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A Chromosome level assembly of 
pomegranate (Punica granatum L.) 
variety grown in arid environment
Himanshu V. Patankar   1,3 ✉, Luis F. Rivera   1,3, Fatima Omari Alzahrani2, Rod A. Wing   1 
& Ikram Blilou1 ✉

The pomegranate (Punica granatum L.) is an ancient fruit-bearing tree known for its nutritional and 
antioxidant properties. They originated from the Middle East in regions having large farms including 
mountainous regions of Al-Baha in Saudi Arabia. Pomegranates can tolerate arid climates and are 
considered among the fruits that will play a major role in food security. However, the genomics 
resources of pomegranate growing in arid regions are scarce. Here, we present a high-quality 
chromosome-level reference genome using PacBio HiFi long reads. The final assembly was 384.65 Mb 
with N50 contig size of 43.11 Mb, with 353.42 Mb being anchored on the eight pseudo chromosomes. 
Annotation revealed that 48.79% of the genome comprises repetitive elements and contains 21,620 
protein-coding genes. The new reference genome will contribute to identifying stress resistance traits 
in pomegranates thriving in arid environments as well as new dietary antioxidants and antimicrobial 
peptides with pharmaceutical and therapeutic applications.

Background & Summary
Punica granatum is a small deciduous tree widely cultivated for its nutrition-rich fruits1 that originated in the 
Middle East and spread across Asia and Europe2,3. The pomegranate fruit has an ancient history and symbol-
ized prosperity and ambition in ancient Egypt4. It is a large, round, fibrous berry (Fig. 1A) and it is consumed 
worldwide, making it one of the most desirable fruits for food industries producing fruit juices5. Other than 
juice, pomegranate fruit waste, especially the nutrient and antioxidant-rich peel, is used in animal feed, bak-
ing, the meat industry, and active food packaging6. The pharmacological properties, including antioxidants, 
anti-inflammatory, antidiabetic, antihypertensive, antimicrobial, and anti-tumor of the fruit, make the pome-
granate one of the most desirable fruits with respect to healthy eating and medicine6,7.

Pomegranates are mainly cultivated in the Mediterranean countries and the Middle East, where it is consid-
ered as a superfood. Worldwide, the pomegranate market is continuously growing, and it is predicted to reach 
322.9 million USD by 20268. Saudi Arabia produces about 30,000 tons annually, with most of the production 
coming from the Al-Baha region of the country7. Recently, pomegranates from Saudi Arabia have gained popu-
larity due to their peculiar, sweet taste. A phylogenetic analysis of varieties from Azerbaijan, China, Tunisia, and 
Saudi Arabia showed that the Saudi variety was closely related to the Chinese pomegranate Dabenzi (Fig. 1I). 
Recent studies using DNA barcodes for pomegranates grown in Saudi Arabia established an evolutionary 
relationship between species grown locally and in other regions9. Many varieties of pomegranate plants can 
tolerate a wide range of abiotic stress, including salinity; however, it affects the productivity of the plant10,11. 
Furthermore, the pomegranate SWEET transporter gene family has been shown to play an important role in 
both flower development and abiotic stress12. Despite the stress tolerance of pomegranate in Saudi Arabia, fruit 
production may drop by about 24% by 2044 due to climate change and soil salinity13.

Previous studies on pomegranate focused mainly in conservation, in vitro propagation, and the genotyping 
of Saudi Arabian varieties; however, genetic resources and the genomic data of Saudi pomegranate were una-
vailable9,14. To fill this void, we provide a high-quality chromosome-level genome assembly of a Saudi pome-
granate variety from the Al-Baha region, which is critical to allow studying the genetic diversity and isolating 
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Fig. 1  Images of the Saudi Arabian pomegranate variety sequenced, and statistical and graphical representation 
of its genomic data. (A) KSA pomegranate flower (i), fruit (ii), seeds (iii), seedling (iv), root cross-section (v), 
and leaf cross-section (vi). (B) Quality control data, including read lengths and the statistics of the PacBio HiFi 
Long reads. (C) K-mer (k-51) analysis and the statistics table of genome size estimation by GenomeScope 
2.0. The Blue area represents the 51-mer frequency distribution. (D) A circular representation of pomegranate 
genome features, including chromosomes (a), N-ratio (b), GC-skew (c), GC-ratio (d), TE density (e), Ty1/
Copia density (f), DIRS1/Gypsy density (g) and gene density (h) antimicrobial peptides (i). (E) BUSCO scores 
of the pomegranate genome assembly. (F) Omni-C interaction contact map at the chromosome level. (G) Gene 
Ontology (GO) distribution of the annotated protein-coding genes. (H) KEGG annotation distribution across 
functional categories. (I) Phylogenetic analysis of pomegranate varieties from Azerbaijan, China, Tunisia, 
and Saudi Arabia. (J,K) Protein structure prediction by AlphaFold software of high-confidence antimicrobial 
peptides detected by the Antimicrobial Peptide Database (APD) (J-g34786.t1, K-g10019.t1) (pTM and ipTM 
scores: the predicted template modeling (pTM) score and the interface predicted template modeling (ipTM) 
score are both derived from a measure called the template modeling (TM) score. This measures the accuracy 
of the entire structure. A pTM score above 0.5 means the overall predicted fold for the complex may be similar 
to the true structure. ipTM measures the accuracy of the predicted relative positions of the subunits within the 
complex. Values higher than 0.8 represent confident high-quality predictions, while values below 0.6 suggest 
likely a failed prediction. ipTM values between 0.6 and 0.8 are a gray zone where predictions could be correct or 
incorrect. TM score is very strict for small structures or short chains, so pTM assigns values less than 0.05 when 
fewer than 20 tokens are involved; for these cases PAE or pLDDT may be more indicative of prediction quality).
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stress-tolerant traits in pomegranates. We assembled the pomegranate genome using PacBio HiFi long reads 
and Omni-C reads. A primary genome assembly was 384.65 Mb with the contig N50 of 43.11 Mb. 353.42 Mb 
(91.87%) of the assemble anchored onto the eight pseudo-chromosomes. About 50% of the genome was com-
posed of repetitive sequences, of which the long terminal repeats (LTR) and DNA transposons were predom-
inant at 37.29% and 12.31%, respectively. Gene prediction analysis identified 59,019 potential transcripts, of 
which 21,620 were assigned clear functional roles, including a significant number of protein-coding genes. 
Importantly, the study also identified four high-confidence antimicrobial peptides that show the potential 
for applications in the pharmacological and nutraceutical industries. This comprehensive dataset offers a 
high-quality genome and detailed insights into gene functions and represents a valuable resource for establish-
ing pomegranate research in Saudi Arabia and advancing it internationally.

Methods
Sample and sequencing/sample collection, library construction, and sequencing.  Leaves were 
collected from a healthy voucher pomegranate plant from Al-Baha, Saudi Arabia (19°46'09.1“N 41°27'17.1“E), 
flash frozen in liquid nitrogen, and stored at −80 °C. High molecular weight (HMW) DNA was extracted using 
Qiagen genomic DNA buffer Set and Qiagen genomic DNA tips 500/G (Qiagen, USA) by the service provided at 
INRAE-CNRGV, France. HMW DNA quality and quantity were assessed using a FemtoPulse system (Agilent), 
Qubit fluorometer, and Nanodrop spectrometer. Following HMW DNA extraction, SMRTbell libraries were 
made and sequenced by PacBio Sequel II at Novogen Co., Ltd., Singapore. Frozen leaf samples were also shipped 
to Dovetail Genomics, USA for Omni-C library preparation and sequencing.

For RNA sequencing, frozen leaf samples were ground to a fine powder in liquid nitrogen using mortar and 
pestle, and RNA was extracted using a Qiagen RNeasy Mini kit using manufacturer instructions. IsoSeq libraries 
were prepared and sequenced at the KAUST Bioscience Core Lab, Saudi Arabia. Briefly, RNA quality and quan-
tity were analyzed using Qubit and Nanodrop; the cDNA was synthesized and amplified using a NEBNext Single 
Cell/ low Input cDNA Synthesis & Amplification Module. The IsoSeq libraries were prepared using a SMRTbell 
prep kit 3.0 and sequenced on a PacBio Revio.

Genome survey for genome size estimation.  A clean dataset of 55 Gb of PacBio Hifi reads data was used for a 
quick survey of the pomegranate genome size (Fig. 1B). K-mer (k-51) frequency distribution was analyzed using 
Jellyfish v2.1.415, and a histogram was plotted using GenomeScope v2.016, where the genome size was estimated 
to be 316.06 Mb, the heterozygosity rate was 0.2%, and the read error rate was 0.23% (Fig. 1C).

De novo genome assembly.  PacBio HiFi reads were used for de novo contig level assembly using Hifiasm 
v.0.19.9-r61617. As a result, the assembled genome size was 384.64 Mb with 361 contigs and a contig N50 size of 
23.35 Mb (Table 1). The Hifi contig-level assembly was scaffolded to chromosome-level assembly using Ragtag 
v2.1.018 and a reference pomegranate genome (GCF_007655135.1)19 as a guide. The ragtag scaffolded assem-
bly size was 384.65 Mb and had an improved contig N50 size of 43.11 Mb (Table 1) (Fig. 1D). The assembled 
genome’s quality was evaluated using QUAST20. The scaffolded assembly was validated with a dot-plot generated 
by D-GENIES21 using Minimap2 v2.2821 against the corresponding reference assembly. The completeness of the 
assembled genome was analyzed by Benchmarking Universal Single-Copy Orthologues (BUSCO) v5.6.1 with 
the embryophyte_odb10 orthologous database. BUSCO analysis showed that 93.9% of complete Plantae genes 
were retrieved in the assembled genome (Fig. 1E). Further, the Omni-C reads were aligned to the scaffold-level 
assembly using Juicer v1.6 and was further manually curated using Juicebox v.2.20.00 (Fig. 1F). Subsequently, 
91.87% (i.e. 353.42 Mb) of the assembled scaffolds were successfully anchored across eight pseudo-chromosomes 
(Fig. 1D).

The 30 scaffolds detailed in Table 1 enabled the construction of a chromosome-level genome assembly, uti-
lizing the publicly available genome as a reference guide (GCF_007655135.1). This approach culminated in the 
resolution of eight chromosomes and a chloroplast genome.

Statistics Hifiasm assembly Ragtag Scaffold

Contigs 361 331

Scaffolds 0 30 

Chromosomes 0 8

Largest sequence 44,081,199 89,336,501

Total length 384,649,808 384,651,908

N50 23352285 43,112,962

N75 12180252 32,077,463

L50 6 4

L75 12 6

GC (%) 42.14 42.14

N’s per 100 kbp 0 0.55

Table 1.  Genome assembly statistic based on Hifiasm contig-level and Ragtag scaffold-level assemblies. (the 
blue curve arrow indicates that the eight chromosome and one chloroplast genome belong to the 30 scaffolds).
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Repeat annotation.  The Extensive de-novo Transposable Element Annotator (EDTA) v2.2.0 software tool was 
used to detect and annotate transposable elements (TEs) in the assembled genome22 with default setting. Briefly, 
the EDTA pipeline uses multiple software packaged, i.e. RepeatModeler23, LTRharvest24, LTR_FINDER25, LTR_
retriever26, MITE Tracker27, and HelitronScanner28 for de novo TE prediction, and creates a TE library. Finally, 
RepeatMasker v4.1.529 was used to identify and annotate the TEs using the EDTA generated TE library. In total, 
187.68.19 Mb (48.79%) of the assembled genome consisted of repetitive elements, the majority of which being 
retroelements (37.07%) and DNA transposons (11.72%) (Table 2) (Fig. 1D).

Gene prediction and functional annotation.  Gene prediction was conducted using the AGUSTUS v3.5.030 
software embedded into the Eukaryotic gene finding module of OmicsBox v 3.3.0 (https://www.biobam.com/
omicsbox), using default parameters in combination with extrinsic IsoSeq evidence31 plus Arabiposis thaliana 
protein sequence data as a reference. AGUSTUS called 59,229 gene sequences, which were then compared with 
the viridiplantae database using Diamond Blast v2.1.8.16232. BLAST results were loaded into the OmicsBox 
wrapper for functional annotation and mapping using the InterProScan33, Gene Ontology (GO) mapping and 
GO annotation34 modules. Additionally, protein annotation was also performed using the Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathways35. The InterPro database functionally annotated 31,821 genes, while 
22,154 genes were assigned to a specific GO term (Fig. 1G). The KEGG pathway analysis could assign 13377 pro-
teins to their pathway network (Fig. 1H). CAFE 5.0 software, integrated into orthovenn3 (https://orthovenn3.
bioinfotoolkits.net/), was used for evolutionary phylogenetic analysis36. The phylogenetic tree shows that the 
Saudi pomegranate variety was closely related to the Debenzi pomegranate variety from China (Fig. 1I).

Additionally, in this study, approximately 460 peptides, each consisting of 50 or fewer amino acid residues, 
were analyzed using three distinct machine-learning tools publicly available through the CAMP3 platform 
(http://www.camp3.bicnirrh.res.in/)37. Ultimately, four candidate antimicrobial peptides (AMPs) were selected 
based on the criterion of positively identifying them as AMPs across all predictive tools (Fig. 1J,K). For fur-
ther validation, these four AMP candidates were manually cross-referenced with the well-known Antimicrobial 
Peptide Database (APD) (https://aps.unmc.edu/), which currently catalogs around 4,000 peptides, over 80% 
of which are derived from natural sources, as is the case in this study38. Preliminary results revealed that the 
four candidate peptides exhibited significant homology (greater than 35%) with existing AMPs in the database 
while showing the potential to represent novel antimicrobial peptides. Additionally, structural predictions were 
successfully generated using the latest version of AlphaFold (https://alphafoldserver.com/), which can be used 
to test their mode of action. Since many downstream applications, such as molecular dynamics simulations and 
docking studies, require precise structural information, understanding how these peptides bind to their biologi-
cal targets (e.g., bacterial cell membranes or intracellular proteins) is critical for elucidating their mode of action. 
The structural models provided by AlphaFold serve as a foundation for these advanced simulations, facilitating 
the prediction of binding affinities and other key interactions.

Data Records
Raw data files of PacBio HiFi long reads (SRR30619561)39, Omni-C reads (SRR30619560)40, and Iso-Seq reads 
(SRR30619559)41 were deposited in the National Center for Biotechnology Information (NCBI) Sequence Read 
Archive (SRA) under BioProject PRJNA115901742. The genome assembly was deposited in NCBI GenBank 
accession number JBIMRF00000000043. The genome annotation file is shared on the Figshare database44.

Technical Validation
The preliminary analysis to estimate the genome size was performed with clean 55 Gb PacBio Hifi reads K-mer 
(k-51) frequency distribution, analyzed using Jellyfish v2.1.4 and GenomeScope v2.0 (Fig. 1B,C). The genome 
size was estimated to be 316.06 Mb which was comparable to the current pomegranate NCBI RefSeq assembly 
(GCF_007655135.1) size of 320.3 Mb. The quality of the assembled genome at the contig level and scaffold level 
was evaluated using QUAST (Table 1). The completeness of the genome assembly was evaluated by BUSCO 
v5.6.1 with the embryophyte_odb10 orthologous database. The analysis showed that 93.9% were retrieved from 
the assembly; the analysis also showed that 92.37% were single copy, complete genes, 1.54% were complete 
and duplicated genes, 4.33% were fragmented, and 1.73% genes were missing (Fig. 1E). This BUSCO result 
indicates a high level of completeness and accuracy of the pomegranate genome assembly. Furthermore, the 
Omni-C interaction contact heatmap indicated a higher interaction intensity along diagonal positions for the 
eight chromosomes.

Statistics #Elements Length Occupied (bp) Percent of Genome

LTR elements

Copia 17,470 13,541,760 3.52%

Gypsy 40,465 46,154,099 12.00%

Unknown 60,739 82916129 21.55%

DNA & MITE

(DTA, DTC, DTH, DTM, DTT) 59,146 15,328,027 3.99%

Helitrons 122,355 29,742,878 7.73%

Total Repeat elements 299,175 187,683,893 48.79%

Table 2.  Repeat annotation statistic of the pomegranate assembly.
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Code availability
All software used in this study was implemented using guidelines provided by software manuals; software versions 
are mentioned in the text. No costume codes were used.
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