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Papaya, a fruit crop cultivated in tropical and subtropical regions,
is known for its nutritional benefits and medicinal applications.
Here we report a 3X draft genome sequence of ‘SunUp’ papaya,
the first commercial virus-resistant transgenic fruit tree' 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 far’”, 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 (MDb)®, diploid inheritance with nine
pairs of chromosomes, a well-established transformation system’,
a short generation time (9-15 months), continuous flowering
throughout the year and a primitive sex-chromosome system®. It is
a member of the Brassicales, sharing a common ancestor with
Arabidopsis about 72 million years ago’. 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 te,

vitamin A deficiency, a cause of childhood blindness in tropi-
cal 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.
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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 inbreeding'®. 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 4’,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 DNA'. A large portion of the heterochromatic DNA was
likely 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 3X WGS
sequence'.

Gene annotation used, 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 simi-
larity 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 unigenes, 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 pre-
dicted 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

Table 1| Statistics of sequenced plant genomes

Carica Arabidopsis Populus Oryza sativa  Vitis

papaya thaliana trichocarpa (japonica) vinifera
Size (Mbp) 372 125 485 389 487
Number of chromosomes 9 5 19 12 19
G + C content total (%) 353 35.0 333 43.0 36.2
Gene number 24,746 31,114* 45555 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 (%) 519 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 genes®.
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coding and RNA genes, or including the 3,241 novel genes
34% less than rice’, 46% less than poplar* and 19% less than grape’
(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, o', might affect only a subset of the
Brassicales', previous phylogenetic dating of these events'® 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 ago®. 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 “y’ genome
duplication shared with Arabidopsis and poplar that is postulated
to have occurred near the origin of angiosperms'’. Indeed, both
papaya (with no subsequent duplication) and poplar (with a rela-
tively low rate of duplicate gene loss) suggest that y was 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.
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Figure 1| Alignment of co-linear regions from Arabidopsis (green), papaya
(magenta), poplar (blue) and grape (red). “Vv chrl6r’ 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, 011, 20, 36, Y7, shown to the right)*’. The whole syntenic alignment
supports four distinct whole-genome duplication events: o, 3 within the
Arabidopsis lineage, an independent duplication in poplar, and v which is
shared by all four eudicot genomes. Co-linear regions can be grouped into
three y sub-genomes based on Camin-Sokal parsimony criteria.
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This is most likely 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 genome”.

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 GEvq, viewer'®. The orthologous
region of grape was also included’, 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 orthologous 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 Arabidopsishomo-
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 Genome Evolution(GEvo)
screenshot of a blastn alignment illustrating subfunctionalization
of conserved non-coding sequences (CNSs)'” upstream of two syn-
tenic, duplicate Arabidopsis genes and their single papaya ortholo-
gous gene. The a-duplicated genomes within Arabidopsis are perfect
for CNS discovery'®.

Comparative analysis of the papaya and Arabidopsis 5" 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’, 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
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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.

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 18,
MADS tribesygwhereas-mostothertribes stillhave 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 Arabidopsis™
and less than 10% of the 600 NBS genes in rice”'. 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 genes*) 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.

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 405 113 28 429 175

missing from each species
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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 expansion®. 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-
tively**’, 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
acid*. 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 symplastic**, 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
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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 increase*. 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 duplication* (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 per 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 papaya genome compared with only
one in Arabidopsis (Supplementary Tables 7 and 8). A similar expan-
sion has been noted in moss (Physcomitrella patens), which has nine
COP1 paralogues that are hypothesized to aid in tolerance to ultra-
violet light (Supplementary Fig. 12)*°. 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)®. 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 14.3kb. By contrast, among seven completely sequenced
MSY BACs totalling 1.2 Mb, a total of four expressed genes were
found; on two of the BACs'*?*. The somewhat lower-than-average
gene density in the X-specific scaffolds is accompanied by rather
more repetitive DNA (58.3%) than the genome-wide average, per-
haps because this region is near the centromere®. Re-analysis of
the repetitive DNA content of the MSY BAGCs, 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
alone®.
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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 fefA 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 npfll 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
DNA?, 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 rearrangements™.
The presence of these inserts was confirmed by high-throughput
MUMmer® 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 Arachne’. WGS
reads and BAC end reads were trimmed by LUCY and screened for organellar
sequences”. 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
Papayal.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 3X 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 2X coverage
(16.3%) was 0.37%. The error rate at 1X 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 study’**. Program to Assemble Spliced Alignments (PASA)** 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 SNAP***. Ab initio gene prediction software Fgenesh,
Genscan and TWINSCAN were trained on Arabidopsis®*'. 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)*. Spliced alignment of proteins from the
Pfam database were generated using GeneWise****. 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)**. Protein
domains were predicted using InterProScan against protein databases (PRINTS,
Pfam, ProDom, PROSITE, SMART)*,

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)*. 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
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developed repeat-finding tools, PILER and RepeatScout to the complete set of
contigs from the papaya genome***'. 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 families®. As a post-processing step, we
selected only those families that had at least ten good (E value <1 X 10*°)
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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