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SUMMARY

Cucumis melo displays a large diversity of horticultural groups with cantaloupe
melon the most cultivated type. Using a combination of single-molecule
sequencing, 10X Genomics link-reads, high-density optical and genetic maps,
and chromosome conformation capture (Hi-C), we assembled a chromosome
scale C. melo var. cantalupensis Charentais mono genome. Integration of RNA-
seq, MeDip-seq, ChIP-seq, and Hi-C data revealed a widespread compartmental-
ization of the melon genome, segregating constitutive heterochromatin and
euchromatin. Genome-wide comparative and evolutionary analysis between
melon botanical groups identified Charentais mono genome increasingly more
divergent from Harukei-3 (reticulatus), Payzawat (inodorus), and HS (ssp. agres-
tis) genomes. To assess the paleohistory of the Cucurbitaceae, we reconstructed
the ancestral Cucurbitaceae karyotype and compared it to sequenced cucurbit
genomes. In contrast to other species that experienced massive chromosome
shuffling, melon has retained the ancestral genome structure. We provide
comprehensive genomic resources and new insights in the diversity of melon hor-
ticultural groups and evolution of cucurbits.
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INTRODUCTION

Melon (Cucumis melo L.) is a diploid species (2n = 2x = 24) belonging to the Cucurbitaceae family that con-

sists of about 965 species (Christenhusz and Byng, 2016). The Cucurbitaceae family is positioned in the front

list of plant families for number of species used as human food and for cultural, medicinal, and botanical

significance. Among cucurbits, melon is one of the most ancient fruit crops in the word; its cultivation

was traced to about 3700 and 3500 BC in ancient Egypt (El Hadidi and Hosni, 1996; Janick et al., 2007; Paris,

2016; van Zeist and de Roller, 1993). Phylogenetically, C. melo clade is related to C. trigonus and

C. picrocarpus, two species that grow in India and Australia, respectively (Endl et al., 2018). Melon domes-

tication history is still under discussion with a consensus around two domestication events that took place in

parallel in Africa and in Asia (Endl et al., 2018). Most domesticated melons can be attributed to two wild

lineages, C. melo ssp.melo and C. melo ssp.meloides, that diverged by 1–3 Ma. The subspeciesmeloides

is widespread throughout Africa and gave rise to the ‘Tibish’ and ‘Fadasi’ melons grown in the Sudanese

region. The subspecies melo is restricted to Asia and gave rise to all modern cultivars grown worldwide

(Chomicki et al., 2020). Asian melon clade also comprises cultivars belonging to the C. melo subspecies

agrestis, also known as wild melon (Lian et al., 2021).

Because of the large diversity of horticultural types, melon cultivars are also classified into botanical groups

including cantalupensis, reticulatus and inodorus in the ssp.melo, andmomordica,makuwa, conomon and

chinensis in the ssp. agrestis (Pitrat, 2013). A large-scale metabolomic profiling of melon accessions

belonging to different botanical groups revealed a hierarchical grouping similar but not identical to the

phenotypic or the sequence marker-based classification (Moing et al., 2020), highlighting the need of

genome-wide comparative analysis.
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For decades, the melon has been a central model species for investigating vascular fluxes, sex determina-

tion, and fruit ripening processes. It entered into the genomic era in 2012 by the sequencing of a hybrid line

DHL92, which derives from a cross between an inodorus type of melon and an accession corresponding to

C. melo ssp. agrestis var. chinensis (Garcia-Mas et al., 2012). Despite, the first published genome has

allowed important progress in the characterization of the melon genome, the small reads sequencing tech-

nologies used, led to highly fragmented genome of thousands of sequence gaps (Ruggieri et al., 2018).

Another consequence of the use of short reads sequencing in genome assembly is the low representation

of genome duplication and repeated elements, ultimately leading to bias in our understanding of genome

organization and function. More recently, two long-read technologies, known as Pacific Biosciences’

(PacBio) single-molecule real-time (SMRT) sequencing and Oxford Nanopore Technologies’ (ONT) have

permitted to assemble with high accuracy repetitive sequences (Choi et al., 2020; Hosmani et al., 2019; Sa-

kai et al., 2015; Wang et al., 2017). Combined with high throughput chromosome interactions (Hi-C) map-

ping and Bionano optical mapping, long-read technologies sequencing technologies are delivering high

quality assembled genomes. For instance, two high-quality melon genomes have been recently assembled

from the inodorus and reticulatus horticultural groups of C. melo ssp. melo (Yano et al., 2020; Zhang et al.,

2019). Two high quality melon genomes were also assembled for C. melo ssp. agrestis (Yang et al., 2020)

and from DHL92, a hybrid line between inodorus and agrestis melon (Castanera et al., 2020). However, to

bring new insight to the genome organization of melon in relation to the large diversity of melon botanical

groups, it is required to sequence and assemble high quality genomes from more botanical groups.

In this current study, we report the genome sequencing of a climacteric Charentais mono, hereafter Char-

mono, breeding line belonging to cantalupensis horticultural group. According to FAO, cultivars

belonging to cantalupensis horticultural group contribute to two-third of the world melon production (Fig-

ure S1). To sequence the Charmono genome, we used a combination of SMRT sequencing technology,

Bionano optical mapping, Hi-C and 103Genomics. Chromosome scale genomewas assembled and genes

and transposable elements annotated. As 3D chromatin features are central in the regulation of gene

expression, we analyzed the chromatin architecture by integrating RNA-seq, Hi-C, and histone and DNA

methylation marks (Dong et al., 2017; Feng et al., 2014). To bring new insight in melon genome evolution,

we also investigated sequence divergence of sequenced melon botanical groups and the paleohistory of

melon genome relative to constructed ancestralCucurbitaceae karyotype. Our investigations are expected

to further help understanding the phenotypic diversity and melon botanical groups and evolutionary his-

tory of cucurbits.
RESULTS

de novo Charmono genome assembly

Charmono is a European cantaloupe melon that is climacteric and sexually monoecious (Figures 1A–1D).

Genetically, Charmono is classified C.melo ssp. melo and belongs to cantalupensis horticultural group

(Naudin, 1859) which differs from the sequenced melon genomes (Figure 1E). To sequence Charmono,

we generated 45 Gb of PacBio reads equivalent to about 100-fold melon genome (Table S1). PacBio reads

were trimmed, corrected, and assembled with CANU 1.6 (Koren et al., 2017). After consensus generation,

we obtained 236 contigs with N50 of 6.8Mb and a total length of 367 Mb. The longest contig was 21.9 Mb in

length and 50% of the genome was represented in 18 contigs (Table S2). To organize the contigs in scaf-

folds, we generated optical maps of Charmono genome (Table S1). In total 95.5 Gb of data corresponding

to molecules of more than 150 kb were generated and used for optical map de novo assembly. In total, we

produced 329 optical maps with an N50 of 1.9 Mbp for a genome map length of 383.8 Mbp (Table S2). By

mapping the whole genome assembly on the 329 optical genome maps, the 236 contigs were scaffolded

into 50 sequences of about 366.2 Mb in length. The longest scaffold was 24.6 Mb in length and 50% of the

genome was represented in 11 scaffolds (Table S2). To assign the scaffolds to chromosomes, we exploited

the previously generated melon genetic map of 4,888 genotyping based sequencing markers (Pereira

et al., 2018). Based on this analysis, 42 scaffolds, for which the order of the markers was found consistent

with the hybrid scaffolding consensus, were ordered into 12 pseudomolecules corresponding to the 12

melon chromosomes (Figure 1F). The remaining 6 contigs that do not match any genetic marker were

concatenated into a virtual chromosome called chromosome zero (CMiso1.1chr00; Table S3). To assess

further the quality of the assembly we mapped Hi-C sequencing reads to the consensus sequence of the

12 melon chromosomes. Like the complete collinearity obtained between the genetic map and the

consensus sequence, and with very few remaining gaps, perfect sequence contiguity was also obtained

with the Hi-C data (Figures 1G and S1). To correct sequencing errors the genome was first polished by
2 iScience 25, 103696, January 21, 2022
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Figure 1. Charmono chromosome-level-assembly

(A–D) Flowers and fruit of the monoecious C.melo var. cantalupensis Charmono cultivar. Female (A) and male flowers (B)

and the whole (C) or cut fruit (D). Ov, ovary; sg, stigmate; st, stamen. Scale bars: (A), 5mm; (B), 2mm; (C and D), 5cm.

(E) Neighbor-joining phylogenetics trees of 14 different C. melo accessions/varieties with 1,000 bootstrap replicates. The

percentage of replicate trees in which the associated taxa clustered together in the bootstrap test are shown next to the

branches. C. melo ssp. melo and C. melo ssp. agrestis are highlighted in green and orange, respectively. Cucumber,

C. sativus, was used as outgroup.

(F) Representations of chromosome connections between the physical positions on the reconstructed chromosome and

genetic-map positions in Charmono genome.

(G) Hi-C map of the 12 chromosome of Charmono genome at 50 Kb of resolution. Heatmap intensity scale is indicated by

the interaction intensity color bar.
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Quiver 49 (Chin et al., 2013). A second round of polishing was performed using genomic 10X Illumina

paired-end reads and RNAseq data. In total 26,984 sequence errors were identified and edited in the

consensus genome sequence. Four gaps were also filled using contigs generated based on the assembly

of 200million 10XGenomics reads (Table S2). In altogether, we obtained a final genome assembly length of

365,081 742 bp covering the 12 melon chromosomes (Table S3).

Charmono genome annotation

To predict protein-coding genes and long non-coding RNAs (lncRNAs) in Charmono genome, we used

EuGene software (Sallet et al., 2014; Figure S2) that integrates several weighted features such as genome

masking, output of transcript and protein alignments and probabilistic sequence models training. RNAseq

mapping was carried out using STAR (Dobin et al., 2013) and transcript prediction was carried out by
iScience 25, 103696, January 21, 2022 3
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Figure 2. Charmono genome annotation and TE distribution

(Aand B) Circos plot showing features of C. melo var. cantalupensisCharmono genome in 500 kb bins. Gene (A) and

transposable element (B) density heatmaps.

(C–F) Distribution of the epigenetic features. (C) H3K9ac, (D) Accessible chromatin, (E) H3K27me3 and (F) Global DNA

methylation.(B) BUSCO completeness based on Viridiplantae dataset comparison between available melon annotations.

Colors in the bar represent the different classes of the BUSCO assessment results. Red, yellow, purple, and blue indicate

Missing, Fragmented, Duplicated, and single-copy category, respectively.(C) TE landscape surrounding Charmono

genes. For all genes, 10 kb upstream the transcription start site (TSS) and 10 kb downstream transcription termination site

(TTS) were analyzed.
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StringTie (Kovaka et al., 2019). For more accuracy, the gene models were predicted separately on the pos-

itive and the negative DNA strands andmerged. After several rounds of optimization of the parameters and

manual assessment of gene model prediction, we predicted 31,348 protein-coding genes and 1961

lncRNAs (Figure 2A, Tables 1 and S4). To assess the integrity of the Charmono genome, we used Plantae

Benchmarking Universal Single-Copy Orthologs (BUSCO) as a proxy of genome completeness. BUSCO
4 iScience 25, 103696, January 21, 2022
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Figure 3. Characterization of the leaf Charmonoepigenome

(A) Immunofluorescence detection of H3K27me1 (green) and H3K27me3 (purple) and DAPI (white) in isolated nucleus.

Scale bar represents 10 mm.

(B) Integration of Hi-C, ChIP-seq, MeDIP-seq and RNA-seq data at the chromosome scale. The heatmap of intra-

chromosomal interaction frequency of chromosome 2 is presented. The color bar shows the interaction frequency scale.

(C) Integration of Hi-C, ChIP-seq, MeDIP-seq and RNA-seq data at the megabase scale. A 2D heatmap with the

interaction frequency in region chr2-13000000-17,000,000 is presented.

(D) Genomic and chromatin features of the melon A/B compartments. Boxplots showing comparisons of H3K9ac level,

H3K27me3 level, gene density and TE density between A and B compartment.

(E) Triangle heatmap of Hi-C interaction frequency. The H3K9ac, H3K27me3 and DNA methylation signals are presented

in green, red and blue, respectively. The RNA-seq signal is represented in black.

(F) Interacting domains are associated to specific chromatin marks. Unsupervised clustering of chromatin domains

associated to DNA methylation, H3K27me3 and H3K9ac marks. The median read count plot of each classified domain

related to the histone marks H3K9ac (green), H3K27me3 (orange), global DNA methylation (pink) and accessible

chromatin regions signal (purple) is presented.

(G) Repressive domains are larger than transcriptionally active domains. Boxplots representing the median size of the

transcriptionally active domains (green), polycomb domains (purple) and repressive domains (pink). *** indicates

pvalue =6.04 3 10�16, ** pvalue = 0.00164, *pvalue = 9.62 3 10�8 with Wilcoxon rank-sum test.
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analysis revealed complete match with 96.1% of the investigated genes, 3% were found fragmented and

less than 1% were missing (Figure 2B, Table S5). These data place the Charmono genome among the

most complete published plant genomes. Protein-coding genes were then subjected to functional anno-

tation using standard annotation resources. This include reciprocal best hits of Charmono proteins with

UniProtKB Viridiplantae proteins, the description of the previously annotated enzymes, transcription fac-

tors and kinases identified by iTAK (Zheng et al., 2016), the transcription factors identified by PlantTFCat

(Dai et al., 2013), and the InterPro analysis matching 31,853 proteins (Finn et al., 2017). To finish, the func-

tional descriptions were merged and edited to follow GenBank functional annotation. Altogether, we

attributed functional annotation to 61% of the predicted genes (Table S6).

Transposable elements (TEs) are major components of the structure and the function of genomes. To anno-

tate TEs in the Charmono genome, we used the REPET package that exploits two pipelines, TEdenovo and

TEannot (Flutre et al., 2011). The TEdenovo pipeline permitted us to determine TE consensus sequences in

the melon genome. The output of TEdenovo and melon genome were then analyzed by the TEannot pipe-

line (Quesneville et al., 2005) to determine genome-wide annotation of TE copies (Figure S3). We found TEs

spanning 46.4% of the assembly, with 24.5% being LTR retrotransposons and 18.7% being TIR transposons

(Figure S4A, Table S7). We analyzed the distribution of the insertion sites of the different class of TEs. As

expected, most insertions mapped outside of coding sequences (Figures 2C, S4A, and S4B). However,

we found LTR transposons more frequent within 3 kb intervals flanking coding regions of genes, while

TIR transposons are more frequent further away (Figure 2C). This contrasted distribution of TIR DNA trans-

posons and LTR retrotransposons may indicate selective pressures tolerating only LTR elements, to be

close to genes.

The melon genome presents a complex chromatin topology, characterized by different

degrees of organization

To gain insight into melon chromatin organization, we performed immuno-detection of H3K27me3 and

H3K27me1, two histone post-translational modifications associated with constitutive and facultative het-

erochromatin, respectively (Liu et al., 2018). Interestingly, we observed a heterogeneous distribution of

these covalent histone modifications, suggesting that distinct constitutive and facultative heterochromatin

compartments exist in melon (Figures 3A and S5). We then examined active chromatin by immunostaining

with an antibody directed against H3K9ac, an euchromatic mark linked to active transcription (Liu et al.,

2018). We observed that H3K9ac was localized in foci scattered across the center of the nucleus, suggesting

a physical proximity of clusters from transcriptionally active regions (Figure S5).

To further analyze Charmono chromatin architecture, we used Hi-C, a genome-wide chromatin conforma-

tion capture assay that detects DNA–DNA physical interactions (Liu, 2017; van Berkum et al., 2010) using

leaf tissue (Tables S8 and S9). Analysis of whole-genome interaction matrix revealed as expected strong

intra-chromosomic interactions, which is consistent with the chromosome territory model (Figures 1G

and S6) (Cavalli and Misteli, 2013; Lanctôt et al., 2007; Woodcock and Ghosh, 2010).
6 iScience 25, 103696, January 21, 2022
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To investigate the relationship between chromatin 3D folding and the observed compartmentalization, we

integrated H3K27me3 ChIP-seq, H3K9ac ChIP-seq, MeDIP-seq, RNA-seq data and Hi-C data at chromo-

some-wide level (Figure 3). The visualization of the interaction matrix revealed a widespread compartmen-

talization allowing a physical interaction either between (1) gene rich genomic regions or (2) between large

DNA methylation rich genomic regions, segregating constitutive heterochromatin and euchromatin (Fig-

ures 3B and 3C).

In mammals and plant, it was established at the megabase scale that the genome could be divided into two

compartments, called A/B compartments by computing PCA eigenvector analysis of its genome-wide

interaction matrix (Dixon et al., 2012; Dong et al., 2017; Fortin and Hansen, 2015; Hou et al., 2012). By in-

specting the Charmono interaction map with principal component analysis, we found that chromatin re-

gions could be divided into two groups in which the A compartments are associated with higher gene den-

sity and active epigenetic marks, while the B compartment has higher TE density and repressive epigenetic

marks (Figures 3D and S7), supporting the fact that melon chromatin organization displays a strong

compartmentalization.

Topologically associating domains (TADs) are defined as genomic regions containing sequences that

interact more frequently with others in the same TAD than with those in different TADs (Dixon et al.,

2012; Feng et al., 2014; Hou et al., 2012; Nora et al., 2012; Phillips-Cremins et al., 2013; Sexton et al.,

2012). To detect the presence of folding domains in melon, we analyzed Hi-C interaction matrixes with

the ‘‘TAD-separation score’’ technique after ICE normalization (Ramı́rez et al., 2018). We found a thousand

folding domains with an average size of 100 kb (Figure 3E). To classify those folding domains regarding

their chromatin status, we used a hierarchical clustering approach. We observed 3 types of folding do-

mains: (1) Associated with the euchromatin mark H3K9ac, (2) associated with the facultative heterochromat-

in mark H3K27me3, and (3) associated with DNA methylation, a constitutive heterochromatin in which

repressive domains are larger than transcriptionally active domains (Figures 3F, 3G, S8, S9, and S10).

Altogether our results suggest that melon has a complex 3D chromatin architecture in which the local

compartments are important structural units.
Genome-wide comparison of Charmono genome to other melon botanical group genomes

To investigate genomic variation between sequenced melon botanical groups, we compared the Char-

mono genome to the genomes of DHL92, Harukei-3, Payzawat, and HS lines. As expected, we found com-

plete collinearity between the four genomes (Figure 4A). To estimate genome divergence, we computed

the total number of SNPs in the genomes. We found Charmono, belonging to the cantalupensis botanical

group increasingly more divergent from Harukei-3 (reticulatus), Payzawat (inodorus), and HS (ssp. agrestis)

genomes, respectively (Figures 4B and 4C; Tables S10 and S11). The hybrid line DHL92 showed a global

sequence divergence, estimated based on the total number of SNPs, intermediate between Harukei-3

and Payzawat. SNPs and Indels were shown to contribute differently to species divergence (Cheng

et al., 2019). We calculated the total number of insertion and deletions between the genomes. Interest-

ingly, we found twice more Indels in the comparison of Charmono to Payzawat than with Harukei-3 and

HS (Table S11 and Figures 4B and 4C).

Indels are expected to be deleterious when they occur in coding regions where they can induce frameshifts

(Figure S11). To test this prediction, we calculated the number of Indels as well as the SNPs in coding and

noncoding regions. Two results stand out. First, we found as expected the majority of the SNPs and InDels,

with an average of�95%, in non-coding regions (Figure 4D, Table S12). The total number of SNPs in coding

and non-coding regions showed similar propensity, with increasingly more SNPs with Harukei-3, Payzawat

and HS genomes, respectively (Figure 4D). Non-triple Indels are predicted to be deleterious. We found

about 86% of Indels in Harukei-3 and HS to be non-triple. This number reached more than 92% in the com-

parison with Payzawat (Figures 4E and 4F, Table S12).

Sequence divergence is a key in plant breeding. To test whether alleles associated with traits related to

leaf, root, flower, and fruit development are shared between the sequenced melon botanical groups, we

compared SNPs and Indels in genes specifically expressed (GSE) in leaf, fruits, and roots. We refer to these

genes as Organ Specifically Expressed Genes (OSEG). As for the genome wide sequence divergence anal-

ysis, we found globally the degree of divergence of SNPs and InDels in OSEG reflecting the degree of

divergence of Harukei-3, Payzawat, and HS genomes, relative to Charmono (Figure S12).
iScience 25, 103696, January 21, 2022 7
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Figure 4. Genome-wide comparison of melon genomes

(A) Dot plot alignments comparing the chromosome sequence identity between Charmono and melon sequenced genomes (DHL92, Payzawat, Harukei and

HS). Percentage of identity filter >75%.

(B and C) Number of substitutions (B) and InDels (C) per chromosome. Orange, green, purple and cyan colors indicate Charmonovs HS,

CharmonovsPayzawat, Charmonovs DHL92 and CharmonovsHarukei-3 comparisons, respectively.

(D) Percentage of substitutions affecting a coding sequence region (CDS) or a non-coding region for each genome comparison.

(E) Percentage of non-triple or triple InDels for each genome comparison.

(F) Examples of CharmonovsHarukei-3 InDels affecting genes. Red and blue triangles indicate the position of the insertion or deletion, respectively.
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Melon has retained the ancestral cucurbitaceae genome structure

In order to assess the paleohistory of the Cucurbitaceaewithin the eudicot family, we performed a compar-

ative genomic investigation of squash (Cucurbita moschata), watermelon (Citrullus lanatus), bottle gourd

(Lagenaria siceraria), melon (Cucumis melo var.Charmono), cucumber (Cucumis sativus), and pumpkin

(Cucurbita maxima) genomes, together with the known ancestral eudicot karyotype (AEK structured with

7 protochromosomes and 9,022 protogenes, Murat et al., 2017), using the genome alignment parameters

and ancestral genome reconstruction methods described in Pont et al. (2019) (Figure 5).
8 iScience 25, 103696, January 21, 2022
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Figure 5. Cucurbitaceae paleoevolutionary history

(A) TOP-Evolutionary scenario of the modern Cucurbitaceae (squash, watermelon, gourd, melon, pumpkin and cucumber) genomes from the ancestral

Cucurbitaceae karyotype (ACK) and the ancestral eudicot karyotype (AEK). Themodern genomes are illustrated at the bottomwith different colors reflecting

the origin from the 22 ancestral chromosomes from ACK. Duplication (WGD) and triplication (WGT) events are shown with red dots on the tree branches,

along with the shuffling events (fusions and fissions). BOTTOM- Complete dot-plot based deconvolution of the observed synteny and paralogy (dot-plot

diagonals) between ACK (yaxis) and the investigated species (dot-plot xaxis). The synteny (paralogous and orthologous genes) relationships delivered

between the modern Cucurbitaceae genomes and ACK are illustrated in green circles, as case example for ACK protochromosome 22.

(B) Gene conservation between Charmono(cantalupensis),Harukei-3 (reticulatus), Payzawat (inodorus) and HS (ssp. agrestis).

(C) Dotplot-based deconvolution of the synteny between Charmono(cantalupensis), vsHarukei-3 (reticulatus), vs HS (ssp agrestis) and vsPayzawat (inodorus),

illustrating shared inversions between CharmonovsPayzawat and vs HS (illuminated in brown) on chromosome 11 and shared translocation on chromosome

4 between Charmono versus Harukei-3 and versus HS (illuminated in green).

ll
OPEN ACCESS

iScience
Article
AEK experienced a known whole genome triplication (WGT g) to reach a 21-chromosomes intermediate,

with the grape genome that resembles the most to the post-g ancestor (Murat et al., 2017). AEK

then experienced a whole genome duplication (WGD) specific to the Cucurbitaceae delivering an

ancestral Cucurbitaceae karyotype (ACK) consisting of 22 protochromosomes (or Conserved Ancestral

Regions, CARs) with 17,969 protogenes (i.e., conserved gene adjacencies between the investigated

Cucurbitaceae genomes, Figure 5A top and Table S13). The complete dot-plot based deconvolution

into the reconstructed CARs of the observed synteny and paralogy between ACK and the investigated

species validates the 22 proposed protochromosomes as the origin of Cucurbitaceae (Figure 5A,

bottom).
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Our evolutionary scenario, reconciling the modern genome structures to the founder ACK, clearly estab-

lished that melon has retained the ACK genome structure in contrast to the other investigated species

that experienced massive shuffling events with, for example, melon chromosomes 2-6-8-10-12 that corre-

spond to quasi-entire non-rearranged protochromosomes (Figure 5A, bottom). The 11 watermelon chro-

mosomes derive from ACK followed by 27 chromosomal fissions and 28 fusions. The modern gourd

genome (11 chromosomes) has been shaped from ACK through 19 chromosomal fissions and 20 fusions,

and cucumber (7 chromosomes) through 6 fissions and 11 fusions. Finally, the squash and pumpkin ge-

nomes experienced a specific whole-genome duplication (delivering a 24-chromosomes ancestor interme-

diate) and massive chromosomal rearrangements to reach their modern structure into 20 chromosomes

(Figure 5A, bottom).

We then investigated the relatedness between melon botanical groups, Charmono (cantaloupensis), Har-

ukei-3 (reticulatus), Payzawat (inodorus), and HS (ssp. agrestis) at both the gene and karyotype conservation

levels. Overall, the proposed evolutionary scenario complements and refines previous proposed Cucurbi-

taceae paleohistory analyses from 12 ancestral chromosomes (Wu et al., 2017) or 15 ancestral chromo-

somes (Xie et al., 2019) at the basis of modern Cucurbitaceae genomes. Pattern of gene conservation

observed between the four cultivars illustrates higher gene retention between Charmono(cantaloupensis)

and Harukei-3 (reticulatus) compared with the two others (Payzawat and HS) (Figure 5B). Dot plot-based

deconvolution of the synteny between the four cultivars allows identifying shared chromosomal rearrange-

ments illustrating common ancestry between Payzawat-HS sharing an inversion on chromosome 11 and

between Harukei-3-HS sharing a chromosomal translocation on chromosome 4. Overall, cumulative evi-

dences of conserved genes and conserved chromosomal structures established the following genomics

relatedness between the four investigated cultivars: Charmono>Harukei-3 >Payzawat> HS.

We deliver the Cucurbitaceae paleohistory at both the inter-specific (comparing 6 genomes) and intra-spe-

cific (comparing 4 genomes) levels from the first reconstructed ancestral Cucurbitaceae karyotype (ACK)

and update the publicly available catalog of paralogous and orthologous gene relationships between

extant Cucurbit genomes (https://urgi.versailles.inra.fr/synteny/cucurbit). The current study delivers

comparative genomics data among major Cucurbitaceae species to conduct translational research of

conserved genes driving key agronomical traits in Cucurbitaceae.
DISCUSSION

Melon displays a large genetic diversity divided into subspecies and botanical groups. Using several

phenotypic descriptors, Pitrat reported ten and five groups for subspecies melo and agrestis, respectively

(Pitrat, 2008); and the International Union for the Protection of New Varieties of Plants (UPOV) used more

exhaustive list of characters to describe melon accessions. More recently, resequencing of 1,175 acces-

sions, representing the global diversity of the species, identified three independent domestication events,

two in India and one in Africa, likely leading to all melon botanical groups (Zhao et al., 2019). Sixteen agro-

nomic traits and loci significantly associated with fruit mass, quality, and morphological characters likely

selected during domestications were identified. Still, the best way to estimate sequence diversity is

genome sequencing of accessions representing different botanical groups. This will not only identify

sequence divergences within a set of genes or traits, but also estimate genome-wide introgressions that

cannot be detected based on phenotype divergence or sequence comparisons to a reference genome.

Cantaloupe melon varieties represent one of the most cultivated melon botanical groups. We assembled

C. melo var. cantalupensis genome at the chromosome level. The genome was generated using the PacBio

long-read sequencing technology and scaffolding using genetic and Bionano optical mapping and Hi-C

contact maps (Figure 1). The N50 of the contigs and scaffolds were over 8.5 Mb and 12.3 Mb, respectively

(Table S2). The scaffolds also almost corresponded to the arms of the chromosomes. The C. melo var.

cantalupensis Charmono reference genome sequence constitutes a significant contribution for research

in cucurbits. It will ease QTL cloning, functional characterization and comparative genomic analysis with

other melon botanical groups.

Annotation of Charmono genome identified 31,348 coding genes and 2,588 non-protein coding gene, ap-

proaching what was described in other cucurbitaceae (Table 1). Still significant variation in the gene num-

ber is to be reported. For instance, in Payzawat genome only 22,924 genes were identified (Zhang et al.,

2019). In contrast, in Harukei-3 and DHL92 genomes, 33,829 and 29,980 genes were identified respectively
10 iScience 25, 103696, January 21, 2022
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Table 1. Coding and non-coding genes predicted using Eugene

Gene set Number

Protein coding genes

Coding genes 31,348

Mean gene length (bp) 3706

GC per cent in exons 40.85

GC per cent in introns 33.42

Identified classes of non-coding RNA

lncRNA 1961

mirRNA 113

SnoRNA 110

rRNA 72

Other rfam annotation 194

tRNA 627
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(Yano et al., 2020; Castanera et al., 2020). These differences are likely due to the methods used to automat-

ically annotate the sequenced genomes and genome divergence between the botanical groups. To

improve our use of the sequenced genomes, high quality gene annotation is a prerequisite. This will

help to define the core genes that are shared between the botanical groups and a set of genes that are

partially shared. Such melon pangenome could help genome-wide comparison of sequenced accessions,

genome wide association studies, and gene functional analysis. To do this, a consortium of specialists need

to be hired with the objective of establishing a common strategy for automatic annotation, evaluation of

the quality of the annotation, and defining the unique descriptor for gene naming and functional

annotation.

TEs are the main constituents of plant genomes (Zhang and Wessler, 2004). Nevertheless, genome-wide

annotation of transposons is still considered an option in investigation of genome organization and

gene functional analysis. Previous analyses on the melon genome revealed a massive amplification of

TEs in centromeric and pericentromeric regions, likely as a consequence of the counter-selection of dele-

terious insertions in genic regions (Castanera et al., 2020). Similarly, we found amassive amplification of TEs

in centromeric and pericentromeric regions in the Charmono genome. Interestingly, we found insertion of

LTR transposons more tolerated at the vicinity of coding sequences than TIR elements (Figures 2,3 and S4).

This is in contrast with what was reported in the barley genome (Wicker et al., 2017).

Hi-C analysis revealed three levels of chromatin 3D organization: (1) compartments, (2) domains, and (3) loops.

Even though plant andmetazoan nuclei share common characteristics, they also show significant variations. For

instance, in line with our work on the melon, analysis of several plant species, including Arabidopsis, rice, barley,

maize, tomato, sorghum, foxtail millet, and cotton showed that plant genomes are partitioned into global A/B

compartments (Concia et al., 2020; Dong et al., 2017; Feng et al., 2014; Grob et al., 2014; Mascher et al., 2017;

Rodriguez-Granados et al., 2016). In plants, global A/B compartment partitions are stable across tissues while

rare domain border switches associated with changes in gene expression can be observed (Dong et al.,

2020). However, chromatin organization could diverge between horticultural groups and it will be interesting

to compare chromatin topology between melon horticultural groups, for instance, betweenmelo and agrestis

subspecies. For genetic validation, such analysis could be carried out both in parental lines and in homozygous

recombinants. Carrying such investigations will likely identify phenotypes that are associated with chromatin 3D

organization. In metazoans, chromatin is also organized in TADs, structures known to facilitate the formation of

enhancer-promoter contacts and to mediate gene regulation (Göndör and Ohlsson, 2018; Gonzalez-Sandoval

and Gasser, 2016). We discovered a widespread presence of TAD-like domains in melon, which is consistent

with previous findings (Figure S6) (Concia et al., 2020; Dong et al., 2017).Our chromatin 3Dorganizationwill likely

open new avenues to unravel the complex connection between chromatin architecture and control of gene

expression in crops.

Through annotation and genome-wide comparison of Charmono genome to Harukei-3 (reticulatus),

Payzawat (inodorus), and HS (ssp. agrestis) genomes, we calculated genome divergence using the density
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of SNPs or Indels as proxy (Figure 4, Table S12). Our data show that Charmono cantalupensismelon is more

related to a reticulatus type of melon (Harukei-3) than to an inodorus (Payzawat) or an agrestis (HS). The line

DHL92, a hybrid between inodorus and agrestis melon, showed a global sequence divergence intermedi-

ate between reticulatus (Harukei-3) and inodorus (Payzawat) horticulture groups. However, we found some

DHL92 chromosomes more related to agrestis genome (Figure 4B, HS, chromosome 12) others more

related to inodorus genome (Figure 4B, Payzawat, chromosome 11).

Rates of SNPs and Indels are known to vary between coding and non-coding regions of the genome. The

majority of the SNPs, estimated to 93%–99% of the total, were in non-coding regions and thus they are likely

neutral. Non-triple indels are supposed to alter the function of the coding genes leading to changes in the

reading frame. We found the majority of the indels, estimated to 84%–92%, to be non-triple (Figure 4).

Assuming that OSEG are indicators of root, leaf, flower, or fruit development, we used the sequence diver-

gence in OSEG as a proxy of organ specific sequence divergence between melon botanical groups. We

found sequence divergence in OSEG reflecting the degree of divergence at the genome level, suggesting

no enrichment of polymorphism in sequences associated with root, leaf, flower, or fruit development be-

tween the four melon botanical groups. To increase sequence diversity, the production of populations such

as Multi-parent advanced generation intercrosses, known as MAGIC populations, from different melon

botanical groups will likely provide important sources of genetic diversity for melon improvement (Huang

et al., 2015).

The recent de novo genome sequencing technologies are providing an unprecedented opportunity to

compare modern genomes with each other and to infer their evolutionary history from the reconstructed

genomes of their most recent common ancestors. Using Charmono high-quality genome assembly and its

annotation and publicly available cucurbits genomes, we reconstructed the paleohistory of the Cucurbita-

ceae within the eudicot family. We found the ancestral Cucurbitaceae karyotype consisting of 22 proto-

chromosomes and 17,969 protogenes (Figure 5). Genome-wide comparison of Charmono genome to

the Cucurbitaceae ancestral genome revealed that the melon has retained the ancestral genome structure

whereas other cucurbit species experienced massive shuffling events and whole-genome duplication (Fig-

ure 5). This reinforces the choice of melon genome as a reference genome for structural and functional

analysis of paralogous and orthologous gene relationships among major Cucurbitaceae species to

conduct translational research of conserved genes driving key agronomical traits. Because paleogenomic

studies rely on gene synteny analysis, this case study also illustrates the importance of high quality genome

assembly and annotation for functional analysis and comparative genomics.
Limitations of the study

We sequenced the genome of Cucumis melo var cantalupensis Charmono cultivar and revealed that this

genome presents a complex 3D chromatin architecture in which local compartments are important struc-

tural units. However, more functional studies are needed to assess the importance of chromatin topology in

melon development.
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Grüning, B.A., Villaveces, J., Habermann, B.,
Akhtar, A., and Manke, T. (2018). High-resolution
TADs reveal DNA sequences underlying genome
organization in flies. Nat. Commun. 9, 189.
https://doi.org/10.1038/s41467-017-02525-w.

Rodriguez-Granados, N.Y., Ramirez-Prado, J.S.,
Veluchamy, A., Latrasse, D., Raynaud, C., Crespi,
M., Ariel, F., and Benhamed, M. (2016). Put your
3D glasses on: plant chromatin is on show.
J.Exp.Bot. 67, 3205–3221. https://doi.org/10.
1093/jxb/erw168.

Ruggieri, V., Alexiou, K.G., Morata, J., Argyris, J.,
Pujol, M., Yano, R., Nonaka, S., Ezura, H., Latrasse,
D., Boualem, A., et al. (2018). An improved
assembly and annotation of the melon (Cucumis
melo L.) reference genome. Sci. Rep. 8, 8088.
https://doi.org/10.1038/s41598-018-26416-2.

Sakai, H., Naito, K., Ogiso-Tanaka, E., Takahashi,
Y., Iseki, K., Muto, C., Satou, K., Teruya, K.,
Shiroma, A., Shimoji, M., et al. (2015). The power
of single molecule real-time sequencing
technology in the de novo assembly of a
iScience 25, 103696, January 21, 2022 15

https://doi.org/10.1101/gr.215087.116
https://doi.org/10.1101/gr.215087.116
https://doi.org/10.1093/bioinformatics/bty350
https://doi.org/10.1093/bioinformatics/bty350
https://doi.org/10.1186/s13059-019-1910-1
https://doi.org/10.1093/nar/gkm160
https://doi.org/10.1038/nrg2041
https://doi.org/10.1038/nrg2041
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1186/s13072-017-0132-6
https://doi.org/10.1186/s13072-017-0132-6
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1186/s12870-021-02904-y
https://doi.org/10.1186/s12870-021-02904-y
https://doi.org/10.1007/978-1-4939-7125-1_11
https://doi.org/10.1007/978-1-4939-7125-1_11
https://doi.org/10.1038/s41477-017-0005-9
https://doi.org/10.1093/nar/gkx919
https://doi.org/10.1093/nar/gkx919
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1093/nar/gkw413
https://doi.org/10.1371/journal.pcbi.1005944
https://doi.org/10.1371/journal.pcbi.1005944
https://doi.org/10.1038/nature22043
https://doi.org/10.2144/000114460
https://doi.org/10.3390/Metabo10030121
https://doi.org/10.12688/f1000research.29032.2
https://doi.org/10.12688/f1000research.29032.2
https://doi.org/10.1093/nar/gkm321
https://doi.org/10.1038/ng.3813
https://doi.org/10.1038/ng.3813
http://refhub.elsevier.com/S2589-0042(21)01666-7/sref66
http://refhub.elsevier.com/S2589-0042(21)01666-7/sref66
http://refhub.elsevier.com/S2589-0042(21)01666-7/sref66
https://doi.org/10.1038/nature11049
https://doi.org/10.1038/nature11049
https://doi.org/10.1007/s00334-016-0555-1
https://doi.org/10.1007/s00334-016-0555-1
https://doi.org/10.1186/s12870-018-1537-5
https://doi.org/10.1186/s12870-018-1537-5
https://doi.org/10.1038/nbt.3122
https://doi.org/10.1038/nbt.3122
https://doi.org/10.1016/j.cell.2013.04.053
https://doi.org/10.1016/j.cell.2013.04.053
https://doi.org/10.1007/978-0-387-30443-4_9
https://doi.org/10.1007/978-0-387-30443-4_9
https://doi.org/10.5511/plantbiotechnology.13.0813a
https://doi.org/10.5511/plantbiotechnology.13.0813a
https://doi.org/10.1186/s13059-019-1627-1
https://doi.org/10.1101/201178
https://doi.org/10.1371/journal.pcbi.0010022
https://doi.org/10.1371/journal.pcbi.0010022
https://doi.org/10.1093/bioinformatics/btq033
https://doi.org/10.1093/bioinformatics/btq033
https://doi.org/10.1038/s41467-017-02525-w
https://doi.org/10.1093/jxb/erw168
https://doi.org/10.1093/jxb/erw168
https://doi.org/10.1038/s41598-018-26416-2


ll
OPEN ACCESS

iScience
Article
eukaryotic genome. Sci. Rep. 5, 16780. https://
doi.org/10.1038/srep16780.

Sallet, E., Gouzy, J., and Schiex, T. (2014).
EuGene-PP: a next-generation automated
annotation pipeline for prokaryotic genomes.
Bioinformatics 30, 2659–2661. https://doi.org/10.
1093/bioinformatics/btu366.

Salse, J. (2016). Ancestors of modern plant crops.
Curr. Opin. Plant Biol. 30, 134–142. https://doi.
org/10.1016/j.pbi.2016.02.005.

Schwarzer, W., Abdennur, N., Goloborodko, A.,
Pekowska, A., Fudenberg, G., Loe-Mie, Y.,
Fonseca, N.A., Huber, W., Haering, C.H., Mirny,
L., and Spitz, F. (2017). Two independent modes
of chromatin organization revealed by cohesin
removal. Nature 551, 51–56. https://doi.org/10.
1038/nature24281.

Servant, N., Varoquaux, N., Lajoie, B.R., Viara, E.,
Chen, C.-J., Vert, J.-P., Heard, E., Dekker, J., and
Barillot, E. (2015). HiC-Pro: an optimized and
flexible pipeline for Hi-C data processing.
Genome Biol. 16, 259. https://doi.org/10.1186/
s13059-015-0831-x.

Sexton, T., Yaffe, E., Kenigsberg, E., Bantignies,
F., Leblanc, B., Hoichman, M., Parrinello, H.,
Tanay, A., and Cavalli, G. (2012). Three-
Dimensional folding and functional organization
principles of the Drosophila genome. Cell 148,
458–472. https://doi.org/10.1016/j.cell.2012.01.
010.

Sun, H., Wu, S., Zhang, G., Jiao, C., Guo, S., Ren,
Y., Zhang, J., Zhang, H., Gong, G., Jia, Z., et al.
(2017). Karyotype stability and unbiased
fractionation in the paleo-allotetraploid
Cucurbitagenomes. Mol. Plant 10, 1293–1306.
https://doi.org/10.1016/j.molp.2017.09.003.

Trapnell, C., Williams, B.A., Pertea, G., Mortazavi,
A., Kwan, G., van Baren, M.J., Salzberg, S.L.,
Wold, B.J., and Pachter, L. (2010). Transcript
assembly and quantification by RNA-Seq reveals
unannotated transcripts and isoform switching
during cell differentiation. Nat.Biotechnol. 28,
511–515. https://doi.org/10.1038/nbt.1621.

Walker, B.J., Abeel, T., Shea, T., Priest, M.,
Abouelliel, A., Sakthikumar, S., Cuomo, C.A.,
Zeng, Q., Wortman, J., Young, S.K., and Earl,
A.M. (2014). Pilon: an integrated tool for
comprehensive microbial variant detection and
genome assembly improvement. PLoS One 9,
e112963. https://doi.org/10.1371/journal.pone.
0112963.

Wang, X., Xu, Y., Zhang, S., Cao, L., Huang, Y.,
Cheng, J., Wu, G., Tian, S., Chen, C., Liu, Y., et al.
(2017). Genomic analyses of primitive, wild and
cultivated citrus provide insights into asexual
reproduction. Nat.Genet. 49, 765–772. https://
doi.org/10.1038/ng.3839.
16 iScience 25, 103696, January 21, 2022
Weisenfeld, N.I., Kumar, V., Shah, P., Church,
D.M., and Jaffe, D.B. (2017). Direct determination
of diploid genome sequences. Genome Res. 27,
757–767. https://doi.org/10.1101/gr.214874.116.

Wicker, T., Sabot, F., Hua-Van, A., Bennetzen,
J.L., Capy, P., Chalhoub, B., Flavell, A., Leroy, P.,
Morgante, M., Panaud, O., et al. (2007). A unified
classification system for eukaryotic transposable
elements. Nat. Rev. Genet. 8, 973–982. https://
doi.org/10.1038/nrg2165.

Wicker, T., Schulman, A.H., Tanskanen, J.,
Spannagl, M., Twardziok, S., Mascher, M.,
Springer, N.M., Li, Q., Waugh, R., Li, C., et al.
(2017). The repetitive landscape of the 5100 Mbp
barley genome. Mobile DNA 8, 22. https://doi.
org/10.1186/s13100-017-0102-3.

Wingett, S.W., and Andrews, S. (2018). FastQ
Screen: a tool for multi-genome mapping and
quality control. F1000Res. 7, 1338. https://doi.
org/10.12688/f1000research.15931.2.

Wolff, J., Bhardwaj, V., Nothjunge, S., Richard, G.,
Renschler, G., Gilsbach, R., Manke, T., Backofen,
R., Ramı́rez, F., and Grüning, B.A. (2018). Galaxy
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SICER Zang et al. (2009) https://bio.tools/sicer

HOMER Heinz et al., 2010 http://homer.ucsd.edu/homer/interactions/
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Confocal microscope ZEISS Cat#LM880

Diagenode Bioruptor 200 UCD-300 Diagenode Cat# B01020001
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Abdelhafid Bendahmane (abdelhafid.bendahmane@inrae.fr).
Materials availability

This study did not generate new unique reagents.

Data and code availability

Accession numbers are listed in the key resources table. This paper does not report original code.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Plant material and growth conditions

The monoecious Charmono melon cultivar (Cucumis melo L. ssp. melo var cantalupensis) was used for all

the experiments described below. Charmono plants were grown in 10L pots in a growth chamber at 27�C/
21�C day/night temperature with 16h/8h day/night supplemental light provided by sodium vapor and

metal halide bulbs. For genomic DNA sequencing, young leaves were sampled and immediately frozen

in liquid nitrogen. For nuclei preparation, fresh leaves were samples and processed as described below.
METHOD DETAILS

Genome sequencing and assembly

High molecular weight (HMW) DNA isolation and DNA sequencing. Highmolecular weight DNAwas

prepared from� 10 g of Charmono young leaves using the procedure described inMayjonade et al. (2016).

Single-molecule real-time long reads sequencing was performed at Gentyane Sequencing Platform

(INRAE Clermont-Ferrand, France) with a PacBio Sequel Sequencer (Pacific Biosciences, Menlo Park, CA,

USA) according to the manufacturer’s recommendations. The SMRTbell library was prepared using a

SMRTbell Express Template prep kit, following the ‘‘procedure and checklist -preparing >30kb librairies

using SMRTbell Express Template preparation kit’’ protocol. Genomic DNA（5 mg) was sheared with the

50 kb program using a Diagenode Megaruptor (Diagenode) generating DNA fragments of approximately

25 kb. Sheared genomic DNA was carried into the first enzymatic reaction to repair any damages that may

be present on the DNA backbone. A blunt adapter ligation was conducted to generate the SMRT Bell tem-

plate. The samples were size-selected using the BluePippin (Sage Science, Beverly, MA, USA) in order to

recover all the material above 15 kb. The eluted DNA was then repaired again and purified with 0,45X

AMPure PB Beads to obtain the final libraries around 20 kb. The SMRTBell libraries were quality inspected

and quantified on a Femto Pulse (Agilent Technologies) and a Qubit fluorimeter with Qubit dsDNA HS re-

agent Assay kit (Life Technologies). A ready-to-sequence SMRTBell Polymerase Complex was created us-

ing a Binding Kit 2.0 (PacBio) and the primer V3, the diffusion loading protocol was used, according to the

manufacturer’s instructions. The PacBio Sequel instrument was programmed to load and sequenced the

sample on PacBio SMRT cells v2.0 (Pacific Biosciences), acquiring one movie of 600 min per SMRTcell.

PacBio RSII and 10X Genomics library construction and sequencing reads were generated using the service

of INRAE GeT-PlaGe Genomic platform (INRAE Toulouse, France).

In situHi-C assay. Youngmelo leaves were used to perform the in situHi-C experiment. It was carried out

in accordance with the protocol published in Liu et al. (2017) with some modifications related to the library

building in which we use NEBNext Ultra II DNA library preparation Kit (New Englands Biolabs). The restric-

tion enzyme use was DpnII (New England Biolabs). According to the recommendation, nine PCR cycles

were performed during the library amplification and Hi-C libraries were purified using SPRI magnetic beads

(Beckman Coulter) and eluted in a final volume of 20 mL of nuclease-free water. The quality control of the

libraries was assessed using Agilent 2100 bioanalyzer (Agilent) and subjected to 2 x 75bp paired end high-

throughput sequencing using the service of INRAE EPITRANS platform (Orsay, France).

Genome assembly, chromosome construction and quality estimation. The 1 733 644 PacBio raw sub-

reads were trimmed, corrected and assembled with CANU 1.6 (Koren et al., 2017). After consensus gener-

ation, the total corrected reads were assembled in 236 contigs with a total assembled genome length of

366 812 256 bp. By mapping the contigs of this assembly on the optical, the 236 contigs were scaffolded

into 43 sequences. Using the genetic map, the 43 scaffolds were ordered into the 12 pseudomolecules cor-

responding to the 12 melon chromosomes. The remaining 6 contigs that do not match any genetic marker

were concatenated into a virtual chromosome called CMiso1.1chr00 (Tables S2 and S3). The genome was

first polished by Quiver 49 (Chin et al., 2013). A second round of polishing was performed using 10X Geno-

mics paired-end library (114x coverage) using longranger 2.2.0 (Reference Support -Software -Genome &

Exome -Official 10x Genomics Support), GATK 3.8-1 (Poplin et al., 2017) and pilon 1.22 (Walker et al., 2014)

softwares. To further polish the genome sequence, we identified variants using different paired-end library

datasets: the same 10X Genomics dataset and RNA-seq whole flower dataset (Table S14). Paired-end reads

were mapped using longranger 2.2.0, bwa-mem 0.7.17 (Li and Durbin, 2009) and STAR 2.7.0d (Dobin et al.,

2013) respectively, and variants identified using FreeBayes 1.2.0 (Garrison andMarth, 2012) and GATK 3.8-1

(Poplin et al. (2017), Van der Auwera et al. (2013). A total of 26, 984 variants were used to edit the genome
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sequence, skipping 34 positions as they conflicted with other variants, using bcftools consensus 1.8 («

Bcftools by samtools » s. d.). Finally, we closed four gaps filled by contigs, assembled using supernova

2.0.0 (Weisenfeld et al., 2017) on a subset of 200M 10X reads (57x coverage; N50 scaffold length 9.87

Mb; Long scaffolds (>= 10 kb) count 406; assembly size 334.71 Mb), with a snakemake workflow (Mölder

et al., 2021) using last 963 (Kiełbasa et al., 2011) and bedtools 2.27.1 (Quinlan and Hall, 2010). The corrected

and final genome assembly length summed up to 365 081 742 bp.

Bionano optical maps construction and hybrid assembly. HMW DNA was purified from one gram of

fresh young leaves according to the Bionano Prep Plant tissue DNA Isolation Base Protocol (30068, Bionano

Genomics) with the following specifications and modifications. Briefly, the leaves were fixed using fixing

solution (Bionano Genomics) containing formaldehyde (Sigma-Aldrich) and then disrupt with rotor stator

in homogenization buffer. Nuclei were washed several times and then embedded in agarose plugs. After

overnight proteinase K digestion in the presence of Lysis Buffer (Bionano Genomics) and one hour treat-

ment with RNAse A (Qiagen), plugs were washed four times in 1x Wash Buffer (Bionano Genomics) and

five times in 1x TE Buffer (ThermoFisher Scientific). Then, plugs were melted two min at 70�C and solubi-

lized with 2 mL of 0.5 U/mL AGARase enzyme (ThermoFisher Scientific) for 45 min at 43�C. A dialysis step

was performed in 1x TE Buffer (ThermoFisher Scientific) for 45 minutes to purify DNA from any residues.

The DNA samples were quantified by using the Qubit dsDNA BR Assay (Invitrogen). The presence of

mega base size DNA was visualized by pulsed field gel electrophoresis (PFGE).

To assess the frequency of recognition sites for different nicking enzymes, the contig sequences of Char-

mono was analyzed with LabelDensityCalculator software (Bionano Genomics). The optimal labeling fre-

quency was calculated for endonuclease Nb.BssSI (13.5 labels/100kb). Nicking, labeling, repair and stain-

ing of the HMW DNA were performed according to the Bionano Prep Labeling NLRS Protocol (30024,

Bionano Genomics). Briefly, 300 ng of genomic DNA was nicked using 2 mL of 20 U/mL of Nb.BssSI (New

England BioLabs) for two hours at 37�C in presence of 10X NEB 3.1 (New England BioLabs). The nicked

DNA was labeled with the 10X Labeling Mix (Bionano Genomics) using 1 mL of 5 U/mL Taq polymerase

(New England BioLabs) for one hour at 72�C in presence of 10X Labeling Buffer (Bionano Genomics). After

labeling, the nicks were ligated with 1mL of 40 U/mL Taq DNA ligase (New England BioLabs) in the presence

of 10x ThermoPol Rxn Buffer (New England BioLabs), 50X repair Mix (Bionano Genomics) and NAD+ (New

England BioLabs) for 30 minutes at 37�C. The backbone of the labeled DNAwas stained with the DNA Stain

YOYO (Bionano Genomics). The NLRS DNA concentration was measured with the Qubit dsDNA HS Assay

(Invitrogen).

Labeled and stained DNA was loaded on the Irys chip. Loading of the chip and running of the Bionano

Genomics Irys System were all performed according to the Irys User Guide (30047, Bionano Genomics).

Data processing was performed using the Bionano Genomics Irysview software. For the optical map de

novo assembly, 150kb and 9 labels were used for the minimum length of molecules and the minimum num-

ber of label sites per molecule in the BNX sort step. The hybrid scaffolding was performed between the

whole genome assembly and the optical genome maps with default parameters.

Pseudo-chromosomes validation using Hi-C. To evaluate the Charmono pseudo-chromosomal

genome assembly, we constructed spatial proximity maps of the Charmono genome using chromosome

conformation capture sequencing (Hi-C) at a resolution of 50 kb. To process the Hi-C data we used HiC-

Pro software (Servant et al., 2015). For the analysis presented here, FASTQ paired end reads 75bp were

aligned against the Charmono genome and filtered through the HiC-pro pipeline following these paramat-

ers : –very-sensitive -L 30 –score-min L,-0.6,-0.2 –end-to-end –reorder. To remove duplicates reads, filter

valid interactions and finally generate Hi-C interaction matrices (50kb, 100kb, 500kb and 1Mb), we set

the parameters: MIN_FRAG_SIZE = 50; MAX_FRAG_SIZE = 100000; MIN_INSERT_SIZE = 100; and

MAX_INSERT_SIZE = default. Moreover, all experimental artefacts, such as circularized reads and re-liga-

tions, singletons have been filtered out using HiC-Pro. The genome was divided into equally sized bins and

number of contacts observed between each pair of bins, was reported. Finally contact maps were plotted

with HICPlotter software (Akdemir and Chin, 2015). The high collinearity between the genetic map based

pseudomolecules anchoring and Hi-C based contact map information corroborated the overall assembly

quality (Figure 1).
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Charmono genome annotation

Gene model, ncRNA and TEs prediction

Transcriptome data used for the prediction of gene models. For the transcriptome-based gene pre-

diction, RNA-seq data were retrieved from GEO data repository GSE98054 (Latrasse et al., 2017).

Gene and ncRNA models. Transcripts were predicted using a Snakemake pipeline (Koster and Rah-

mann, 2018). Briefly, RNAseq read quality was assessed with fastQC screen (Wingett and Andrews, 2018)

and adapters and low quality bases were trimmed with Cutadapt (Martin, 2011). Filtered reads were

then mapped to Charmono genome with STAR (Langmead and Salzberg, 2012) and transcripts predicted

with stringtie (Pertea et al., 2015). We choose to predict transcripts on strand + and – separately and to

merge prediction with stringtie merge.

Annotation of protein-coding genes and lncRNAs were predicted with a fully automated and parallelized

pipeline, egn-ep, that carries out probabilistic sequence model training, genome masking, transcript and

protein alignment computation and integrative gene modeling in EuGene software (release 4.2b) (Fig-

ure S2; Sallet et al., 2014). We use a 2 steps prediction, as we predicted genes model on each strand before

merging annotation.

De novo transposable elements annotation. Prior to transposable elements (TEs) annotation in the

Charmono assembled genome, we excluded gaps longer than 11 undefined bases (Ns) and unanchored

sequences of CMiso1.1chr00. TEs were predicted using the REPET package v2.5 (https://urgi.versailles.

inra.fr/Tools/REPET). TEdenovo pipeline (Flutre et al., 2011) was used to align all-versus-all the contig se-

quences and identify clusters of related TE sequences. Only TE consensus characterized by at least 5 clus-

tered sequences were retained. Then, the consensus sequences were classified into TE orders according to

Wicker’s classification (Wicker et al., 2007) using PASTEC (Hoede et al., 2014), based on their similarities to

characterized TEs from RepBase database v20.05 (Jurka et al., 2005) and domains from Pfam27.0 (Finn

et al., 2014). Consensus sequences identified as satellites (labeled SSR) and rDNA were discarded, as

well as unclassified consensus sequences assembled with less than ten copies, providing an initial library

of consensus sequences to annotate TE copies against the whole genome. TE copies annotation was car-

ried out by TEannot pipeline (Quesneville et al., 2005) with default parameters using three iterations. At

each iteration, copies of the consensus sequences were identified on the genome, starting with the initial

consensus sequences library at iteration one, and kept consensus sequences showing at least one full-

length fragment (i.e., fragments covering more than 95% of the consensus sequence) as input for the

next iteration. A manual curation step was carried out to refine TE annotation. The curated library of

consensus sequences was used to run a fourth TEannot iteration to obtain the final TE annotation.

Functional gene annotation. Protein-coding genes were annotated through integration of different

databases (https://lipm-gitlab.toulouse.inra.fr/LIPM-BIOINFO/nextflow-functionnalannotation– commit

17f5efb9dcf7c67f74769cf6a1930cf9ca986e47). Predicted genes were functionally annotated by performing

a BLASTP search against the UniProtKB Viridiplantae database and the NCBI non-redundant protein data-

base with an e-value threshold of 1e-10. In addition, a comprehensive annotation was also achieved using

InterProScan (v5.31–70.0) (Jones et al., 2014), which includes motifs/domains prediction, functional classi-

fications, protein family identification, transmembrane topology, predicted signal peptides and GO anno-

tations. KAAS (Moriya et al., 2007) and KOBAS 3.0 (Xie et al., 2011) were used to search the KEGG GENES

database for KO (KEGGOrthology) assignments and generating a KEGGpathwaymembership. PlantTFcat

(Dai et al., 2013) was also used to systematically analyze InterProScan domain and categorize possible chro-

matin regulators (CRs), transcription factors (TFs) and other transcriptional regulators (TRs) in the current

assembly. In parallel, to complete the previous annotation, we perform a second run of BLASTP search

against a hierarchical, functionally and phylogenetically annotated orthology resource based on 5090 or-

ganisms and 2502 viruses, called EggNog database of orthology relationships (Huerta-Cepas et al.,

2018). Finally, all GO, KO and KEGG functional custom annotation were merged together.
Melon epigenome

ChIP-seq assay. The ChIP-seq expression data were retrieved from GEO data repository GSE98054

(Latrasse et al., 2017).
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Methylated-DNA Immunoprecipitation, MeDIP-seq sequencing

Genomic DNAwas isolated from roots and leaves of the Charmonomelon cultivar (Cucumis melo L. ssp.melo

var cantalupensis) using E.Z.N.A Plant DNAKit (Omega). Fragmentation was performed usingDiagenode Bio-

ruptor 200 UCD-300. MeDIP-Seq libraries construction was performed as described in Ruggieri et al. (2018).

Briefly,methylatedDNAwasprecipitatedwithanti-5-methylcytosineantibody (NA8133D3,MerckMillipore,Di-

agenode), then purified using Auto Ipure kit v2 (Diagenode). Libraries were synthetized using NebNext Ultra

DNA Library Preparation Kit (NEB) according to the manufacturer’s instructions and sequenced by Illumina

Sequencing technology using the service of INRAE EPITRANS platform (Orsay, France).
ATAC-seq

ATACseq assay was performed on� 10 g of Charmono young leaves using the procedure described in the

original method (Buenrostro et al., 2015). To prepare and purify ATACseq libraries, we used NEBNext Ultra

II DNA library preparation Kit (New Englands Biolabs) and AMPure beads (E6220, BioLabs), respectively.

The quality of the libraries was assessed with Agilent 2100 Bioanalyzer (Agilent, LabChip Caliper). ATACseq

libraries were subjected to high-throughput sequencing by Illumina Sequencing technology using the ser-

vice of INRAE EPITRANS platform (Orsay, France).

Computational analysis of the epigenomic data

Computational analysis of raw data from ChIPseq, meDip and ATAC-seq. The ChIPseq and meDip

libraries were sequenced by illumina sequencing with reads of 75Pb in "single-end" and 50 million, 40

million reads were obtained from this sequencing. For each type of experiment, Nextera adapters were

trimmed and filtered using the Trimmomatic tool (Bolger et al., 2014), following the same parameters as

for the ATACseq pipeline. Alignment to the PacBio genome was then performed with a maximum incom-

patibility of 1 Pb and only a single read alignment was retained. 20 million, 34 million reads were obtained

for the ChIPseq and meDip experiments respectively. To determine the target regions of H3K9ac and DNA

methylation, the model-based analysis of ChIP-seq (MACS2, http://liulabdfci.hardvard.edu/MACS/) was

used following the parameters by default. Simultaneously, the detection of the H3K27me3 peaks was car-

ried out with the SICER tool (Zang et al., 2009) according to these parameters: - rt 1, -w 200, -fs 150, -f 0.95,

-cuoff 0.1.

Computational analysis of Hi-C raw data. For the genome compartmentalization analysis, we gener-

ated Hi-C interaction matrices at different resolutions (5kb,10kb,25kb,50kb,100kb,500kb and 1Mb) using

HiC-Pro pipeline as described in Servant et al. (2015).

For sub-nuclear compartment analysis, we used HOMER (http://homer.ucsd.edu/homer/interactions/) and

HiCExplorer pipeline (Wolff et al., 2018, 2020). To compute global compartmentalization signal (genome-

wide) we used proposed method in HiCexplorer introduced by Schwarzer et al. (2017). We compute the

global strength for compartmentalization as (AA + BB) / (AB + BA) after reranging the bins obs/exp based

on their corresponding principle composant 1 values. These values are reordered incrementally to then

follow and then the same order of bins is reused to rearrange the bins in obs/exp matrix. In order to reas-

sign the correct sign of the eigenvector (-; B or +; A) of the compartments, the global DNA methylation

signal from meDIP-seq data was used. Any compartment positively correlated with this signal was anno-

tated as compartment B.

Sub-domain analysis was carried out using HiCExplorer pipeline on normalized interactions matrix of 10 kb,

more precisely using the hicFindTADs functions with the following parameters: –correct For Multiple

Testing ‘fdr’ –minDepth‘30000’ (x3 of the bins size of the interaction matrix) –maxDepth100000 (x10 of

the bins size of the interaction matrix) –step ‘10000’ (the number of bins resolution of the interactin matrix)

–thresholdComparisons‘0.05’ –delta ‘0.01’. For the further downstream analysis we select the ones associ-

ated a maximum correlation with epigenetic marks. To group the domains, we do hierarchical clustering

based on their H3K9ac (H3K9ac peaks coverage), H3K27me3 (H3K27me3 peaks coverage) and global

DNA methylation levels.

H3K9Ac and H3K27me3 immunofluorescence assay on Charmono nuclei

Isolation of nuclei. The plant tissues were fixed using 1% formaldehyde solution during 15 min under

vacuum. Then 2.5 ml of glycine was added and tissues placed again for 5 min under vacuum to stop fixation.
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Fixed tissues were finely chopped with a razor blade in 500 mL of MTSB buffer (50 mM PIPES, 5 mM EGTA,

5 mMMgSO4, pH 7.2 / 7.4 adjusted with KOH) + 0.1% Triton. Then, the chopped samples were filtered on a

50mm filter. After filtration on 50mm filters, the nuclei were centrifuged for 10 min at 1500g at 4�C and the

supernatant was discarded. The nuclei pellet was then resuspended in 500 ml of MTSB + 0.1% Triton and

centrifuged again for 10 min at 1500 g at 4�C. Finally, the pellet was resuspended in 100 mL of MTSB.

Immunofluorescence assay isolated melon nuclei. The immunofluorescence assay was carried out on

polylysine slides (Sigma-Aldrich). First, samples was deposited on the hydrophobic slide area and dried at

37�C. Then, a first brief wash with PBS was applied to the slides, followed by two sample washes of 10 min

with PBS +0.1% tween20. The slide blocking and saturation was performed for 20 min in PBS + 0.1%

Tween20 + 3% BSA. Next, 70 ml of primary antibodies previously diluted at 1: 400 in PBS were applied to

the sample and incubated overnight at 4�C in a humid room. The slides were then washed twice for

10 min in PBS + 0.1% Tween20. Then, 70 mL of secondary antibodies diluted at 1: 400 in PBS were added

and the slides were incubated for 1 h at 37�C. After incubation, the slides were washed 10 x 5 min in PBS +

0.1% Tween20 and once 5 min with PBS only. Finally, a drop of Vectashield + DAPI (Vector Laboratories,

H1200) was deposited and the slide was covered with a coverslip. The slides were finally observed under

a confocal microscope (LM880, ZEISS). Each combination of primary antibodies with secondary antibodies,

according to the pairs of marks of interest chosen, is shown in Table S15.

Gene expression analysis

The transcriptome RNA-seq expression data were retrieved from GEO data repository GSE98054 (Latrasse

et al., 2017). RNA-seq raw reads were trimmed for adaptator and quality filtered (mapq 10) using Trimmo-

matic software (Bolger et al., 2014). Filtered mapped reads were mapped against our Charmono genome

version using STAR 2.7.3a software following the parameter setup as below:

–outFilterTypeBySJout \ –outSAMunmapped Within \ –outSAMattributes All \ –outFilterMultimapNmax 20 \

–alignSJoverhangMin 8 \ –alignSJDBoverhangMin 1 \ –outFilterMismatchNmax 999 \ –outFilterMismatchNo-

verReadLmax 0.04 \ –alignIntronMin 20 \ –alignIntronMax 20000 \ –alignMatesGapMax 20000 \ –twopassMode

Basic \–quantMode‘TranscriptomeSAM GeneCounts’.

To read counts table was generated using featureCounts tools with the following paramaters :"-p -C -Q 10

–primary -t exon -g gene_id -B".

Genome wide comparison of melon genomes

Whole genome alignments between the genome assemblies of Charmono and DHL92, Payzawat, Harukei-

3 and HS were performed with MUMMER (version 4.0) (Marçais et al., 2018), using the nucmer algorithm

with the –mum parameter. Dot-plots were generated with mummerplot. For SNP comparison, we used

nucmer module of NuCdiff package (Khelik et al., 2017).

Sequence polymorphisms in Organ Specifically Expressed Genes

To identify OSEG, we analyzed RNAseq data from root, leaf, flower and fruit, using CuttDiff software from

CuffLinks tools suite (Trapnell et al., 2010) and the following parameters : p-value 0.05, statistical correction:

Benjamini HoChberg; FDR: 0.05. OSEG were selected using log2(FC)>1 or <-1. Polymorphisms in OSEG

were called using NuCdiff package and Charmono genome as a reference. SNPs and InDels were classified

as triple or no-triple. Sequence diversity in OSEG was defined as the density of InDels and SNPs per Kb

normalized by the size of the corresponding gene. All p-values were calculated using Wilcoxon test and

adjusted using Benjamini HoChberg method.

Evolutionary analysis of Cucurbitaceae genomes

The ancestral Cucurbitaceae karyotype (ACK), a ‘median’ or ‘intermediate’ genome consisting of a clean

reference gene order common to the extant species investigated, and derive evolutionary scenario were

obtained following the method described in Salse (2016) based on the orthologous and paralogous

relationships identified between Cucurbita moschata (20 chromosomes, 32205 genes; Sun et al., 2017),

Cucurbita maxima (20 chromosomes, 32076 genes; Sun et al., 2017) Citrullus lanatus (11 chromosomes,

23440 genes; Guo et al., 2013, 2019; Wu et al., 2019), Lagenaria siceraria (11 chromosomes, 22472 genes;

Wu et al., 2017), Cucumis melo (current article), Cucumis sativus (7 chromosomes, 23248 genes;
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Huang et al., 2009) and the ancestral eudicot karyotype (7 protochromosomes, 9022 genes; Murat et al.,

2017). Briefly, the first step consists of aligning the investigated genomes to define conserved/duplicated

gene pairs on the basis of alignment parameters (CIP for Cumulative Identity Percentage and CALP Cumu-

lative Alignment Length Percentage). The second step consists of clustering or chaining groups of

conserved and duplicated genes into ancestral protochromosomes (also referred to as CARs for Contig-

uous Ancestral Regions) corresponding to independent sets of blocks sharing paralogous and/or ortholo-

gous relationships in modern species. In the third step, conserved gene pairs (or conserved groups of

gene-to-gene adjacencies) between the investigated species are then considered as potentially ancestral

in the same order and orientation. From the reconstructed ancestral karyotype (ACK) an evolutionary sce-

nario can then be inferred taking into account the fewest number of genomic rearrangements (including

inversions, deletions, fusions, fissions, translocations) which may have operated between ACK and the

modern genomes.
QUANTIFICATION AND STATISTICAL ANALYSIS

Details of the statistical tests applied, including the statistical methods, number of replicates, mean and

error bar details and significances are indicated in the relevant figure legends.
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