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            Abstract
Transgenic papaya is widely publicized for controlling papaya ringspot virus. However, the impact of particle bombardment on the genome remains unknown. The transgenic SunUp and its progenitor Sunset genomes were assembled into 351.5 and 350.3 Mb in nine chromosomes, respectively. We identified a 1.64 Mb insertion containing three transgenic insertions in SunUp chromosome 5, consisting of 52 nuclear-plastid, 21 nuclear-mitochondrial and 1 nuclear genomic fragments. A 591.9 kb fragment in chromosome 5 was translocated into the 1.64 Mb insertion. We assembled a gapless 9.8 Mb hermaphrodite-specific region of the Yh chromosome and its 6.0 Mb X counterpart. Resequencing 86 genomes revealed three distinct groups, validating their geographic origin and breeding history. We identified 147 selective sweeps and defined the essential role of zeta-carotene desaturase in carotenoid accumulation during domestication. Our findings elucidated the impact of particle bombardment and improved our understanding of sex chromosomes and domestication to expedite papaya improvement.
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                    Fig. 1: Distribution of genomic features along the SunUp and Sunset genomes.[image: ]


Fig. 2: Integration site of transgenic insertions in SunUp genome.[image: ]


Fig. 3: The distribution of NUPTs and NUMTs in SunUp and Sunset genomes.[image: ]


Fig. 4: Comparison of the gapless HSY and its counterpart X.[image: ]


Fig. 5: Population structure of cultivated and wild papaya.[image: ]


Fig. 6: Signatures of artificial selection and evidence of domestication in cultivated papaya.[image: ]
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                Data availability

              
              Nanopore and PacBio whole-genome sequencing data, Hi-C, Illumina data and RNA-seq data have been deposited in the NCBI Sequence Read Archive (SRA) database as Bioproject PRJNA727683. The SunUp and Sunset genome assemblies were archived in the NCBI Genome database under the accession number JAIUCH000000000 for SunUp and JAIUCG000000000 for Sunset genome. The SunUp and Sunset genome assemblies and gene annotations have been also deposited in the Genome Warehouse (GWH) database in BIG data Center (https://ngdc.cncb.ac.cn/gwh/) under accession number GWHBFSC00000000 for SunUp genome and GWHBFSD00000000 for Sunset genome. VCF file that contains all clean SNPs was uploaded to the Mendeley database (https://data.mendeley.com/datasets/m5phbmw43c/1). The papaya sex-specific small RNA sequence data used can be obtained from NCBI’s Gene Expression Omnibus (GEO) under accession number GSE54097. Source data are provided with this paper.

            

Code availability

              
              The Python scripts ‘filter_blast_result.sh’, ‘convert_bed_for_junction.py’, ‘extract_result.py’ and ‘plot_data_V8.py’ for Sunset and SunUp-specific nuclear organelle DNA junction sites identification were available at GitHub (https://github.com/sc-zhang/CUFscripts/tree/v1.0). These codes were also archived on Zenodo with the https://doi.org/10.5281/zenodo.6342427.
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Extended data

Extended Data Fig. 1 Genome-wide analysis of chromatin interactions in papaya SunUp and Sunset genomes.
Hi-C interactions heatmap diagram at 500Kb resolutions for the entire nine chromosomes and HSY region were showed from top left to bottom right in order (1–9, indicate Chr1-Chr9, HSY indicates hermaphrodite-specific Yh chromosome region). The color bars beside heat maps indicate strong interactions in red and weak interactions in yellow.


Extended Data Fig. 2 PCR validation of transgenic insertion sites in Sunset.
a, The schematic diagram for the 1.64 Mb insertion in SunUp. Primers were designed to amplify the insertion loci P3, and sequences of both sides were defined as P1 and P2 in SunUp and Sunset. b, The insertion loci P3 can be amplified in SunUp but not in Sunset. PCR products for band P3 were confirmed by sanger-sequencing, and the result was consistent with assembly sequence. The experiment was repeated three times and the same results were gotten. c-d, The dot plot for both border sequences in SunUp and Sunset which were marked as Sunset P1/P2 and SunUp P1/P2.


Extended Data Fig. 3 Validation of the nuclear sequences located on 1.64 Mb insertion by Nanopore reads in SunUp.
The nuclear DNA fragment located in Chr5: 37.29-37.31 Mb of SunUp was mapped to the Sunset genome with the corresponding region in Chr5: 37.04-37.06 Mb of Sunset. The assembly of the nuclear DNA fragment was verified by Nanopore reads. SunUp Nanopore reads were aligned against the SunUp reference genome using the BWA software, and the result was visualized by Jbrowse.


Extended Data Fig. 4 Pipeline of identification of SunUp-specific genomic integration of nuclear organelle DNA fragments.
a, Quality control of raw sequenced data. b, Search for SunUp nuclear organelle junction sites by BLASTN. c, Alignment between Sunset reads and SunUp reference genome. Unmapped reads were removed in further analysis. d, Nuclear organelle junction sites shared by SunUp and Sunset. A junction site was supposed to be shared by SunUp and Sunset genomes when there were mapped to reads and spanning its position in the SunUp reference genome. e, Extraction of shared reliable junction sites. f, Junction sites specific in SunUp.


Extended Data Fig. 5 Comparison of the 591.9 Kb deletion with SunUp, chloroplast and mitochondria genomic sequences by using BLASTN.
The 591.9 Kb deletion (Chr5: 22.0-22.6 Mb) in Sunset was aligned to SunUp Chr5, chloroplast and mitochondrial sequences. The plot indicates that the 591.9 Kb deletion has the corresponding region in SunUp Chr5: 36.4-38.1 Mb, chloroplast and mitochondrial sequences.


Extended Data Fig. 6 Model of integration of exogenous DNA into the papaya genome.
By comparison between SunUp and its host Sunset genome, our results supported a precisely regulated model that essential events may be involved in integration of exogenous DNA into the plant genome via particle bombardment. Three transgenic insertions were integrated into a single site locus. Particle bombardment mediated transformation brought foreign DNA fragments into the NUPT-rich region, accompanied by the integration of chloroplast and mitochondrial genome fragments into nuclear genome and the translocation and rearrangement of the original NUPTs and NUMTs. Organellar DNA fragments were transferred to nuclear genome by the driving force. This force may be penetration of cells with DNA-coated metal particles that elicits a wound response. This wound response would activate DNA repair and degradation enzymes on the introduced DNA, making transgenic sequences and NUPTs and NUMTs rearrangement.


Extended Data Fig. 7 PCR validation of transgenic insertions.
Three transgenic insertions, 9789 bp functional insertion including CP, 1533 bp tetA insertion and 290 bp nptII insertion were amplified in Sunset and SunUp. Three insertions can be amplified in SunUp but not in Sunset by using the 5 primer pairs listed in Supplementary table 66. The experiment was repeated three times and the same results were obtained. PCR products were confirmed by Sanger-sequencing, and the result was used to correct the assembly sequence.


Extended Data Fig. 8 Validation of the insertion sites by PacBio and Nanopore reads in SunUp.
Aligning the PacBio reads and Nanopore reads of SunUp and Sunset against the transgenic function fragment using BWA software, and the results were shown by Jbrowse. Part of SunUp reads were displayed on the region. No Sunset reads were spanned the functional insertion.


Extended Data Fig. 9 The position of PCR-amplified regions on the insertion.
We designed 65 pairs of primers which were randomly distributed on the 1.64 Mb insertion of SunUp (SunUp Chr5: 36.42-38.06 Mb) to amplify insertion sequences in SunUp and Sunset. The information of primers were shown in Supplementary table 66. Thick lines are shown on the insertion region, with blue and red lines indicating amplified bands. All blue and red bands can be amplified in SunUp genome, and blue lines indicate SunUp-specific fragments that can be only amplified in SunUp not in Sunset.
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Source Data Fig. 1
Unprocessed gels.


Source Data Fig. 2
Unprocessed gels.
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