both of these species exist in the 
Brassicales indicates that the size of the CYP gene superfamily varies widely even within 
a single plant order. While the majority of CYP genes in Arabidopsis can be accounted 
for by only a handful of CYP subfamilies such as CYP71B (36:7 with ratios designating 
Arabidopsis vs. papaya P450 genes), CYP705A (26:0), CYP71A (16:0), CYP96A (13:2), 
CYP76C (7:0) and CYP702A (6:0), no evidence indicates that a whole genome 
duplication in Arabidopsis has been responsible for its larger number of CYP 
genes. Instead, it is more likely that biochemical diversifications in its pathways for 
synthesizing defense toxins and other secondary metabolites have contributed to the 
expansion of these CYP subfamilies in tandem arrays. Support for this is derived from the 
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fact that 82 of 181 papaya P450 genes (45%, including pseudogenes) exist in clusters of 
2-11 genes, suggesting that tandem duplication is an important mechanism for gene 
family expansion in plant genomes that do not have multicopy genes produced through 
extensive genome duplication. 

The fact that papaya contains six P450 families (CYP80, CYP92, CYP727, 
CYP728, CYP733, CYP736) that are present in other plant species but missing from 
Arabidopsis, emphasizes the dramatic expansion of some P450 families and loss of others 
that confers species-specificity on the P450-mediated pathways in individual plants. This 
point is also evident in the fact that, despite its more limited number of P450 genes, 
papaya contains two CYP73A sequences (cinnamate 4-hydroxylase in the core of the 
phenylpropanoid synthetic pathway) in comparison to the single CYP73A sequence 
present in other plants. Suggesting that some specialization exists in the papaya 
phenylpropanoid pathway downstream from p-coumarate production, one of these 
CYP73A sequences is most closely related (93% identity) to CYP73A42 in Populus 
tremuloides (poplar) while the other is most closely related (82% identity) to CYP73A29 
in Citrus sinensis (sweet orange) and only 64% identical to the first papaya CYP73A 
sequence. Similarly, there is some elaboration of the gibberellin synthetic pathway with 
three CYP701A (ent-kaurene oxidase mediating the first three steps in GA12 synthesis) 
and six CYP88A (kaurenoic acid oxidase mediating the next three steps) sequences in 
papaya and only one CYP701A and two CYP88A sequences in Arabidopsis. In contrast, 
other subfamilies (CYP85A and CYP90A-90D in brassinosteroid synthesis, CYP734A in 
brassinosteroid inactivation, CYP74A in jasmonate synthesis, CYP74B in hexenal 
synthesis) contain the same small gene numbers as in Arabidopsis and other plants. 
 
Transcription factors 

Approximately 2000 transcription factors (TFs) representing over 60 families 
have been identified in the genomes of Arabidopsis 10, poplar 11, and rice 12. While papaya 
has fewer members for the majority of the TF families, the number of predicted MADS-
box proteins in papaya is strikingly higher (171 vs. 70 -111) than in the other genomes. 
Eighty-one of the 171 predicted MADS-box genes (47%) were located in 28 clusters in 
the papaya genome that presumably result from proximal duplications.  

A phylogenetic analysis was performed using all predicted MADS-box genes 
from papaya and selected Arabidopsis MADS-box genes. The predicted papaya MADS-
box genes fall into the same 5 groups, Mα, Mβ, Mγ, Mδ (or MIKC*), and MIKCc, as in 
Arabidopsis, poplar, and rice 13. However, the numbers of sequences in each group 
(Supplementary Table 12) were significantly different among these 3 species. There are 
54-67 functional or pseudo Type II MADS-box (Mδ and MIKCc groups) genes in 
Arabidopsis, poplar, and rice, but only 25 in papaya (Supplementary Fig. 17). In contrast, 
145 Type I MADS-box (Mα, Mβ, and Mγ groups) genes were predicted in papaya versus 
29-94 present in the other 3 species, with the largest expansion in the Mα group.  
 
Photosynthesis 

In the majority of nuclear gene families encoding diverse photosynthesis 
functions, papaya has fewer members of the respective gene families relative to 
Arabidopsis, apparently due to decreased duplication of loci.  For example, papaya has 
three widely-spaced RbcS genes relative to four (three clustered on chromosome 5) in 
Arabidopsis. Similarly, papaya has six LhcB loci whereas Arabidopsis has 13.  One 
exception to the pattern is Rubisco activase; papaya has three, while Arabidopsis has two 
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loci. Papaya has a single copy of the chlorophyll synthase gene as do Arabidopsis and 
rice. There were 22 Toc/Tic orthologs identified in the C. papaya genome compared to 28 
found in Arabidopsis. 
 
Summary of major findings 

• Papaya has fewer genes than Arabidopsis, with reductions in most gene families 
and biosynthetic pathways, making it an excellent system in which to study the 
function of complex biosynthetic pathways and networks. 

• The lower gene number is largely because, unlike Arabidopsis, the papaya 
genome contains no recent genome-wide duplication, with fewer opportunities for 
subfunctionalization, implying that papaya genes may be more representative of 
ancestral angiosperms than Arabidopsis genes. This lack of a genome-wide 
duplication event makes papaya a valuable outgroup for comparative genomics of 
the Brassicales. 

• Under the assumption that a generalized angiosperm plant could potentially 
require only the types and minimal numbers of genes that are shared among 
divergent plant species, we estimate that a minimal angiosperm genome would 
contain just 13,311 genes. 

• Papaya contains significantly fewer disease resistance gene analogs than 
Arabidopsis, suggesting that papaya may have evolved alternative defense 
mechanisms.  

• Papaya also contains significantly fewer P450 genes than Arabidopsis, with some 
subfamilies expanded, some completely absent, and others novel to the papaya 
genome. 

• Despite reduced gene numbers in most biosynthetic pathways, the number of 
predicted MADS-box family members is strikingly higher (171 vs. 78 in rice and 
141 in Arabidopsis) in papaya than in other sequenced plant genomes.   

• Papaya has fewer members of gene families involved in fruit ripening, with the 
exception of starch synthase, possibly reflecting a need for starch storage in the 
stem and during early fruit development.   

• Tremendous amplification in papaya of genes related to volatile development 
implies strong natural selection for enhanced attractants that may be key to fruit 
(seed) dispersal by animals and aboriginal peoples. 

• Papaya contains fewer photosynthesis, circadian clock, and light-signaling genes 
than either poplar or Arabidopsis, suggesting that papaya does not require the 
same level of control for daily and seasonal timing.  

• Genome-wide searches for transgenic sequences revealed only three insertions 
that could be characterized by Southern hybridization and sequencing of the 
bordering host DNA; these were a functional cassette with the intact PRSV coat 
protein gene, a fragment of the nptII gene, and a fragment of the tetA gene. None 
of the insertions disrupted functional genes.  

 
Methods 
 
Differentiation of true organellar and organellar-like nuclear sequence. 

Organellar reads were initially identified by starting with organellar seed reads 
and growing a contig at both ends using read overlap, quality scores, and a simple linkage 
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algorithm.  Resulting contigs could be separated into nuclear, mitochondrial or 
chloroplast based on read depth since the read depths of the three genomes varied greatly.  
Reads corresponding to either the mitochondrion or chloroplast were assembled with 
cap3. The resulting hypothetical organellar genomes were iteratively screened against all 
reads in the assembly to identify errors until no errors remained -- that is until the high 
quality read depth was as expected at each base and the high quality mismatches were 
very low or zero.  Reads that matched the final organellar genomes with few or zero high 
quality mismatches and that had a consistent clone end partner were considered 
unambiguous reads for a particular organelle's genome. The nuclear assembly was 
screened for regions of organelle genome similarity. Similar regions were required to be 
anchored to non-organellar-like sequence, by read overlap and clone end partner 
consistency, at one or both ends, and have clone end partner consistency throughout the 
organellar-like region.  Regions passing this screen were considered to be organellar-like 
nuclear sequences.  
 
Comparative analysis of papaya and Arabidopsis genomes 
 The longest 200 papaya scaffolds were subjected to gene colinearity analysis with 
Arabidopsis chromosomes. The top 5 blast hits with E-value < 1e-5 were considered in 
inferences of colinearity. For simplicity, the papaya genes were renamed according to 
their positions on the scaffolds (see attached file: cp.gene.rename.txt). We developed a 
multiple genome/subgenome alignment program named “MC-Scanner” to investigate 
colinearity both between and within Arabidopsis and papaya genomes. Briefly, the 
program first scans for pairwise colinearity by a dynamic programming procedure very 
similar to DAGchainer 14 and ColinearScan 15. The related pairwise colinear segments are 
then grouped into blocks and progressively re-aligned. Two colinear segments are defined 
as “related” if 1) they overlap with the same chromosome region, or 2) they show direct 
colinearity. This results in a multiple alignment of several genomic regions using genes as 
anchors. The detailed algorithm will be described elsewhere. 

DNA synteny dotplots were produced between all papaya scaffolds and 
Arabidopsis genome sequences. Using Arabidopsis genes as anchor sequences, we 
searched for matches among the papaya scaffold sequences by using BLASTN. The 
matched substrings with BLASTN E-value < 1e-5 were used to produce the bidirectional 
dotplot shown in both Supplementary Figure 2 and 3. For Supplementary Figure 3.  

For Supplementary Figure 2, 26,528 transcription units from Arabidopsis (TAIR 
V6) were located on the papaya assembly by TBLASTN (E-value ≤ 1e-5). The 
Arabidopsis genes were plotted by gene order vs. the basepair position within each 
papaya scaffold. 

For Figure 2, Multiple alignment: we used whole genome BLASTP (top five hits, 
E-value < 1e-5) results to predict pairwise segments by dynamic programming with an 
empirical scoring scheme. A pairwise segment consists of two distinct genomic regions 
with aligned, strictly collinear genes as anchor points. We model these regions as vertices 
in a graph, and define an edge between any two vertices if they are either collinear, or 
overlap. Then, all related regions can be found by looking for connected components 
within the graph. Once identified, these related regions were aligned using a heuristic that 
constructs the multiple alignments progressively by greedily picking one closest-related 
region at a time. All multiple alignments were compared against expected occurrences to 
ensure significance (E-value < 0.001).  Chromosomal phylogeny: We consider “gene 
retention” as the ancestral state versus “gene loss” as the derived state, then the multiple 
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alignments can be described as binary matrices. For each multiple alignment, we 
searched for a hierarchical tree using “Camin-Sokal” parsimony 16 criterion implemented 
in “mix” program in PHYLIP (version 3.66) 17 based on gene contents. We applied 
Camin-Sokal parsimony here since genes that had been lost were highly unlikely to 
reemerge at original paleologous locations, i.e. reversal to the ancestral state is 
prohibited. This irreversibility property makes the tree polarized a priori, rendering an 
outgroup unnecessary. 
 
Analysis of conserved 5'-UTR regions 
C. papaya-A. thaliana 5'-UTR region comparisons were performed using the UntransID 
script of Windsor and coworkers 18.  UntransID expects shot-gun sequencing data from 
the query genome; to accommodate this requirement, the papaya assembly was 
decomposed to randomly generated tiles approximating 5x coverage of the available 
sequence prior to analysis.  In comparisons where presumptive C. papaya 5'-UTRs were 
referenced to the 500 nucleotides upstream of A. thaliana start-codons, individual tiles 
were 2,000 nucleotides in length.  As the papaya tiles were generated from a mature 
sequence source, UntransID was run without extra sequence quality measures. 

The analysis performed by UntransID proceeds in two phases.  In the first phase, 
C. papaya tiles were screened for significant similarity (e-value <= 1e-10) to A. thaliana 
CDSs using the BLAST local alignment algorithm 19 and for identity traversing the 
translation initiation codons of the identified A. thaliana CDS homologs.  Tiles satisfying 
these requirements were filtered to isolate tiles with a minimum of 500 nucleotides 5' to 
presumptive initiation codons.  Candidate homolog-pairs were further filtered by 
UntransID to eliminate pairs where orthology could not be assigned unambiguously 
owing to paralogous sequences in either or both comparison species.  At the conclusion 
of this phase, 969 candidate 5'-UTRs from C. papaya were deemed effectively 
orthologous to A. thaliana upstream regions (obtained from The Arabidopsis Information 
Resource ftp-site) for the purpose of further comparison. 

During the second phase of the analysis, pair-wise alignments were performed 
between the 969 candidate orthologous 5'-UTR-pairs using the algorithm of Needleman 
and Wunsch 20 as implemented by the needle program of the EMBOSS 4.0 sequence 
analysis suite 21.  Needle alignments were performed with a gap-opening penalty of 12.0 
and a gap-extension penalty of 2.0. Only alignments with scores >= a threshold value 
(705) were deemed significant.  This threshold 18 was determined by adding two 
standard-deviations to the mean alignment score from 10,000 random alignments of the 5' 
regions represented in the comparison dataset (supplemental figure 1).  Alignments 
failing this threshold value were treated as zero-identity for subsequent portions of the 
analysis. 

From the starting pool of 969 5'-UTR orthologs, 136 alignments (14%) had scores 
exceeding our threshold and were treated as sharing identity.  Among these informative 
alignments, the mean identity of A. thaliana upstream regions to their C. papaya 
homologs was 75.5%.  As percent identity is a one-dimensional representation of 
sequence similarity, the proportion of A. thaliana nucleotides scored as having identity to 
a C. papaya nucleotide was plotted against A. thaliana nucleotide position (supplemental 
figure 2). 

Similar comparisons were performed for orthologous genomic regions 1,000 and 
3,000 nucleotides 5' to A. thaliana start-codons (data not shown).  The generated C. 
papaya tiles were 2,500 and 4,000 nucleotides in length and the threshold -alignment-
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scores were determined to be 1,298 and 3,368 for the 1,000-nucleotide analysis and 
3,000-nucleotide analysis, respectively.  At the conclusion of these analyses, only 112 
alignments from the 1,000-nucleotide comparison and 58 alignments from the 3,000-
nucleotide analysis were deemed significant (data not shown).  These results suggest 
increased sequence divergence between the species with increasing distance from 
conserved coding regions. 
 
Gene Tribe analysis  

The predicted protein sequences from the fully sequenced genome of Arabidopsis 
thaliana (TAIR, v7), Oryza sativa (rice) (TIGR, v5), Populus trichocarpa (JGI, v1), Vitis 
vinifera (v1), were downloaded, containing 31,921, 66,710, 45,555, and 30,434 
sequences respectively.   The predicted proteome of papaya was added (25,312 gene 
models).  The combined protein set consisting of 199,932 nonredundant proteins was 
included in an all-against-all BLASTP search 22 with an E-value cutoff of ≤ e-10.  The 
resulting blast reports were then used to generate a similarity matrix from the transformed 
E-values.  Finally, the similarity matrix was used to perform MCL clustering 23, 24 at 
medium stringency (inflation of 3.0).  Gene ontology terms were generated for each tribe 
using the Arabidopsis GO SLIM annotations provided by TAIR, and matched to the 
transcription factor family annotations at the Arabidopsis Transcription Factor Database 
(http://arabidopsis.med.ohio-state.edu/AtTFDB/).  The 16,362 unigenes from Papaya 
were searched against the predicted papaya coding sequences (using BLASTN, with 
median e-value of 0.0) and included 9,651 non-redundant annotated gene model hits.  
The reason for the lower number of gene models with unigene matches was that there 
were 2,958 gene models with hits from more than one unigene, indicating either 
insufficient overlap or sequence error. 
 
Papaya circadian clock orthologs alignments 

Protein sequences were downloaded for Populus trichocarpa (poplar, Pt, v1.1, 
http://genome.jgi-psf.org/Poptr1_1/Poptr1_1.home.html), Arabidopsis thaliana 
(Arabidopsis, At, TAIR7, http://www.arabidopsis.org), Physcomitrella patens ssp patens 
(moss, Pp, v1.1, http://genome.jgi-psf.org/Phypa1_1/Phypa1_1.home.html), chestnut 25, 
and rice 26. All-versus-all reciprocal BLAST 27 was used to identify and name putative 
papaya-Arabidopsis orthologs using the “mutual-best-blast-hit” criteria 28. Sequence 
alignments and phylogenetic tree generation were carried out using ClustalW 29 in 
MegAlign (DNASTAR, Lasergene6, Madison, WI) with default settings. The length of 
each pair of branches represents the distance between proteins sequences. The X-axis 
indicates the number of substitution events between protein sequences. The dotted line 
indicates a negative branch length as a result of averaging to achieve a balanced branched 
phenogram. 
 
Analysis of transgenic insertions 
 Supplemental sequence information for the PRSV coat protein transgene insertion 
was obtained from a plasmid subclone (pRB6) obtained from a genomic DNA library 
generated from BglII endonuclease digested, Rainbow papaya genomic DNA enriched 
for DNA fragments over 10 kbp and cloned into the � blueSTAR replacement vector 
from Novagen (Gustavo Fermín, unpublished results).  Supplemental sequence 
information for the tetA fragment insertion was obtained from clone 66B4 obtained from 
a BAC library of SunUp papaya DNA 30. 
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Supplementary Table 1. Statistics of whole genome shotgun end reads and BAC end 
reads. 
 
Insert 
size 
(kb) 

Vector LUCY 
trimmed 

bases 
(billions) 

LUCY 
trimmed 

bases after 
removing 
organellar 

reads 
(billions) 

Number 
of reads 

after 
removing 
organellar 

reads 
(millions) 

Sequence 
coverage 
by LUCY 
trimmed 

bases 

Sequence 
coverage 
by bases 

with 
quality ≥ 

20 

Fraction 
of paired 
reads (%) 

Fraction 
of 

assembl
ed reads 

(%) 

3 Plasmid 1.01 0.67 0.86 1.80 X 1.64 X 95.2 88.1 
6 Plasmid 0.68 0.51 0.69 1.36 X 1.25 X 93.2 85.0 

86 BAC 0.02 0.02 0.03 0.06 X 0.05 X 97.3 80.8 
174 BAC 0.02 0.02 0.03 0.06 X 0.05 X 95.7 84.2 
total  1.73 1.22 1.61 3.27 X 2.98 X 94.4 86.7 
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Supplementary Table 2. Statistics of the assembled papaya genome 
 
Number of contigs 47,483 
Total length of contigs (Mb) 271 
N50 of contigs (kb) 11 
Number of scaffolds 17,764 
Total length of scaffolds (Mb) 370 
N50 of scaffolds (Mb) 1 
Number of anchored contigs 20,636 
Total length of anchored and oriented contigs (Mb) 117 
Total length of anchored not oriented contigs (Mb) 50 
Number of anchored scaffolds 291 
Total length of anchored and oriented scaffolds (Mb) 161 
Total length of anchored not oriented scaffolds (Mb) 74 
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Supplementary Table 3. Statistics of gene models predicted by six programs and the 
reference gene set generated by EVM. Criteria for unigene support: identity ≥ 95%, score 
≥ 200, E-value ≤ 1e-10. 
 

 Augustus Fgenesh Genscan GlimmerHMM SNAP TWINSCAN EVM 
Total number of 

models 21,008 27,878 26,747 39,783 44,550 53,356 28,629 

Average gene 
length (bp) 2,842 2,693 10,660 5,182 2,448 882 2,312 

Total number of 
exons 99,900 128,438 125,690 110,433 176,07

4 137,373 114,244 

Number of exons 
per gene 4.8 4.6 4.7 2.8 4.0 2.6 4.0 

Average exon 
length (bp) 224 203 199 240 163 188 220 

Total number of 
introns 78,892 100,560 98,943 70,650 131,52

4 84,017 85,615 

 Average intron 
length (bp) 473 488 2,629 2,543 612 253 479 

Number and 
proportion of 
models with 

unigene support 

9,298 
44.3% 

10,437 
37.4% 

8,750 
32.7% 

10,724 
27.0% 

11,538 
25.9% 

12,703 
23.8% 

10,275 
35.9% 

Alignment 
coverage (bases 

and proportion) in 
models 

5,895,69
8 

26.3% 

6,445,50
1 

24.8% 

5,588,01
3 

22.3% 

5,551,268 
20.9% 

5,885,
673 

20.6% 

5,943,653 
23.0% 

6,523,2
15 

25.9% 

Number and 
proportion of 

unigenes matching 
with models 

11,781 
72.0% 

12,462 
76.2% 

11,990 
73.3% 

11,887 
72.7% 

12,336 
75.4% 

12,301 
75.1% 

12,442 
76.0% 

Alignment 
coverage (bases 

and proportion) in 
unigenes 

6,313,79
9 

51.2% 

6,877,60
5 

55.8% 

5,949,48
2 

48.2% 

5,913,793 
47.9% 

6,284,
944 

51.0% 

6,365,671 
51.6% 

7,014,9
36 

56.9% 
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Supplementary Table 4. EST support for gene models in Carica genome. Counts represent the 
number of gene models with corresponding ESTs or Tribes with at least one corresponding EST.    
 
 Carica genome with EST percent 
Number of gene models 25312* 9648 38.1% 
Number of Tribes  12958 5858 45.2% 
Tribes Carica shares with Arabidopsis 6726 4871 72.4% 
Tribes unique to Carica 5669 741 13.1% 
Singleton Tribes unique to Carica 5314 681 12.8% 

* This is one of the four gene models used for annotating the papaya genome. 
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Supplementary Table 5. Global classification of protein-coding genes into Tribes 
(corresponding to putative gene families and subfamilies; additional details in text) and 
comparison of Tribe size in papaya and Arabidopsis based on MCL Tribe 1-4 analysis of 
208,901 unique gene models from papaya, Arabidopsis, grape, poplar, and rice.   
 

 # of Tribes 
# Arabidopsis 

Genes 
# Papaya 

Genes Papaya:Arab 
Papaya<Arabidopsis 5798  
   Papaya present 2153 14253 8062 0.56
   Papaya absent 3645 5590 0 
Papaya =Arabidopsis 3594 4685 4865 1.04
Papaya >Arabidopsis 7211  
   Arabidopsis present 979 2283 4536 1.99
   Arabidopsis absent 6232 0 7666 
Total 16603 26991 25129 0.93

 
 
1. Van Dongen, S. A cluster algorithm for graphs. Technical Report INS-R0010 (2000). 
 
2. Enright, A.J., Van Dongen, S. & Ouzounis, C.A. An efficient algorithm for large-scale 

detection of protein families. Nucleic Acids Res. 30, 1575-1584 (2002). 
 
3. Enright, A.J., V. Kunin, & C.A. Ouzounis. Protein families and TRIBES in genome 

sequence space. Nucleic Acids Res. 31, 4632-4638 (2003).  
 
4. Wall, P.K, Leebens-Mack, J., Müller, K. F. Field, D. Altman, D.S.,dePamphilis, C.W.  

PlantTribes: A gene and gene family resource for comparative genomics in plants. 
Nucleic Acids Res. 36, D970-6 (2008). 
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Supplementary Table 6 (Data supporting Figure 2).  Tribe distribution for 67 
Transcription factor families and superfamilies in Arabidopsis and papaya.  Gene counts 
are for current 'best models' and are likely to be adjusted with additional genomic and 
cDNA sequencing. 
 

    # genes           

TF Family 
# 

Tribes Arabidopsis Carica 
C<
A 

C=
A 

C>
A C=0 C:A 

ABI3VP1 29 113 73 14 2 13 11 0.65 
Alfin-like 1 7 4 1 0 0 0 0.57 

AP2-EREBP 21 195 146 8 6 7 1 0.75 
ARF 1 24 17 1 0 0 0 0.71 
ARID 4 8 7 2 1 1 0 0.88 

AUX/IAA 2 29 20 1 1 0 0 0.69 
BBR/BPC 3 8 2 3 0 0 1 0.25 

BES1 6 16 16 2 0 4 0 1.00 
bHLH 52 154 106 31 9 12 15 0.69 
bZIP 30 80 56 17 8 5 7 0.70 

C2C2-CO-like 2 6 4 1 0 1 0 0.67 
C2C2-Dof 2 36 19 1 0 1 0 0.53 

C2C2-GATA 12 35 34 6 1 5 3 0.97 
C2C2-YABBY 2 6 8 0 0 2 0 1.33 

C2H2 56 128 102 28 12 16 14 0.80 
C3H 83 140 110 40 17 26 21 0.79 

CAMTA 1 6 7 0 0 1 0 1.17 
CCAAT_HAP

3 1 1 0 1 0 0 1 0.00 
CCAAT_HAP

5 8 29 16 4 2 2 2 0.55 
CCAAT-Dr1 2 12 10 2 0 0 0 0.83 

CCAAT-HAP2 9 20 8 6 0 3 4 0.40 
CPP 4 8 8 1 1 2 0 1.00 
CSD 1 4 3 1 0 0 0 0.75 
DBP 2 38 27 2 0 0 1 0.71 
DDT 4 5 6 1 2 1 1 1.20 

E2F-DP 4 8 6 3 0 1 0 0.75 
EIL 2 6 4 1 0 1 0 0.67 

G2-like 19 85 70 9 5 5 2 0.82 
GeBP 13 27 5 12 0 1 9 0.19 
GRAS 6 44 47 3 1 2 0 1.07 
GRF 4 9 11 1 0 3 0 1.22 
HB 31 107 93 15 6 10 3 0.87 

HMG 5 11 7 3 2 0 1 0.64 
HRT 2 3 2 1 0 1 0 0.67 
HSF 2 24 19 1 0 1 0 0.79 

Jumonji 16 18 30 1 2 13 0 1.67 
LFY 1 1 1 0 1 0 0 1.00 
LIM 1 6 5 1 0 0 0 0.83 
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LUG 1 2 4 0 0 1 0 2.00 
MADS 36 127 205 18 0 18 14 1.61 
MBF1 1 3 2 1 0 0 0 0.67 
MYB 5 9 9 1 3 1 0 1.00 

MYB-related 51 242 191 24 8 19 10 0.79 
NAC 23 136 95 13 1 9 10 0.70 

NOZZLE 2 1 1 1 0 1 1 1.00 
Orphans 38 125 96 21 9 8 9 0.77 

PBF-2-like 1 3 2 1 0 0 0 0.67 
PHD 80 88 122 21 18 41 10 1.39 

PLATZ 2 12 10 2 0 0 1 0.83 
Pseudo ARR-

B 1 6 5 1 0 0 0 0.83 
RWP-RK 8 216 288 4 1 3 2 1.33 
S1Fa-like 5 8 7 1 3 1 0 0.88 

SAP 1 1 2 0 0 1 0 2.00 
SBP 5 17 16 1 1 3 0 0.94 
SET 30 49 46 5 14 11 1 0.94 

Sigma70-like 3 6 6 1 1 1 0 1.00 
SNF2 17 50 42 7 1 9 2 0.84 
SRS 2 10 5 1 0 1 0 0.50 
TAZ 4 11 7 3 0 1 1 0.64 
TCP 11 28 30 4 1 6 1 1.07 

Trihelix 16 29 31 3 8 5 1 1.07 
TUB 2 11 6 2 0 0 1 0.55 
ULT 2 2 11 0 0 2 0 5.50 
VOZ 1 2 2 0 1 0 0 1.00 

WRKY 9 213 66 5 1 3 3 0.31 
zf-HD 1 17 11 1 0 0 0 0.65 
ZIM 13 16 11 8 1 4 4 0.69 
Total 815 2897 2438 375 151 289 168 61.9 
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Supplementary Table 7. Number of circadian clock and light signaling genes in papaya 
(Cp), poplar (Pt) and Arabidopsis (At) 
 
Gene family Domain Function Pt At Cp
PRR PRR/CCT clock 7 5 5 
ZTL/FKF1 PAS-PAC/FBOX/KELCH clock,flowering time 5 3 1 
CCA1/LHY sMYB-A1 clock 2 2 1 
RVE/ERP1 sMYB-A2 light signaling 9 6 3 
LUX sMYB-B clock 4 5 2 
PHOT 2xPAS-PAC/TRYKc light signaling 3 2 1 
ELF3 UNKNOWN clock 2 2 1 
GI UNKNOWN clock,flowering time 2 1 1 
SRR1 UNKNOWN clock, light signaling 3 1 1 
ELF4 UNKNOWN clock 7 5 4 
TIC/TKL UNKNOWN clock 4 2 2 
TEJ PARG clock 2 2 1 
PHY PHYTOCHROME light signaling 3 5 4 

CRY 
DNA photolyase, FAD 
binding light signaling 4 2 2 

PIF/PIL PAS/BHLH light signaling 5 6 2 
CK casein kinase clock 4 4 1 
COP RING/WD40 light signaling 3 1 3 
SPA WD40 light signaling 5 4 3 
HY5/HYH BZIP light signaling 3 2 1 
DET UNKNOWN light signaling 1 1 1 
  Total genes   78 61 40 

 
PRR: Pseudo-response regulator 
CCT: CONSTANS domain 
PAS-PAC: PER-ARNT-SIM domain 
sMYB: single MYB DNA binding domain 
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Supplementary Table 8. Circadian clock and light signaling genes in Carica papaya 
 

Name Domain (SMART) Cp scaffolds orf sc AtBestBLAST At gene Function 
ZTL PAS/FBOX (no Kelch) gS_ORF_55_from_scaffold_95 55 95 At5g57360 ZTL clock, light signaling 

        
PHOT1 PAS/PAC/PAS/PAC/STYKc gS_ORF_13_from_scaffold_139 13 139 At3g45780 PHOT1 light signaling 

        
LHY/CCA1 sMYB-A gS_ORF_119_from_scaffold_57 119 57 At1g01060 LHY clock, light signaling 

RVE1 sMYB-A gS_ORF_31_from_scaffold_178 31 178 At5g17300 RVE1 NA 
ERP1 sMYB-A gS_ORF_157_from_scaffold_7 157 7 At1g18330 EPR1, RVE7 light signaling 
RVE6 sMYB-A gLHM_ORF_101_from_scaffold_114 101 114 At3g09600 RVE6 NA 

        
LUX sMYB-B gS_ORF_90_from_scaffold_81 90 81  LUX clock 
LUX4 sMYB-B gS_ORF_61_from_scaffold_92 61 92 At3g10760 LUX4 NA 

        

PRR5A PRR/CCT gS_ORF_137_from_scaffold_3 137 3 At5g24470 PRR5 clock, light, 
flowering 

PRR5B PRR/CCT gS_ORF_26_from_scaffold_193 26 193 At5g24470 PRR5 clock, light, 
flowering 

PRR7A PRR/CCT gLHM_ORF_447_from_scaffold_1 447 1 At5g02810 PRR7 clock, light, 
flowering 

PRR7B PRR/CCT gLHM_ORF_34_from_scaffold_139 34 139 At5g02810 PRR7 clock, light, 
flowering 

TOC1 PRR/CCT gS_ORF_275_from_scaffold_13 275 13 At5g61380 TOC1, PRR1 clock, light, 
flowering 

        

TEJ PARg gS_ORF_197_from_scaffold_9 197 9 At2g31840 Unknown; 
PARg-like clock 

        
CKB3 CASEIN KINASE II gS_ORF_91_from_scaffold_98 91 98 At4g17640 CKB2 clock 
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GI UKNOWN gS_ORF_63_from_scaffold_26 63 26 At1g22770 gI clock, light, 
flowering 

        
ELF3 UKNOWN gS_ORF_12_from_scaffold_78 12 78 At2g25930 ELF3 clock, light gating 

        
ELF4A UKNOWN gS_ORF_167_from_scaffold_19 167 19 At2g40080 ELF4 clock, light gating 
ELF4B UKNOWN gS_ORF_3_from_scaffold_415 3 415 At2g40080 ELF4 clock, light gating 

ELF4-L3 UKNOWN gS_ORF_?_from_scaffold_25 ? 25 At2g06255 ELF4-L3 NA 
ELF4-L4 UKNOWN gS_ORF_2_from_scaffold_554 2 554 At1g17455 ELF4-L4 NA 

        
SRR1 UKNOWN GS_ORF_50_from_scaffold_30 50 30 At5g59560 SRR1 clock, light 

        
TIC UKNOWN gS_ORF_123_from_scaffold_58 123 58 At3g22380 TIC clock 
TKL UKNOWN gS_ORF_33_from_scaffold_52 33 52 At3g63180 TKL NA 

        
PHYA gAF/PAS/PAC/STYKc gS_ORF_171_from_scaffold_48 171 48 At1g09570 PHYA light sensing 
PHYB gAF/PAS/PAC/STYKc gS_ORF_35_from_scaffold_9 35 9 At2g18790 PHYB light sensing 
PHYC gAF/PAS/PAC/STYKc gS_ORF_27_from_scaffold_136 27 136 At5g35840 PHYC light sensing 
PHYE gAF/PAS/PAC/STYKc gS_ORF_138_from_scaffold_17 138 17 At4g18130 PHYE light sensing 

        

CRY1 DNA photolyase, FAD-
bindning gS_ORF_132_from_scaffold_36 132 36 At4g08920 CRY1 light sensing 

CRY2 DNA photolyase, FAD-
bindning gS_ORF_67_from_scaffold_44 67 44 At1g04400 CRY2 light sensing 

        
PIF1,PIL5 BHLH transcription factor gS_ORF_177_from_scaffold_8 177 8 At2g20180 PIF1 light signaling 

PIL1 BHLH transcription factor gS_ORF_45_from_scaffold_57 45 57 At2g46970 PIL1 light signaling 

doi: 10.1038/nature06856                                                                                                                                                  SUPPLEMENTARY INFORMATION

www.nature.com/nature 21



 

 22

        
DET1 UNKNOWN gS_ORF_238_from_scaffold_21 238 21 At4g10180 DET1 light signaling 

        
COP1A RINg/WD40 gS_ORF_2_from_scaffold_970 2 970 At2g32950 COP1 light signaling 
COP1B RINg/WD40 gS_ORF_26_from_scaffold_132 26 132 At2g32950 COP1 light signaling 
COP1C RINg/WD40 gS_ORF_51_from_scaffold_152 51 152 At2g32950 COP1 light signaling 
SPA1 WD40 gS_ORF_13_from_scaffold_194 13 194 At2g46340 SPA1 light signaling 
SPA2 WD40 gS_ORF_49_from_scaffold_122 49 122 At4g11110 SPA2 light signaling 
SPA3 WD40 gS_ORF_49_from_scaffold_80 49 80 At3g15354 SPA3 light signaling 

        
HY5 BZIP GS_ORF_19_from_scaffold_115 19 115 AT5G11260 HY5 light signaling 
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Supplementary Table 9. The potential function of genes at the X-specific region of the X chromosome 
 

Gene# EST ID Genbank hit ID Description Amino acid 
identity 

Amino acid 
similarity E-value 

1 1436811_5_O09_033 ref|NP_564443.1|  Exostosin family protein [Arabidopsis thaliana] 100/139 (71%) 118/139 (84%) 9.00E-55 

2 1436948_5_E02_011 gb|ABE90444.1 Unknown 176/291 (60%) 211/291 (72%) 6.00E-89 

3 1437977_5_O23_082 gb|ABD33301.1| N-acetylglucosaminyl transferase component 
[Medicago truncatula] 104/184 (56%) 132/184 (71%) 8.00E-53 

4 PY.4540.C1.Contig4990 gb|ABE78003.1| HAD-superfamily hydrolase, subfamily IIA 
[Medicago truncatula] 254/300 (84%) 268/300 (89%) 1.00E-144 

5 PY.3025.C1.Contig3398 gb|AAB60921.1| F5I14.11 [Arabidopsis thaliana] 70/118 (59%) 89/118 (75%) 4.00E-32 

6 1440261_5_O03_002 ref|NP_177924.3| Trna modification gtpase, putative [Arabidopsis 
thaliana] 91/109 (83%) 99/109 (90%) 1.00E-42 

7 1567097_5_O23_082 gb|ABO79787.1 Rabgap/TBC 61/111 (54%) 68/111 (61%) 1.00E-26 

8 PY.2093.C1.Contig2435 ref|NP_198832.1| EMB506 (EMBRYO DEFECTIVE 506); protein 
binding [Arabidopsis  thaliana] 115/170 (67%) 132/170 (77%) 6.00E-80 

9 1607940_5_M18_067 gb|AAN85202.1 Hypothetical protein 155/247 (62%) 191/247 (77%) 1.00E-82 

10 1442203_5_P01_001 ref|NP_174767.2| TP-dependent protease La (LON) domain-
containing protein  [Arabidopsis thaliana] 116/274 (42%) 155/274 (56%) 1.00E-45 

11 1445149_5_J19_072_PY.cl.3397.sin
glet emb|CAI70374.1| Alpha 1,4 fucosyltransferase [Populus alba x 

Populus tremula] 125/183 (68%) 145/183 (79%) 1.00E-80 

12 1445612_5_N02_003 gb|AAX96727.1|  Expressed protein [Oryza sativa (japonica 
cultivar-group)] 32/118 (27%) 61/118 (51%) 4.00E-06 

13 1608368_5_O14_049 gb|AAP51059.1|  Latex cyanogenic beta glucosidase [Hevea 
brasiliensis] 97/125 (77%) 110/125 (88%) 1.00E-52 

14 PY.1537.C1.Contig1832 gb|AAC50041.1 Poly(A) polymerase 97/138 (70%) 113/138 (81%) 4.00E-46 

15 1446838_5_A04_016_PY.cl.3833.si
nglet ref|NP_177348.1| GCN5-related N-acetyltransferase (GNAT) 

family protein [Arabidopsis thaliana] 93/154 (60%) 115/154 (74%) 9.00E-48 

16 1572960_5_D06_029_PY.cl.4540.si
nglet ref|NP_198495.1| Phosphoglycolate phosphatase, putative 

[Arabidopsis thaliana] 93/111 (83%) 99/111 (89%) 3.00E-48 

17 PY.1818.C1.Contig2145 dbj|BAF01640.1 Hypothetical 184/285 (64%) 218/285 (76%) 1.00E-101 

18 1450386_5_D24_094 emb|CAN81434.1|  Hypothetical protein [Vitis vinifera] 22/29 (75%) 28/29 (96%) 4.00E-05 

19 PY.1993.C1.Contig2330 ref|NP_198844.1 Era1 (enhanced response to aba 1) 272/443 (61%) 334/443 (75%) 1.00E-156 

20 1450057_5_G07_026 ref|NP_001047387.1| Os02g0608400 [Oryza sativa (japonica cultivar-
group)] 103/244 (42%) 137/244 (56%) 1.00E-43 
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21 1453673_5_M23_084 ref|NP_173676.2| 
ATSAC1 (SUPPRESSOR OF ACTIN 1); 
phosphoinositide 5-phosphatase [Arabidopsis 
thaliana] 

197/254 (77%) 222/254 (87%) 1.00E-108 

22 PY.3273.C1.Contig3647 ref|NP_565393.1 Shikimate kinase family protein 107/175 (61%) 140/175 (80%) 2.00E-55 

23 1455787_5_F01_011 ref|NP_564161.1|  Phosphoglycerate/bisphosphoglycerate mutase 
family protein  [Arabidopsis thaliana] 152/177 (85%) 167/177 (94%) 5.00E-86 

24 1456599_5_G21_089 ref|NP_194739.1| Trna-splicing endonuclease positive effector-
related [Arabidopsis thaliana] 93/127 (73% 107/127 (84%) 1.00E-47 

25 1457532_5_N18_067 ref|NP_176707.3| Heat shock protein binding / unfolded protein 
binding [Arabidopsis thaliana] 204/293 (69%) 247/293 (84%) 1.00E-116 

26 1608308_5_M02_003 ref|NP_001066320.1| Os12g0182300 [Oryza sativa (japonica cultivar-
group)] 80/185 (43%) 119/185 (64%) 5.00E-36 

27 PY.4065.C1.Contig4492 ref|NP_189420.1 Monodehydroascorbate reductase 4 374/439 (85%) 402/439 (91%) 1.00E+00 

28 PY.1017.C1.Contig1241 gb|ABC86745.1| Pollen-specific protein [] 99/159 (62%) 127/159 (79%) 3.00E-53 

29 PY.1235.C1.Contig1498 gb|AAG51141.1|AC069273_12 Deoxyguanosine kinase, putative [Arabidopsis 
thaliana] 190/245 (77%) 213/245 (86%) 1.00E-106 

30 PY.1753.C1.Contig2066 ref|NP_177929.1| Glycosyl hydrolase family 3 protein [Arabidopsis 
thaliana] 211/283 (74%) 250/283 (88%) 1.00E-123 

31 PY.4322.C1.Contig4761 gb|ABE84843.1 Peptidase S1 and S6 212/290 (73%) 233/290 (80%) 1.00E-103 

32 PY.1789.C1.Contig2112 gb|ABO14801.1|  Acetyl coa carboxylase [Camellia sinensis] 149/167 (89%) 160/167 (95%) 1.00E-82 

33 PY.4506.C1.Contig4956 emb|CAN76102.1 Hypothetical protein 258/312 (82%) 286/312 (91%) 1.00E-146 

34 PY.482.C1.Contig617 emb|CAN61845.1 Hypothetical protein 294/315 (93%) 306/315 (97%) 1.00E-166 

35 PY.2059.C1.Contig2399 sp|P53393|SUT3_STYHA Low affinity sulfate transporter 3 294/390 (75%) 343/390 (87%) 0.00E+00 

36 PY.2091.C1.Contig2433 ref|NP_564447.1| Permease-related [Arabidopsis thaliana] 208/246 (84%) 225/246 (91%) 1.00E-115 

37 PY.5267.C1.Contig5713 gb|AAB65822.1 Carbonic anhydrase 230/298 (77%) 258/298 (86%) 1.00E-124 

38 PY.2402.C1.Contig2758 ref|NP_001052831.1|  Os04g0432500 [Oryza sativa (japonica cultivar-
group)] 150/234 (64%) 189/234 (80%) 1.00E-116 

39 PY.5403.C1.Contig5852 gb|AAW67545.1 ADP-ribosylation factor 180/192 (93%) 188/192 (97%) 1.00E-102 

40 PY.2508.C1.Contig2862 emb|CAJ65923.1| Xylan 1,4-beta-xylosidase [Populus alba x 
Populus tremula] 116/196 (59%) 143/196 (72%) 4.00E-61 

41 PY.6078.C1.Contig6483 gb|ABE90442.2 Zinc finger, RING-type 77/171 (45%) 100/171 (58%) 3.00E-26 
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42 PY.2721.C1.Contig3077 gb|AAC27138.1|AAC27138 

Contains similarity to dnaj gene YM8520.10 
gb|825566 from from S. cerevisiae cosmid 
gb|Z49705.  Ests gb|Z47720 and  gb|Z29879 
come from this gene. [Arabidopsis thaliana] 

68/136 (50%) 91/136 (66%) 4.00E-33 

43 PY.6375.C1.Contig6744 sp|O49939 Peptidyl-prolyl cis-trans isomerase 130/146 (89%) 139/146 (95%) 5.00E-72 

44 PY.2808.C1.Contig3169 ref|NP_565037.1| Zinc finger (C3HC4-type RING finger) family 
protein [Arabidopsis  thaliana] 142/185 (76%) 163/185 (88%) 1.00E-83 

45 PY.2985.C1.Contig3360 gb|ABE87398.1| Zinc finger, C2H2-type [Medicago truncatula] 57/101 (56%) 67/101 (66%) 2.00E-25 

46 PY.6552.C1.Contig6901 >ref|NP_568712.1 Amine oxidase-related 166/204 (81%) 185/204 (90%) 1.00E-114 

47 PY.3009.C1.Contig3382 gb|AAG51896.1|AC023913_4 DNA polymerase type I, putative; 54894-56354 
[Arabidopsis thaliana] 50/125 (40%) 68/125 (54%) 2.00E-16 

48 PY.6574.C1.Contig6919 ref|NP_001061060.1 Os08g0162600 172/226 (76%) 190/226 (84%) 3.00E-94 

49 PY.3256.C1.Contig3629 dbj|BAD32780.1| Somatic embryogenesis receptor kinase 1 [Citrus 
unshiu] 287/290 (98%) 288/290 (99%) 1.00E-164 

50 PY.3429.C1.Contig3805 gb|AAM60857.1| Dihydrolipoamide S-acetyltransferase, putative 
[Arabidopsis  thaliana] 207/222 (93%) 215/222 (96%) 1.00E-112 

51 PY.3703.C1.Contig4101 ref|NP_564444.1|  Unknown protein [Arabidopsis thaliana] 115/163 (70%) 140/163 (85%) 2.00E-64 

52 PY.3742.C1.Contig4140 dbj|BAF62149.1|  C2-H2 zinc finger protein [Arabidopsis thaliana] 254/353 (71%) 283/353 (80%) 1.00E-155 

53 PY.4690.C1.Contig5140 gb|ABA08442.1| Neutral/alkaline invertase [Manihot esculenta] 325/341 (95%) 335/341 (98%) 0.00E+00 

54 PY.5023.C1.Contig5476 ref|NP_001051835.1| Os03g0838100 [Oryza sativa (japonica cultivar-
group)] 181/286 (63%) 216/286 (75%) 1.00E-105 

55 PY.5176.C1.Contig5632 ref|NP_849877.1| Unknown protein [Arabidopsis thaliana] 60/100 (60%) 66/100 (66%) 8.00E-23 

56 PY.5283.C1.Contig5728 gb|AAF86552.1|AC069252_11 F2E2.22 [Arabidopsis thaliana] 40/65 (61%) 51/65 (78%) 2.00E-12 

57 PY.5489.C1.Contig5935 gb|AAK92745.1| Putative ABC transporter protein [Arabidopsis 
thaliana] 171/279 (61%) 204/279 (73%) 1.00E-92 

58 PY.5857.C1.Contig6279 gb|AAM63181.1|  Unknown [Arabidopsis thaliana] 67/89 (75%) 78/89 (87%) 7.00E-31 

59 PY.5991.C1.Contig6403 ref|NP_564178.2| Tetratricopeptide repeat (TPR)-containing protein 
[Arabidopsis thaliana] 82/150 (54%) 96/150 (64%) 4.00E-31 

60 PY.6097.C1.Contig6499 gb|ABE94325.1|  Dienelactone hydrolase [Medicago truncatula] 59/99 (59%)  79/99 (79%) 7.00E-79 

61 PY.6273.C1.Contig6654 emb|CAB78085.1| Putative protein [Arabidopsis thaliana] 87/184 (47%) 102/184 (55%) 5.00E-42 

62 PY.6341.C1.Contig6713 ref|NP_173675.1| C2 domain-containing protein [Arabidopsis 
thaliana] 216/272 (79%) 246/272 (90%) 1.00E-130 
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63 PY.6386.C1.Contig6756 ref|NP_174715.2|  

EMB2756 (EMBRYO DEFECTIVE 2756); 
hydrolase, acting on carbon-nitrogen(but not 
peptide) bonds, in linear amides [Arabidopsis 
thaliana] 

210/245 (85%) 234/245 (95%) 1.00E-126 

64 PY.6733.C1.Contig7055 ref|NP_177342.1|  Unknown protein [Arabidopsis thaliana] 70/170 (41%) 88/170 (51%) 2.00E-17 

65 PY.6886.C1.Contig7191 gb|AAL69493.1| Putative H+-transporting ATP synthase 
[Arabidopsis thaliana] 149/252 (59%)  181/252 (71%) 5.00E-70 

66 PY.699.C1.Contig874 ref|NP_565035.1| 
Radical SAM domain-containing protein / TRAM 
domain-containing  protein [Arabidopsis 
thaliana] 

236/370 (63%) 274/370 (74%) 1.00E-122 

67 PY04012X1H12.f1 ref|NP_174686.1| Phosphatidylinositol-4-phosphate 5-kinase family 
protein [Arabidopsis thaliana] 119/173 (68%) 139/173 (80%) 6.00E-61 

68 PY04105X1H11.f1_PY.cl.2403.singl
et emb|CAN60958.1| Hypothetical protein [Vitis vinifera] 67/155 (43%) 99/155 (63%)  1.00E-27 

69 PY04110X1F12.f1 gb|AAL87122.1|AF479279_1 SEC6 [Arabidopsis thaliana] 189/205 (92%)  197/205 (96%) 1.00E-104 

70-1* PY.4171.C1.Contig4603 gb|ABE93069.1 Phosphoglucosamine mutase 108/154 (70%) 128/154 (83%) 7.00E-54 

70-2 1435783_5_D13_061_PY.cl.4277.si
nglet gb|ABE93069.1 Phosphoglucosamine mutase 169/214 (78%) 197/214 (92%) 6.00E-92 

71-
A** PY.2187.C2.Contig2538 ref|NP_565942.1 RHC1A (RING-H2 finger C1A) 205/331 (61%) 236/331 (71%) 1.00E-104 

71-B PY.2187.C1.Contig2537 ref|NP_565942.1 RHC1A (RING-H2 finger C1A) 104/207 (50%) 126/207 (60%) 6.00E-40 

72-A PY.679.C2.Contig844 ref|NP_001056606.1 Os06g0114700 126/201 (62%) 158/201 (78%) 1.00E-65 

72-B PY.679.C1.Contig843 ref|NP_001056606.1 Os06g0114700 134/212 (63%) 167/212 (78%) 5.00E-69 

73-1 PY.2499.C1.Contig2851 ref|NP_177343.2| 
Protease-associated zinc finger (C3HC4-type 
RING finger) family  protein [Arabidopsis 
thaliana] 

140/211 (66%) 171/211 (81%) 2.00E-75 

73-2 1449992_5_D14_061 ref|NP_177343.2| 
Protease-associated zinc finger (C3HC4-type 
RING finger) family protein [Arabidopsis 
thaliana] 

67/98 (68%) 74/98 (75%) 4.00E-29 

74-1 1438843_5_D01_013 gb|AAF86560.1|AC069252_19 F2E2.13 [Arabidopsis thaliana] 94/275 (34%) 94/275 (34%) 8.00E-32 

74-2 PY.2930.C1.Contig3302 gb|AAF86560.1|AC069252_19 F2E2.13 [Arabidopsis thaliana] 135/206 (65%) 165/206 (80%) 2.00E-66 

75-1 PY04020X1E06.f1 gb|AAD39604.1|AC007454_3 F23M19.3 [Arabidopsis thaliana] 118/143 (82%) 130/143 (90%) 5.00E-58 

75-2 PY.4855.C1.Contig5311 gb|AAD39604.1|AC007454_3 F23M19.3 [Arabidopsis thaliana] 224/308 (72%) 252/308 (81%) 6.00E-116 

* - number indicates different part of one gene; **-letter indicates different isoform of the same gene 
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Supplementary Table 10. Composition of repetitive sequences on MSY BAC and corresponding region on X chromosome 
 

7 MSY BACs 2 X BACS and scaffolds on X 
known papaya total known papaya Total Types of repeats 

(bp)     (%) (bp)     (%) (bp)     (%) (bp)     (%) (bp)     (%) (bp)     (%) 
Retroelements 204,550 17.7 560,376 48.4 764,926 66.0 524,456 15.9 1,128,208 34.2 1,652,664 50.1 

SINEs: 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 
LINEs: 0 0.0 5,862 0.5 5,862 0.5 333 0.0 47,288 1.4 47,621 1.4 
LTR elements: 204,550 17.7 554,514 47.8 759,064 65.5 524,123 15.9 1,080,920 32.8 1,605,043 48.7 

Ty1/Copia 10,006 0.9 11,680 1.0 21,686 1.9 121,206 3.7 87,857 2.7 209,063 6.3 
Gypsy/DIRS1 185,369 16.0 446,363 38.5 631,732 54.5 348,360 10.6 802,252 24.3 1,150,612 34.9 

DNA transposons 0 0.0 2,645 0.2 2,645 0.2 619 0.0 2,839 0.1 3,458 0.1 
Unclassified 13,275 1.2 177,230 15.3 190,505 16.4 9,659 0.3 149,046 4.5 158,705 4.8 
Total interspersed repeats 217,825 18.8 740,251 63.9 958,076 82.7 534,734 16.2 1,280,093 38.8 1,814,827 55.0 
Satellites 0 0.0 928 0.1 928 0.1 0 0.0 . 0.0 0 0.0 
Simple repeats 6,285 0.5 274 0.0 6,559 0.6 26,236 0.8 363 0.0 26,599 0.8 
Low complexity 22,376 1.9 4,142 0.4 26,518 2.3 60,033 1.8 21,810 0.6 81,843 2.5 
Bases masked 246,486 21.3 745,595 64.3 992,081 85.6 621,113 18.8 1,302,266 39.5 1,923,379 58.3 
Total length used for analyses 1,158,939           3,297,440           
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Supplementary Table 11.   Summary of TE content of papaya contigs 

Class Element Length occupied % 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 
 MuDR-IS905 7.6 Kbp < 0.01 
 Other 515.4 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. 
 
 
 

doi: 10.1038/nature06856                                                                                                                                                  SUPPLEMENTARY INFORMATION

www.nature.com/nature 28



 

 29

Supplementary Table 12.  MADS-box genes in papaya, Arabidopsis, poplar and rice 
 

  Arabidopsis Poplar Rice 
  

Papaya 
Functional Pseudo Total Functional Pseudo Total Functional Pseudo Total 

Type I 145     94     50     29
Mα 94 20 23 43 23 4 27 15 2 17
Mβ 4 17 5 22 12 5 17  1 1
Mγ 47 21 8 29 6 0 6 8 3 11

Type II 25     54     67     49
Mδ+MIKC

* 5 6 1 7 9 1 10 1  1
MIKCc 20 43 4 47 55 2 57 47 1 48

Other 1                  
Total 171     148     117     78
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Supplementary Figure 1. Graphic representation of the assembled papaya genome 
(purple bars, with each scaffold marked by a red dash) anchored to the 12 papaya linkage 
groups (red bars) through SSR markers (blue lines). Linkage groups 8 and 10 were 
merged because each possessed a subset of SSR markers associated with the same 
scaffold. Linkage groups 9 and 11 were merged based on Fluorescence In Situ 
Hybridization (FISH) results. Un-utilized SSR markers are represented as purple dashes 
on the linkage groups. Conflicting SSR markers are represented as green dashes on the 
linkage groups.  
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Supplementary Figure 2. Distribution of euchromatin and heterochromatin on meiotic 
pachytene chromosomes of papaya. Chromosomes were stained by 4’, 6-diamidino-2-
phenylindole (DAPI). The color image was converted into a black & white image to 
enhance the visualization of the darkly stained heterochromatin.  
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Supplementary Figure 3. Typical DNA synteny patterns between papaya scaffolds and 
Arabidopsis thaliana genome sequences. One papaya scaffold corresponds to four 
Arabidopsis chromosomal segments. The papaya scaffold is arranged vertically, with 
scale marks showing its length, while the 5 Arabidopsis chromosomes are arranged 
horizontally. 
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Supplementary Figure 4. Typical DNA synteny patterns between papaya scaffolds and 
Arabidopsis thaliana genome sequences. One Arabidopsis chromosomal segment 
corresponds to one best-matched papaya DNA segment. The Arabidopsis genes are 
arranged vertically, while papaya scaffolds (the longest 200 are shown here) are arranged 
horizontally. If an Arabidopsis gene has the best matched string on a papaya scaffold, a 
red dot will be created on the plot, the second best match produces a blue dot, others 
produce grey dots.  
 
 

Papaya scaffolds
#1 #200 

 AT04G13860.1 

 AT04G15280.1 
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Supplementary Figure 5. BLASTZ1 alignment of each of four syntenic chromosomal 
regions in Arabidopsis (v.7, Abbrev. “At”) to the single orthologous region of papaya 
(Cp) scaffold_129 (containing scaffold_6), and the orthologous region of chromosome 4 
of grape2. Graphic is from the GEvo alignment viewer3. Gene models have points at one 
end indicating transcriptional direction with putative exons in green (or yellow for the 
anchor gene).  The gene in the center of each sequence, the anchor gene, encodes a SSR 
transcription factor that was retained following both of the two most recent tetraploidies, 
α and β.  The papaya reference - the sequence third from the top and abbreviated “Cp” - 
is particularly informative; all other sequences are aligned with Cp.  Above this sequence 
are stacks of high scoring pairs in one of five different colors:  coral, red, light blue, green 
and dark blue, denoting At chromosome 4-Cp, At chromosome 2-Cp, grape chromosome 
4-Cp, At chromosome 3-Cp, and At chromosome 5-Cp, respectively.  These are two 
Arabidopsis a-pairs related to one another by the β tetraploidy.  The result is that the 
approximately 27 genes in papaya for which there is syntenic support exist in 
Arabidopsis in 1, 2, 3 or 4 copies. Lines connect the HSPs that support this conclusion. 
Unsequenced stretches of chromosome are denoted in orange. To regenerate this GEvo 
graphic for research purposes use URL http://tinyurl.com/3dpeak , click “don't draw HSP 
numbers” to reduce clutter and then “Go.”   
 
1. Schwartz, S.  et al. Human-mouse alignments with BLASTZ. Genome Res. 13, 103-107 (2003). 
2. Jaillon, C. O. et al. The grapevine genome sequence suggests ancestral hexaploidization in major 

angiosperm phyla. Nature, doi:10.1038/nature06148 (2007). 
3.  Lyons, E. & Freeling, M. How to usefully compare homologous plant genes and chromosomes as 

DNA sequence.  Plant J. In press (2007). 
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Supplementary Figure 6. Noncoding sequences are either shared or subfunctionalized 
when the papaya (Cp) MYB transcription factor gene is aligned with its alpha pair from 
Arabidopsis (At).  Blastn1 results were graphically represented using GEvo2, with a noise 
cutoff set at the e-val equal to that of a 15/15 exact match. All three homologous, syntenic 
sequences were aligned in the three pairwise combinations using settings designed to find 
CNSs in plant genomes. Coral HSPs= At1 vs. At2, which generates αCNSs in noncoding 
sequences; light green HSPs= At1 vs. Cp; red HSPs= At2 vs. Cp. The arrows denote the 
single CNS that is clearly shared among all three sequences, and the hollow arrows 
denote sharing as well but one of the pairwise alignments did not produce a result 
because these CNSs are just at the limit of detection. The circle encloses a single HSP 
that is a CNS that was potentially subfunctionalized from at5g65790 after alpha.  Cp is 
too diverged from At to permit efficient detection of many CNSs by sequence alone, but 
some genes have particularly conserved noncoding sequences like those in this example.  
 
1. Altschul, S.F., Gish, W., Miller, W., Myers, E.W., & Lipman, D.J. Basic local alignment search tool. 

J. Mol. Biol. 215, 403-410 (1990). 
2. Lyons, E. & Freeling, M. How to usefully compare homologous plant genes and chromosomes as 

DNA sequence. Plant J. In press (2007). 
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Supplemental Figure 7. Frequency distribution of Needleman-Wunsch alignment scores 
for 10,000 random alignments of C. papaya and A. thaliana 5'-UTR regions.  The mean-
score (mean) and standard deviation (stdev) are indicated.  This distribution was used to 
determine the threshold alignment score for the analysis performed by UntransID. 
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Supplemental Figure 8. Summary of the per-nucleotide identity shared between 
homologous 5'-UTRs in 969 C. papaya-A. thaliana comparisons. Values along the x-axis 
correspond to A. thaliana nucleotide positions 5' to coding-regions. For each position, the 
proportion of A. thaliana nucleotides scored as having identity (nucleotides from non-
informative alignments are treated as "0" identity) to a C. papaya nucleotide is indicated 
by the thick dark-gray line. The thick, black line at approximately 0.01 is the mean 
proportion of nucleotides scored as identities with error bars (SE of each mean) for each 
nucleotide position as determined via a permutation test (100 iterations; see Windsor et 
al.1, supplemental online documentation for details). The light-gray line indicates the 
proportion identity at each position when only alignments with scores exceeding the 
significance threshold (705) are included in the calculation (136 alignments). 
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Supplemental Figure 9.   Tribe size in Carica papaya versus Arabidopsis thaliana for 
tribes present in at least one species. Larger circles indicate larger number of tribes with 
those counts.  The larger the circle, the more tribes (small = 1-10, medium = 11-100, 
large = 101-1000, super = >1000).  Diagonal line shows equal numbers Carica and 
Arabidopsis.   
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Supplementary Figure 10. Circadian clock gene models and domains. Circadian clock 
gene models and domains derived from Arabidopsis thaliana. Single MYB domain 
transcription factors (sMYB) CIRCADIAN CLOCK ASSOCIATED 1 (CCA1), EARLY-
PHYTOCHROME-RESPONSIVE 1 (EPR1), and LUX ARRHYTHMO (LUX), contain 
two MYB domains of the VRSHQY subclass designated here as A (light blue) and B 
(dark blue). Pseudo-response regulator family represented by TIMING OF CAB 1 
(TOC1)/ PSEUDORESPONSE-REGULATOR 1 (PRR1), have a pseudo-response 
regulator domain (black) and a CONSTANS domain (green). ZEITLUPE (ZTL) is the 
founding member of the PAS-PAC/FBOX/KELCH (PFK) family. The PER-ARNT-SIM 
(PAS) domain (orange), PAC domain (red), Fbox domain (purple) and the KELCH 
domain (yellow). 
 
 
 
 
 
 
 
 
 

sMYB-A, DNA binding 
sMYB-B, DNA bidning 

PRR, pseudo-response regulator 

CCT, CONSTANS domain 

Domain Representative Legend

CCA

ERP1 

LU

Fbo
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Supplementary Figure 11. Phylogenetic relationship of the PRR proteins from papaya 
(Cp), poplar (Pt), Arabidopsis (At), chestnut (Cs) and rice (Os). Protein sequences were 
aligned with ClustalW and the phylogenetic tree was generated in MegAlign (DNAstar, 
lasergene6). The length of each pair of branches represents the distance between proteins 
sequences. The X-axis indicates the number of substitution events between protein 
sequences. The dotted line indicates a negative branch length as a result of averaging to 
achieve a balanced branched phenogram. 
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Supplementary Figure 12.  Phylogenetic relationship of the COP/SPA in papaya (Cp), 
poplar (Pt), moss (Pp) and Arabidopsis (At). Protein sequences were aligned with 
ClustalW and the phylogenetic tree was generated in MegAlign (DNAstar, lasergene6). 
The length of each pair of branches represents the distance between proteins sequences. 
The X-axis indicates the number of substitution events between protein sequences. The 
dotted line indicates a negative branch length as a result of averaging to achieve a 
balanced branched phenogram.  
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Supplementary Figure 13. The functional categories of the genes on X chromosome at 
papaya sex determination region. The annotated function was classified based on the hit 
in MIPS functional catalogue database (http://mips.gsf.de). 
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Supplementary Figure 14. Papaya PRSV coat protein (CP) transformation vector. Target 
transgenes nptII, CP and uidA encoding neomycin phosphotransferase, the CP gene of 
PRSV HA 5-1, and β-glucuronidase (GUS), respectively, functional in the plant host as 
well as vector backbone genes tetA and tetR, and aacC3 encoding tetracycline resistance 
and gentamycin resistance functional in the bacterial hosts, respectively are shown as 
solid grey block arrows.  Arrows indicate orientation of the respective genes.  Open boxes 
represent the nonfunctional 5’ and 3’ halves of the β-lactamase gene (bla5’, bla3’, 
respectively) and plasmid replication origins (oriV, oriT, and oriColE1).  Agrobacterium 
T-DNA left border (LB) and right border (RB) segments are represented by black boxes.  
Plasmid positions of segments representing the functional transgene as well as the 
nonfunctional nptII and tetA region inserted in papaya line 55-1 and its derivatives are 
labeled and represented by gray bars.  Plasmid regions (P1 to P13) used for papaya 
Southern analysis probes and genomic database searches are shown. 
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Supplementary Figure 15. Structure of transformation insertion sites in the papaya 55-1 
line genome. a. Functional transgene insertion. b. Nonfunctional vector/tetA fragment 
insertion. c. Nonfunctional nptII fragment insertion. Solid arrows represent insertions and 
orientation with respect to the plasmid sequence (functional transgene) or gene 
orientation (vector/tetA, nptII fragment insertion). Gray arrowheads represent a 21 bp 
duplicated vector sequence and dotted arrow in the vector/tetA insertion indicates the 
transposition of a segment of the insert (X) relative to a second segment (Y) compared to 
their relative positions on the transformation plasmid. Dashed lines represent chloroplast 
DNA-like nuclear genome sequences flanking the transgene insert. Dotted line represents 
flanking sequences that are not chloroplast DNA-like. Lines representing insertions and 
flanking DNA are not drawn to scale. Gene sequences found in the flanking DNA are 
identified in parentheses. 
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Supplementary Figure 16. GC content of papaya genome.  The red plot is a histogram 
of the total number of bases in all scaffolds, computed in 200-bp windows across the 
genome.  The green plot shows the corresponding totals for coding exons only. 
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Supplementary Figure 17. Phylogenetic analysis of predicted papaya MADS-box 
proteins. Selected Arabidopsis MADS-box proteins representing the 5 subfamilies are 
also included (see text). The positions of the Arabidopsis proteins are shown (Mα, 
AGL28, AGL39, and AGL73; Mβ, AGL54 and AGL75; Mγ, AGL38 and AGL45; Mδ (or 
MIKC*), AGL66 and AGL94; MIKCc, SEP1, AG, AP3 and AGL22). 
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