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Abstract

Pomegranate (Punica granatum L.) with an uncertain taxonomic status has an ancient
cultivation history, and has become an emerging fruit due to its attractive features
such as the bright red appearance and the high abundance of medicinally valuable
ellagitannin-based compounds in its peel and aril. However, the absence of genomic
resources has restricted further elucidating genetics and evolution of these interesting
traits. Here we report a 274-Mb high-quality draft pomegranate genome sequence,
which covers approximately 81.5% of the estimated 336 Mb genome, consists of
2,177 scaffolds with an N50 size of 1.7 Mb, and contains 30,903 genes.
Phylogenomic analysis supported that pomegranate belongs to the Lythraceae family
rather than the monogeneric Punicaceae family, and comparative analyses showed
that pomegranate and Eucalyptus grandis shares the pal eotetraploidy event. Integrated
genomic and transcriptomic analyses provided insights into the molecular
mechanisms underlying the biosynthesis of ellagitannin-based compounds, the color
formation in both peels and arils during pomegranate fruit development, and the
unique ovule development processes that are characteristic of pomegranate. This
genome sequence represents the first reference in Lythraceae, providing an important
resource to expand our understanding of some unique biological processes and to
facilitate both comparative biology studies and crop breeding.
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Introduction

Pomegranate (Punica granatum L.), which is native to central Asia, is an ancient
medicinal fruit crop that is grown worldwide[ 1] and has considerable economic value.
Compared to other fruit crops, such as orange (Citrus sinensis), apple (Malus
domestica), grape (Vitis vinifera), and kiwifruit (Actinidia chinensis), pomegranate
has higher levels of antioxidants (~11.33 mmol/100 g)[2], which are potentialy
beneficia in preventing cardiovascular disease, diabetes, and prostate cancer[3].
Consequently, pomegranate is aso referred as a ‘super fruit’'[4] and the planted
acreages and fruit production of pomegranate have been increased substantially over
the past decade[5].

Although the genus Punica was previously placed in its own monogeneric family
(Punicaceae), recent morphological[6] and molecular[7] evidence, as well as the new
classification in the APG IV system[8], suggest that it is a member of Lythraceae.
Pomegranate has become an attractive system for studying several valuable biological
features, such as the metabolism of ellagitannin-based compounds[9], color formation
in the fruit peel and aril, the edible part of the pomegranate fruit[10], and ovule
developmental biology (supplemental note).

Genomic resources, which have great potential value for both basic research and crop
improvement, are currently very limited for pomegranate. We have therefore
sequenced and assembled the genome of P. granatum ‘ Taishanhong’, a widely grown
cultivar in China that has a bright red-colored fruit at the ripe stage. This genome
sequence represents the first reference in the Lythraceae family. Genome and
transcriptome analyses presented in this study provide insights into the pomegranate
taxonomic status and evolution, as well as the molecular mechanisms underlying
ellagitannin-based compound metabolism, anthocyanin biosynthesis, and ovule
development.

Results

Genome sequencing and assembly

We used the whole-genome shotgun sequencing approach to generate ~67 Gb of

high-quality sequences (supplementa table S1), representing approximately 200 X

coverage of the pomegranate genome, which has an estimated size of 336 Mb, based

on the K-mer depth distribution analysis of the sequenced reads (supplemental fig. S1)
and the flow cytometry analysis (supplemental table S2). The final assembled

sequence was 274 Mb, representing 81.5% of the pomegranate genome. The assembly

consisted of 2,177 scaffolds (> 1kb) with an N50 of 1.7 Mb and 7,088 contigs with an

N50 of 97 kb (table 1, supplementa table S3). The GC content of the assembled

pomegranate genome was 39.2%, similar to that of Eucalyptus grandis, which is the
evolutionarily closest species of pomegranate that has genome sequenced[11].

A quality evaluation using BUSCO[12] revealed that 97.7% of the core eukaryotic
genes were captured by the pomegranate genome assembly and that 96.2% were
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complete. In addition, our assembled sequence covered >99% of the 2,397
pomegranate expressed sequence tags (ESTs) downloaded from GenBank
(supplemental table $4). Finaly, our assembled genome covered >94% of the
unigenes assembled from our pomegranate RNA-Seq data (supplemental table S5).
Taken together, these results indicate that the assembled pomegranate genome
sequenceis of high quality.

Genome annotation

Repetitive sequences generally constitute a large portion of a plant genome and can
contribute to the plant genome evolution due to the roles in both genome size
variation and functional adaption[13]. The repetitive DNA accounted for 51.2%
(140.2 Mb) of the genome assembly (Table 1), a greater amount of the genome than
in similarly sized plant genomes, including Fragaria vesca[14]. Indeed, 82.1% of
pomegranate repetitive sequences could be annotated as transposable elements (TEs),
of which the long terminal repeat (LTR) elements composed the most abundant
(Supplemental Table S6). Among five sequenced resides species (supplemental fig.
S3), the fraction of the genome contributed by LTR retrotransposons increases with
genome size from Arabidopsis thaliana [15], the smallest genome (~15% of its
125-Mb genome consists of LTR retrotransposons), to pomegranate (17.4%
retrotransposons) and E. grandis(~640 Mb, ~20.7% retrotransposons). Clearly, the
LTR dynamics is a major contributor to the 1C value differences among plants
[13-16]. The two major subfamilies of LTR families found in pomegranate genome
are Copia (~5.87% of total TESs) and Gypsy (~11.55%) (supplemental table S6),
which differ in the order of pol encodes protease (PR), reverse transcriptase (RT),
ribonuclease H (RH), and integrase (INT) domains in the polyprotein (Gypsy:
PR-RT-RH-INT, Copia: PR-INT-RT-RH)[16]. Kimura distances (K-vaues; Kimura
1980) for al Copia and Gypsy copies were characterized to estimate the “age” and
transposition history of Copia and Gypsy (supplemental fig. S4). Pomegranate
genome only underwent a more recent expansion of Copia and Gypsy. Conversely,
ancient divergent Copia and Gypsy elements with high K-values as well as recent
activity with low K-values were found in V. vinifera, a reference genome of eudicots
ancients. Kimura profiles consistently supported that Copia and Gypsy
retrotransposons existed early in the angiosperm history and diverged into
heterogeneous subgroups before the modern plant orders arose [13]. Moreover, the
divergent fraction of LTR members is responsible for special biology processes, such
as the regulation of pigments biosynthesis and ovule development in plants[17].
Copiarinduced aleles of severa genes such as flavonoid 3’-hydroxylase (F3'H) and
dihydroflavonol 4-reductase (DFR) alter the expression patterns in the anthocyanin
biosynthesis. Transposable elements in promoters of AINTEGUMENTA (ANT)[18]
were inferred to be related with ovule development. Using RNA-Seq, we found that
TPMs of Copia, Gypsy and LARD copies were significantly (p<0.001) increased as
the development of peels or arils, which might be responsible for the anthocyanin
biosynthesis (supplemental fig. S5).
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We predicted atotal of 30,903 protein-coding genes in the pomegranate genome, with
amean coding sequence length of 1,110 bp and 4.5 exons per gene (Table 1). Of these
genes, 89% could be annotated using the GO[19], KEGG[20], TrEMBL[21],
COGJ[22], or the GenBank nr databases (supplemental table S8). Furthermore,
conserved domains in 80% of the predicted protein sequences were identified by
comparing them against the InterPro database[23]. In addition to the protein-coding
genes, 601 miRNA, 54 rRNA and 144 tRNA genes were aso identified in the
pomegranate genome (supplemental table S9).

Compar ative genomic analysis between pomegranate and other plant species

A gene family cluster analysis of the complete gene sets of pomegranate, E. grandis,
apple (M. domestica), Arabidopsis (Arabidopsis thaliana) and grape was performed.
A total of 22,426 genes in the pomegranate genome were grouped into 13,747 gene
clusters, of which 8,459 were shared between al the five species (fig. 1A).
Pomegranate shared more gene family clusters with E. grandis (11,992) than with any
of the other three species, and we aso inferred a relatively close taxonomic
relationship between these two species from their presence in a shared clade in a
phylogenetic tree constructed with 172 single-copy genes (supplementa fig. S2).
Furthermore, we assembled the transcriptomes of six speciesin the Lythraceae family,
as well as that of Oenothera biennis (Onagraceae family of the order Myrtales), and
then reconstructed a species tree of the Lythraceae family (fig. 1B). On the basis of
this tree, four pomegranate cultivars and Lagerstroemia indica were classified into
one monophyletic clade, and then clustered in a group with two species from the
Cuphea genus. Based on the genomic phylogenetic analysis, we concluded that the
Punica genus belongs to the Lythraceae family.

We identified 2,749 syntenic blocks within the pomegranate genome, and also
identified syntenic blocks between the genomes of pomegranate and grape, and
pomegranate and E. grandis, as well as within the grape and Populus trichocarpa
genomes. The distribution of 4DTv (transversions at fourfold degenerate sites) of
homologous gene pairs within these syntenic blocks suggested that pomegranate has
not undergone any recent lineage-specific whole genome duplication (WGD) events,
but shared the paleohexaploidy event (y) of al eudicots (fig. 1C). However, the
divergence between pomegranate and E. grandis, estimated based on the
MCMCitree[24], occurred at ~69.6 (51.5-85.0) million years ago (MYA), which is
after the paleotetraploidy event (109.9 MY A) identified in the E. grandis genome[11]
(fig. 1D), indicating that this WGD event is shared by pomegranate and E. grandis.
Further analysis of the syntenic blocks between pomegranate and grape, whose
genome has not undergone recent genome duplication[25], and pomegranate and E.
grandis suggested that the maority of grape syntenic regions had two orthologous
regions in pomegranate, while the majority of E. grandis syntenic regions had onein
pomegranate (supplemental table $9). In addition, Ks (humber of synonymous
substitutions per synonymous site) values of paralogous genes from the ancient
duplications within pomegranate and E. grandis showed similar distribution patterns
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(supplemental fig. S6). Taken together, these findings strongly support that the
paleotetraploidy event identified in E. grandisis shared by pomegranate.

We identified 15 gene families that have undergone significant (p-value < 0.01)
expansion in the pomegranate genome. These families were found to be enriched with
genes involved in self-incompatibility and other speciaized biological pathways
(supplementa fig. S7), suggesting that these pathways have evolved distinctly in
pomegranate compared to other plant species.

Biosynthesis of unique ellagitannin-based compounds

Pomegranate fruit have much higher antioxidant activity than apple, orange, grape
and other fruitg2], which is attributed to their high content of polyphenols;
specifically punicalagins, punicalins, gallagic acid, ellagic acid, and other
ellagitannin-based compounds. Notably, the results of human clinical trials suggest
that these compounds can contribute to reduced rates of cardiovascular disease,
diabetes, and prostate cancer[3]. To investigate the molecular mechanisms underlying
the biosynthesis of the ellagitannin-based compounds, we performed integrated
genomic and transcriptomic analyses of genes in the ellagitannin biosynthetic
pathway (fig. 2A, supplemental note).

The enzyme 3-dehydroquinate dehydratase/shikimate dehydrogenase (DHQD/SD)
serves as a key bridge linking the shikimate pathway and ellagitannin biosynthetic
pathway[26]. Six DHQD/SD genes were identified in the pomegranate genome, of
which three (Pg006297.1, Pg006299.1 and Pg006300.1) were tandemly duplicated
and located in a 100-kb region (fig. 2B). Although all three of these genes were highly
expressed in both fruit peels and arils, Pg006299.1 and Pg006300.1 showed
decreasing expression during fruit development (fig. 2C, supplemental fig. S5),
consistent with the fact that levels of pulicalagin, ellagic acid and gallic acid also
decrease during pomegranate fruit development[27], indicating their potential
important roles in ellagitannin biosynthesis. Two other DHQD/SD genes, Pg008377.1
and Pg008376.1, were also tandemly duplicated. Pg008377.1 was highly expressed in
fruits while Pg008376.1 had a very low expression level (fig. 2C), suggesting their
subfunctionalization after tandem duplication. In addition, two UDP-glucose:gallate
glucosyltransferase (UGT) genes (Pg014620.1 and Pg026431.1) were identified in
the pomegranate genome and they showed distinct expression patterns. Pg014620.1
was expressed higher in peel than in aril, while Pg026431.1 was expressed higher in
aril than in pedl (fig. 2C; supplemental fig. S8), suggesting the tissue-specific roles of
these two genes in ellagitannin biosynthesis.

Another key enzyme family in the ellagitannin biosynthetic pathway is
pentagalloylglucose oxygen oxidoreductase (POR). A total of 34 POR genes were
identified in the pomegranate genome (supplemental table S11). Phylogenetic
analysis placed these genes into twelve groups and member expansion was observed
in group 1 (supplemental fig. S9). Four genes in group 1 (Pg007458.1, Pg019324.1,
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Pg019325.1 and Pg021488.1) were highly expressed in both fruits and arils, and the
expression of Pg019324.1 and Pg019325.1 showed a decreased trend in the peel
during fruit development (supplemental fig. S8). Of the genes in the other groups,
Pg009402.1 and Pg010812.1 showed a clear descending expression trend in aril
during fruit development (supplemental fig. S8). Reduced expression of these genes
during peel and aril development could be responsible for the decreased productions
of pulicalagin, ellagic acid and gallic acid[28].

Interestingly, sequence homology searches did not reveal any genes predicted to
encode B-glucogallin O-galloyltransferase (GLUG) or galloyltransferase (GALT),
which are also enzymes in the ellagitannin biosynthetic pathway. These genes may
have diverged to a degree in pomegranate that sequence homology has been lost or
pomegranate may have developed aternative reactions for the steps catalyzed by
these two enzymes.

Evolution of the anthocyanin biosynthetic pathway

Anthocyanins are the major pigments and responsible for the color of pomegranate
fruits[29]. Differed from other fruits such as Litchi chinensig[30] and V. vinifera[31],
both peel and aril are bright red at the ripe stage in pomegranate (fig. 3A). Although
the anthocyanin biosynthetic pathway in fruit peels has been studied in severa fruit
tree specieg[32], it has not been well characterized in arils. From our genome
assembly, 20 anthocyanin biosynthesis genes from 9 gene families were identified,
including 11 for anthocyanidin synthase, and 9 for glycosylation and methylation (fig.
3B, supplemental table S12). The wider diversity of anthocyanin compounds comes
from the glycosylation[33] and methylation[34] of the basic flavonol structure. In
anthocyanidin synthetic pathway, each enzyme had substantial expression in both peel
and aril, and the most members had preferential expression in peel (fig. 3C and D,
supplemental fig. S10). By contrast, for anthocyanidin modification only three genes
(Pg010555.1, Pg002351.1, Pg021629.1) highly expressed in peel (fig. 3C and D).
High performance liquid chromatography analyses show that the total anthocyanin
contents in peel (~118.65 mg/100g) are higher than that in aril (~36.41 mg/100g)[27].
Our results support the tissue-specific expression pattern for anthocyanin biosynthesis.
Integrated RNA-Seq and iTraq analyses indicate that highly up-regulated expression
of enzymes such as chalcone synthase (CHS), chalcone isomerase (CHI), flavonoid
3-hydroxylase (F3H), flavonoid 3’-hydroxylase (F3'H), dihydroflavonol 4-reductase
(DFR), anthocyanidin synthase/leucoanthocyanidin  dioxygenase (ANS/LDOX),
UDP-glucose:flavonoid  glucosyltransferases  (UFGT), and  anthocyanin
O-methyltransferase (AOMT) are responsible for the skin gradually changing from
whiteto red (fig. 3A)[35].

The pomegranate and grape genome have the same copy (7) of anthocyanin
O-methyltransferase (AOMT) genes which are higher than other three species
(Supplemental table S12). Different copy numbers indicate an obvious expansion of
this enzyme family in pomegranate. The gene number of the AOMT family does not
seem to correlate with genome size and chromosome number of a given species. E.
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grandis (640 Mb, 2n=22)[11] only has 6 genes, and C. sinensis (367 Mb, 2n=18)[36]
only has 2 genes. AOMTSs play the final role in anthocyanin biosynthesis pathway,
mediating the methylation of anthocyaning34]. High copy number of AOMT genes
in fruit species with diverse anthocyanins supports a putative link between expansion
of the AOMT family and the ability to produce anthocyanin.

Phylotranscriptomic analysis shows that AOMT enzymes obviously expanded in
‘Taishanhong' than other two pomegranate cultivars ‘Nana and ‘Black127’
(supplemental fig. S11). The divergent AOMTs are inferred to be responsible for
digtinct colors of pomegranate fruits. Phylogenetic analysis of pomegranate AOMTs
and their homologs from six other plant species within the Malvidae clade revealed
one recent AOMT gene expansion in the pomegranate genome, comprised of three
tandemly duplicated genes (fig. 3E). These three genes were under relaxed purifying
selection, as indicated by their low dN/dS values (supplemental table S13), and they
showed low expression levels in peel and aril (supplemental fig. S10). These seven
AOMT enzymes exhibit distinct expression patterns during fruit development.
RNA-Seq and i Trag analyses indicate that of the seven AOMT gene expressions, only
Pg002351.1 and Pg021629.1 were highly upregulated in peel (supplemental fig. S10,
fig. 3D). Pg002351.1 upregulated and Pg021629.1 downregulated during fruit
development in aril. The tissue-specific expression pattern of AOMTSs are responsible
for anthocyanin in peel and aril. Pg002351.1 and Pg021629.1 are classed into Groups
[ and V, respectively (fig. 3E). Integrated phylogenetic, transcriptomic and
proteomic analyses conclude that AOMT Group Il might have evolved
independently towards functioning in anthocyanin biosynthesis.

F3H and F35H are responsible for the production of cyanidin- and
del phindin-based anthocyanins, respectively[37-38]. The expression of the F3'H gene
(Pg000150.1) was higher than that of the F3'5'H gene (Pg010035.1) (Supplemental
Fig. S10), indicating that di-hydroxylated anthocyanins are the main pigments in
pomegranate fruits, as previously reported [35]. The cyanidin- and del phindin-based
anthocyanins can be further modified by AOMT enzymes (Fig. 3B). Pg002351.1
(AOMT) and Pg000150.1 (F3'H) showed similar expression patterns during fruit
development, while Pg021629.1 (AOMT) and Pg010035.1 (F3'5' H) showed similar
trends (Supplemental fig. S10), implying that Pg002351.1 and Pg021629.1 might be
responsible for the methylation of cyanidin- and delphindin-based anthocyanins,
respectively.

Anthocyanin biosynthetic genes are activated by a transcriptional activation complex
(the MBW complex) consisting of R2R3-MY B, BHLH, and WD40 proteing32]. In
Arabidopsis, genes encoding enzymes in the early steps of the anthocyanin
biosynthetic pathway that lead to the production of flavonols, are activated by three
R2R3-MYB regulatory genes (AtMYB11, AtMYB12 and AtMYB111), wheress the
activation of the late biosynthetic genes, leading to the production of anthocyanins,
requires an MBW complex[39]. In the pomegranate genome, we identified six
R2R3-MYB genes, nine BHLH genes, and thirteen WD40 genes that were highly
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expressed in the ped and aril (Fig. 3F), suggesting their roles in regulating
anthocyanin production in pomegranate fruit. Recently, an identified NAC
transcriptional factor BLOOD (BL) up-regulates the accumulation of anthocyanin in
peach[40]. However, blast searching yielded no significant hits in our genome
assembly, indicating a discrepancy in the mechanisms of anthocyanin biosynthesis
between these two species.

Owule developmental biology

The polycaryoptic trait is a common target of the plant breeding programs. In
pomegranate, more than one hundred ovules can grow in a single ovary, and they
develop into seeds with arils, which consist of epidermal cells derived from the
integument[41]. Compared to cucumber and tomato, which have parietal[42] and
axial[43] placentas, respectively, pomegranate carpels become superposed into two or
three layers by differential growth, the lower comprised of axial placentas and the
upper ostensibly parietal placentas[4]. Consequently, pomegranate represents a
unique system for studying ovule developmental biology.

We identified and compared genes involved in ovule development from the genomes
of pomegranate, castor bean (another species with arils[44]), cucumber and tomato
(Fig. 4A). The pomegranate genome has 237 candidate genes belonging to the twelve
families affiliated with ovule development (Fig. 4B). The AG-clade, including the AG,
SEP, SHP, and STK families, had the largest copy number (39) in the pomegranate
genome (Fig. 4B). AG-clade genes are required for specifying the ovule
identity[18-45], suggesting that the expansion of AG-clade genes might play an
important role in the development of the pomegranate-specific type of ovules.
Furthermore, structure, transcriptome, and proteome analyses showed that the BEL1
gene (Pg029909.1) occurred frame-shift and functionally inactivated, which had low
transcriptional expression and none of peptide expression. BEL1 gene had negative
role in regulating WUS expression, resulting in carpelloid structures[18]. Low copy of
BEL1 genes and pseudegenization suggest a possible links between contraction and
inactivation of BEL1 family and multi-carpels formation. Additionally, the
pomegranate genome also has a higher copy number (87) of CUC genes than the
other three genomes (Fig. 4B). CUC proteins have reported to regulate ovule
production[46], and expansion of the CUC family in the pomegranate genome may be
a key factor in the production of the large number of ovules[46]. Based on our
comparative genomic analysis, the pomegranate-specific ovule development and the
polycaryoptic phenotype can likely be attributed to the expansions of the AG and
CUC families and contraction and inactivation of BEL1 family.

Discussion

A high-quality reference genome sequence of pomegranate was assembled, which
offers a valuable resource for resolving the previously debated taxonomic status of the
Punica genus[7]. Punica was previously considered a member of the monogeneric
Punicaceae family[47] but was later moved into the Lythraceae family[7-8]. Our


https://doi.org/10.1101/158857

bioRxiv preprint doi: https://doi.org/10.1101/158857; this version posted July 3, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

phylogenomic analysis strongly supports this reclassification of Punica into
Lythraceae. Consequently, pomegranate represents the first species in the Lythraceae
family that has a sequenced genome, providing an important reference for future
comparative genomics and evolutionary studies.

Pomegranate fruits are highly enriched in ellagitannin-based compounds, which are
known to possess antioxidant activitieg3]. Another important fruit quality trait of
pomegranate is the color formation related to the anthocyanin biosynthesis in the peel
and aril. Our genomic, RNA-Seq and iTrag analyses of the pomegranate offer deeper
insights into the molecular mechanisms underlying ellagitannin and anthocyanin
biosynthesis. Several key gene familiesin each of the associated pathways were found
to have undergone tandem duplications and specific family members showed
differential expression patterns in the peel and/or aril during fruit development,
indicative of their important roles in the production of these compounds.

With hundreds of ovules in a single ovary[4], rare heterotypic placentation, and arils
developed from integuments[41], pomegranate has provided a unique system for
studying the ovule development. Our comparative genomic anaysis provided
evidence that the pomegranate-specific ovule development and the polycaryoptic
phenotype can be attributed, at least in part, to the expansions of the MADS-box AG
clade and the CUC family, respectively.

In summary, pomegranate genomic information represents an invaluable resource for
the genetic improvement of the crop and for better understanding of genome
evolution. Genetic markers can be developed based on this genome sequence for
studies involving genetic map construction, positional cloning, strain identification
and marker-assisted selection, which will collectively accelerate pomegranate
breeding.

Materials and Methods

Sample preparation and sequencing

Genomic DNA was extracted from the leaves of P. granatum ‘Taishanhong’, using
the CTAB protocol. Paired-end and mate-pair Illumina genome libraries with insert
sizes ranging from 220 bp to 17 kb were constructed using the NEB Next Ultra DNA
Library Prep Kit (NEB, USA) and sequenced on a HiSeq 2500 system (Illumina, USA)
according to the manufacturer’s instructions. Raw reads were processed to remove
low quality and adaptor sequences, and to collapse duplicated reads using
NxTrim[48].

De novo genome assembly

The high-quality cleaned reads were assembled de novo using ALLPATHS-LG[49],
and the mate-pair reads were then used to construct scaffolds, using SSPACE2.0 [50].
Gap filling was performed using GapCloser provided in SOAPdenovo2 [51].
Assembled scaffolds were compared against the Genbank nt database using megablast
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and against a set of known microbia proteins using BLASTX. Scaffolds classified as
microbia sequences, unanchored rDNA, mitochondrion, chloroplast, and repetitive
sequences, as well asthose < 1 kb were removed from the final assembly.

Repeat annotation

We first identified repeat sequences in the P. granatum genome using the de novo
prediction programs, LTR_FINDER[52], MITE-Hunter[53], RepeatScout[54] and
PILER-DF[55], and then classified the identified repeat sequences with
PASTECIassifier (v1.0)[56]. The classified repeat sequences and the Repbase
database[57] were combined to construct a non-redundant repeat sequence library.
RepeatMasker (v4.0.6; http://www.repeatmasker.org) was used to identify the P.
granatum repeat sequences based on the constructed repeat sequence library.

Gene prediction and annotation

The repeat-masked P. granatum genome sequence was used for gene prediction with
the following methods: (i) de novo gene prediction, (ii) homologous sequence
searching, (iii) transcriptome sequence mapping. We first assembled the RNA-Seq
reads into contigs using Trinity (v2.1.1)[58]. The P. granatum specific parameter file
was trained by the de novo gene prediction software Augustus (v1.0.2)[59] using the
bona fide gene models, which were identified from the assembled RNA-Seq contigs
by PASA (v1.2)[60]. Using this parameter file, we performed de novo gene
predictions using Augustus, SNAP[61] and GlimmerHMM (v0.5.9)[62], respectively.
We also performed de novo gene predictions using Genscan (v0.5.9)[63] and Genel D
(v1.4)[64] with the Arabidopsis parameter file. In homologous sequence searches, we
aligned the protein sequences from E. grandis, the plant specific
UniProtKB/Swiss-Prot database[65] and the GenBank nr database against the P.
granatum genome using TBLASTN with a sequence identity >50% and an E-value
cutoff of 1E-5. GeneWise[66] was then used to extract the accurate exon-intron
information. GMAP (v1.0.0)[67] was used to align the assembled RNA-Seq contigs
to the P. granatum genome. Finally, we generated an integrated gene set using
GLEAN[68].

Functional annotation of the predicted genes was performed by comparing their
protein sequences against a number of protein sequence databases, including
GenBank nr, COG[22], KEGG[20] and TrEMBL[21], using BLASTP with an
E-value cutoff of 1E-5.

Callinearity and WGD

All-against-all BLASTP analyses of protein sequences were performed between P.
granatum, V. vinifera, E. grandis and P. trichocar pa using an E-value cutoff of 1E-10.
Syntenic regions within and between species were identified using MCScan[69],
based on the BLASTP results. A syntenic region was identified if it contained a
minimum of 10 and a maximum of 25 genes in the identified gene pairs. Protein
sequences of homologous gene pairs in the identified syntenic regions were aligned
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by MUSCLE (v3.8.31)[70], and the protein alignments were then converted to coding
sequence (CDS) alignments. The Ks value of each gene pair was calculated using the
Y n0O program in the PAML package[24] and the 4DTV value of each gene pair was
calculated using the sum of transversions of four-fold degenerate sites divided by the
sum of fourfold degenerate sites and then corrected using the HKY model[71].

Gene family evolution and phylogenetic analyses

Protein sequences of P. granatum, E. grandis, M. domestica, A. thaliana and V.
vinifera were used in an all-againgt-all BLASTP analysis. The results were analyzed
using the OrthoMCL software] 72] with an MCL inflation parameter of 1.5 to identify
gene family clusters. Gene family clusters were also identified among P. granatum, E.
grandis, M. domestica, C. papaya, V. vinifera, S lycopersicum and A. chinensis.
Single copy gene clusters shared by al 7 species were identified and used to construct
a phylogenetic species tree using PhyML (v3.0)[73]. The divergence time was
estimated by MCM Ctree[24] using the known divergence time of V. vinifera and M.
domestica, and V. vinifera and A. chinensis from the TimeTree database[74]. In
addition, we aso used a Pfam domain-based method to infer the gene family
expansions as described in Albertin et al (2015)[75].

To determine the taxonomic position of P. granatum, transcript assemblies were
performed using Trinity[58] and RNA-Seq reads from other P. granatum cultivars
and other species (three cultivars of P. granatum: ‘Black127’, ‘Nana’, and
‘Wonderful’; three species from the Lythraceae family: Lagerstroemia indica,
Cuphea viscosissima, and Cuphea avigera var. pulcherrima; and one species from the
Onagraceae family: Oenothera biennis) downloaded from the NCBI sequence archive
(SRA) database (Accession numbers: SRX395468, SRX395465, SRX034876,
SRX470007, SRX1361461, SRX1361546, ERX651036, ERX651029, ERX 651035,
ERX 651028 and ERX651064). The open reading frame (ORF) of each unigene was
identified using GeneMarkS-T[76] and the translated amino acid sequences were then
used for phylogeny reconstruction.

RNA collection and sequencing

Peel and aril samples were collected from four different developmental stages (on Jul.
14, Aug. 15, Sept. 12 and Oct. 11, respectively) of pomegranate fruits. Three
biological replicates were analyzed for each sample. Total RNA was extracted using
TRI Reagent (Sigma Life Science, USA) according to the manufacturer’ s instructions.
RNA-Seq libraries were constructed using the NEB Next UltraTM RNA Library Prep
Kit (NEB, USA) and sequenced on an Illumina HiSeq 4000 platform (Illumina, USA)
according to the manufacture’ s protocols.

Quantification and differential gene expression analysis

Paired-end RNA-Seq reads were processed to remove adaptor sequences and
low-quality reads and then mapped to the de novo assembled pomegranate genome
sequence using TopHat2 (v2.0.13)[77] with default parameters. Cufflinks (v2.2.1)[77]
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was used to assemble the mapped reads for each sample. The assembled contigs were
then merged with the reference gene annotation into a unified annotation, which was
used to quantify gene expression in each sample. We used the FPKM (fragments per
kilobase exon model per million mapped fragments) as the normalized expression
level of genes. Differentially expressed genes between different tissues or across
different developmental stages were identified using DESeq (v1.20.0)[78]. Genes
with an adjusted P-values <0.01 were considered to be differentially expressed.

iTrag assays

Peels from Jul.14 and Oct.11 were ground in liquid nitrogen. Proteins were
precipitated according to the reference methods[79]. Desalted peptides were then
labeled with iTRAQ reagents (Applied Biosysterms) according to the manufacturer’s
instructions. Nano-HPLC-M S/M S analysis was performed on a nanoAcquity system
(Waters) connected to an LTQ-Orbitrap XL hybrid mass spectrometer (Thermo
Electron) equipped with a PicoView nanospray interface (New Objective). iTRAQ
8plex was chosen for quantification during the search simultaneously.

Accession codes

The pomegranate whole-genome sequence has been deposited in GenBank under a
BioProject with accession number PRINA355913. The data will be made public once
the manuscript is accepted.
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Tables

Table 1 Statistics of pomegranate genome assembly and annotation
Estimated genome size (Mb) 336
Number of scaffolds (>=100 bp) 2,117
Total size of assembled scaffolds 274
(Mb)

N50 scaffold length (Mb) 1.7
Longest scaffold (Mb) 7.6
Number of contigs (>=100 bp) 7,088
Total size of assembled contigs (Mb) 269
N50 contig length (Kb) 97.0
Largest contig (Kb) 528.6
GC content (%) 39.2
Number of gene models 30,903
Mean transcript length (bp) 2,332.8
Mean coding sequence length (bp) 1,1104
Mean number of exons per gene 452
Mean exon length (bp) 2459
Mean intron length (bp) 347.6
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Figure Captions

Figure 1. Comparative genomic analysis of pomegranate and other eudicot
Species.

(A) Venn diagram of shared orthologous gene families in pomegranate, Eucalyptus
grandis, Malus domestica, Vitis vinifera, and Arabidopsis thaliana. The gene family
number is listed in each component. (B) Phylogenetic tree constructed from 106
single-copy gene families. (C) Distribution of the 4DTv distance between syntenically
orthologous genes. (D) Gene family expansion and contraction analysis. MRCA, most
recent common ancestor. Gene family expansions and contractions are indicated by
numbers in red and blue, respectively. Blue and red portions of the pie charts
represent the contracted and expanded gene families relative to MRCA, respectively,
while the grey portions represent the conserved gene families.

Figure 2. Evolution of elagitannin biosynthesisin pomegranate.

(A) The ellagitannin biosynthetic pathway. Green and red arrows represent the
shikimate and ellagitannin pathways, respectively. The numbers of genes in each
family in the ellagitannin metabolic pathway in pomegranate, Eucalyptus grandis,
grape, orange, and apple genomes are shown in the pie charts. (B) Phylogenetic
analysis and genome locations of DHQD/SD genes in pomegranate. (C) Expression
heat map of genes related to the synthesis of ellagitannins in peel and aril during
pomegranate fruit development.
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Figure 3. Anthocyanin biosynthetic pathway in pomegranate

(A) Fruits and arils of ‘ Taishanhong' pomegranate at different developmental stages.
(B) The anthocyanin biosynthetic pathway. The numbers of genes in each family in
the anthocyanin biosynthetic pathway in pomegranate, E. grandis, grape, orange and
apple are shown in the pie charts. (C) Expression heat map of genes related to the
synthesis of anthocyanins in peel and aril during fruit color development. (D)
Expression change of proteins from Jul.14 to Oct.11. The red and blue bars represent
up- and down-regulated proteins, respectively. Vaues present meansts.e. of three
repeats. **P<0.01, *P<0.05 by Student’s t-test. (E) Phylogenetic analysis of the
AOMT genesin plants within the Malvids clade and the outgroup species, grape. Top:
four putative tandemly duplicated pomegranate AOMT genes located in scaffold 108
are shown as purple bars. (F) Expression heat map of the putative MBW complex
genes.

Figure 4. Regulation of ovule development in pomegranate

(A) Ovule development. Genes involved in ovule development include those
belonging to MADS-box gene families, such as AGAMOUS (AG), SEEDSTICK
(STK), SEPALLATA (SEP) and SHATTERPROOF (SHP); HOMEOBOX gene
families, such as WUSCHEL (WUS), PHABULOSA (PHB) and BELL1 (BEL1);
AP2-like gene families, such as AINTEGUMENTA (ANT); NOZZLE gene families,
such as SPOROCYTELESS (SPL); YABBY gene families, such as CRABS CLAW
(CRC); and other families, such as CUP-SHAPED COTYLEDONS (CUC) and
PIN-FORMED (PIN). (B) Comparative analysis of gene families involved in ovule
development. The AG-clade contains AG, STK, SEP, and SHP genes.
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A - - B Comparative genomics analysis on ovule development
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