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Abstract

Background: Yellow pitaya (Selenicereus megalanthus, 2n=4x=44) breeding remains
severely hindered due to the lack of a reference genome.

Results: Here, we present a high-quality chromosome-level genome assembly

of yellow pitaya using PacBio HiFi sequencing and Hi-C scaffolding technologies. We
identify yellow pitaya as an autotetraploid with a genome size of 1.79 Gb, harboring
27,246 high-confidence genes probably from diploid ancestors, red pitaya (S. undatus).
By comparative analysis of the 3D chromatin architecture, we identify varying number
of compartment A/B, topologically associated domains (TADs), and structural variations
in diploid (red pitaya) and polyploid (yellow pitaya) species. We find that TAD bounda-
ries are enriched with transcription factor motifs in both species. We find significant
alterations in expression of genes in the betalain biosynthesis pathway in both spe-
cies. We detect differential expression of genes encoding key regulators of pericarp
color within the TAD regions of polyploid pitaya and diploid pitaya. We also iden-

tify the expression differences in candidate genes that likely influence betacyanin

and betaxanthin synthesis in both species.

Conclusions: Our findings suggest that differential 3D genome organization, espe-
cially differences in TAD boundaries, may impact gene expression, which may further
lead to different trait formation in different pitaya species. This provides theoretical
implications for fast-forward breeding.

Keywords: Genome assembly, S. undatus, S. megalanthus, Genome
compartmentalization, TADs, Diploid pitaya, Polyploid pitaya, Structural variations
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Background

Dragon fruit or pitaya (Selenicereus spp., formerly Hylocereus) belongs to the Cactaceae
family, an ancient lineage dating back roughly 65 million years [1]. Cacti likely origi-
nated during the mid-Tertiary period (~30 million years ago), as supported by chloro-
plast DNA and internal transcribed sequence (ITS) data [1]. Native to Central America
(including southern Mexico, Salvador, Guatemala, and Costa Rica), Selenicereus likely
emerged during the Early Cretaceous period, aligning with the breakup of the Gondwana
continent [2]. The genus includes 28 species classified by morphological traits [3] and is
extensively dispersed across America [4]. Among these, S. megalanthus (2n=4x=44)
and S. undatus (2n=22) are the most commercially viable due to their appealing appear-
ance, flavor, and nutritional value, which includes vitamins, antioxidants, minerals [5],
phytochemicals (including betacyanins, phenolics, polysaccharides, terpenoids, and
alkaloids) [6], dietary fiber, and cancer-preventive properties [7-9]. Fruit morphology,
including dimensions, coloration, spine quantity, and areole length in cladodes, is con-
sidered as the key criterion for species identification [7].

The Aztecs are believed to have first cultivated pitaya in the thirteenth century [10].
Nowadays, pitaya is widely grown in tropical and subtropical regions, with Vietnam as
the leading producer [11], contributing around 50% of the global market (14.11 billion
USD https://ap.fttc.org.tw/article/1596), followed by China, Mexico, Colombia, Thai-
land, Malaysia, India, Indonesia, Australia, Israel, the USA, Pakistan, and many other
countries growing on a small scale [4, 7]. Due to its spectacular appearance and anti-
oxidant capacity, its demand and cultivation have surged globally [4, 7]. Pitaya is rich in
betalains and tyrosine-originating alkaloid pigments [12], which makes it valuable for
the food industry. Its drought tolerance is notable [3], likely stemming from Cactaceae’s
evolution under low-CO, level, arid Gondwana environments [13]. Adaptations like suc-
culent stems, aerial roots, and water-rich fruits support survival under harsh environ-
mental conditions.

Based on their hallmark flavor and morphological and genetic fruit characteristics,
the diploid red pitaya (S. undatus, red peel and white flesh) and tetraploid yellow pitaya
(S. megalanthus, yellow peel and white flesh) show unique genetic and morphological
features. S. megalanthus possesses a yellow peel with large thorns, four or more ribbed
cladodes, small fruit scales, small to medium-sized fruits, large seeds, fused paren-
chyma-chlorenchyma layers, and sweeter flesh (Fig. 1a). In contrast, S. undatus has a
spineless red peel, three ribs per cladode, smaller seeds, and distinct parenchyma and
chlorenchyma layers (Fig. 1b). Yellow pitaya’s classification and ploidy have long been
debated. First described as Mediocactus megalanthus in the 1920s due to its interme-
diate traits [4, 14], it was later reclassified to Selenicereus genus [15], then to Hylocer-
eus in 2003 following a proposed allotetraploid origin [16]. In 2013, it was suggested to
be an autopolyploid [17]. Ultimately, Hylocereus was merged with Selenicereus in 2017
[18] (Fig. 1c). Despite distinguished morphological features, the evolutionary divergence
between diploid and tetraploid species remains poorly explored and requires more
detailed examinations.

The absence of a high-quality reference genome for yellow pitaya limits its fast-
forward breeding. Thus, it is crucial to fast-track its breeding by understanding the
genetic basis of morphological differences, such as peel color, cladode thickness, and
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Fig. 1 Misconceptions in pitaya taxonomy and genomic insights into diploid and polyploid species. a
Phenotypic characteristics of yellow and b red pitaya (white flesh). ¢ Schematic depiction of 100 years of
misunderstood taxonomy of yellow pitaya. Our assembled genomic resource provides insights into the
yellow pitaya genome and clarifies the ploidy level achieved in this study. d Interchromosomal synteny
of a newly assembled genome of yellow pitaya. e Comparative genomics of diploid and tetraploid pitaya.
Integrative analysis workflow combining Hi-C, ATAC-seq, and RNA-seq data to associate active TADs with
gene expression and fruit phenotypic traits

spine presence. The questions remain about how DNA replication, chromatin archi-
tecture (topologically associated domain-TAD and compartments A/B), and gene
expression differ between diploids and polyploids. In this context, TAD boundaries,
enriched in regulatory elements, are central to genome organization and gene regula-
tion [19].

Here, we present the high-quality chromosome-level genome assembly of autotetra-
ploid yellow pitaya (S. megalanthus-K. Schum. Ex Vaupel-Ralf Bauer), formerly Hyloce-
reus megalanthus (Fig. 1d), developed using PacBio HiFi sequencing. Complementary
Hi-C, ATAC-seq, and tissue-specific transcriptome data were also obtained for both
yellow and red pitaya (Fig. 1e). Comparative analysis provided insights into chromo-
somal organization, chromatin structure, TADs, and structural variations (SVs) between
both diploid and tetraploid species. Our findings confirm that yellow pitaya is an auto-
tetraploid with high heterozygosity (AAAB). In brief, our work provides novel genomic
resources for understanding polyploid genome complexity and evolution and will sup-
port future breeding and improvement of these economically important fruit crops.
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Results

Chromosome-level genome sequencing, assembly, genome characteristics, and evolution
of polyploid pitaya

We assembled a chromosome-level genome of yellow pitaya (S. megalanthus) using
whole-genome sequencing. For a preliminary overview, K-mer analysis (21-mers) esti-
mated the genome size at~3.32 Gb, with 64% AAAB-type, 21% AABB-type, and other
minor K-mer pair types (Additional file 1: Fig. S1). The estimated results of the 21
K-mers with the highest fitting degrees were selected as the final spectrum to predict
genome characteristics. A total of ~201.97 Gb of sequencing data was generated, which
contained 194.17 Gb of high-quality clean data. Smudgeplot analysis confirmed a tetra-
ploid with a dominant “AAAB” pattern (Additional file 1: Fig. S2). The high similarity
among the four haplotypes made haploid genome separation difficult, which agrees with
a tetraploid karyotype (2n =4x =44) [20-22].

We used PacBio HiFi for de novo assembly, Hi-C for scaffolding and TAD identifica-
tion, ATAC-seq for chromatin accessibility, and RNA-seq for gene prediction. PacBio
Revio generated 97.76 Gb circular consensus sequencing (CCS) reads with an average
length of 15.95 kb at an N50 of 16 kb (Additional file 2: Table S1), which results in an ini-
tial 900 contigs with N50 of 13.18 Mb. Using Purge Haplotigs [23], redundant sequences
were removed. A genome-wide landscape of S. megalanthus is presented in a circos
plot (Fig. 2), showing the chromosomal distribution of GC content, gene density, total
repeats, long terminal repeats (LTRs), DNA transposable elements (DNA-TEs), and tan-
dem repeats (TRs). Hi-C scaffolding (477.11 Gb, ~ 100 x coverage) anchored 414 contigs
into 11 chromosomes, producing a final genome size of 1.79 Gb with 37.01% GC content
(Fig. 2, Table 1) and a 97.73% anchoring rate.

The completeness of assembly was assessed using Compleasm and BUSCO. Genome
sequence alignment was carried to the NT database (Additional file 2: Table S2). The
initial draft assembly (3.75 Gb) showed 97.65% completeness with 83.4% duplicated
BUSCOs (Additional file 2: Table S3). After purging redundant haplotypes and Hi-C
scaffolding, the final genome assembly exhibited 92.7% completeness with only 2.7%
duplication (Additional file 2: Table S4), suggesting high quality of genome assem-
bly. The distribution of BUSCO copy numbers (Additional file 1: Fig. S3) supports this
reduction in duplication across the gene set. Additional details of genome architecture
(including read depth, GC content, SNP density, and repeat distribution) are shown in
Additional file 1: Fig. S4. Notably, regions with high GC content, such as the distal end of
a few chromosomes, showed localized dips in sequencing depth, likely due to assembly
challenges in repetitive-rich regions.

Unanchored sequences may represent genomic segments that were acquired
through lateral gene transfer (LGT) during domestication. We predicted 27,246
high-confidence genes using a combination of homology-based and de novo meth-
ods, including reference genomes (S. undatus and Carnegiea gigantea) and the BGI
HiFAP pipeline (Additional file 2: Table S3). Among 36,277 transcripts, 91.48% were
functionally annotated (Additional file 2: Tables S5-S7). The average gene length
was 6255.31 bp (mean length of transcripts-7247.29 bp), the average CDS length
was 1187.89 bp, and the mean exons per gene was 5.42 (Additional file 1: Fig. S5).
Comparative analysis with 10 species identified 146,064 gene families, 6751 shared
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Fig. 2 The genomic characteristics of the autotetraploid yellow pitaya genome (S. megalanthus). The
outermost track shows the 11 assembled chromosomes. The six inner concentric tracks represent the
genomic distribution of (@) GC content, (b) gene density, (c) total repeat content, (d) long terminal
repeats (LTRs), (e) DNA transposable elements (DNA-TEs), and (f) tandem repeats (TRs). Each track is scaled
individually, with corresponding color-coded gradients shown in the center

Table 1 Statistics of genome assembly and annotation of yellow pitaya (Selenicereus megalanthus)

Features Selenicereus megalanthus
Total assembly size (Gb) 1.7916

Number of contigs by HiFi 900

Number of contigs by HiFi+ Hi-C 4 Purge 425

Assembly anchored in chromosomes (%) 97.73

GC content (%) 37.01

Genes with defined alleles 27,246 (100%)

Functionally annotated genes 24,924 (91.48%)

families, and 1149 single-copy orthologs that were used to construct the phylogenetic
tree (Additional file 2: Table S8, Additional file 1: Fig. S3b). The contig distribution
across chromosomes (Fig. 3a) highlights the assembly and coverage across the 11
chromosomes and unanchored regions. S. megalanthus contained 17,885 gene fami-
lies and 25,268 genes, including 81 unique families. Divergence between diploid and
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polyploid occurred ~1.9-2.2 million years ago (MYA), both sharing a WGD event,
while divergence from C. gigantea occurred ~5.1-7.7 MYA (Fig. 3b).

We identified 464 expended and 124 contracted gene families between diploid and
polyploid pitayas (Fig. 3c). Importantly, expanded genes were significantly enriched in
“protein dimerization activity,” “terpene synthase activity,” “diterpenoid biosynthetic
pathway,” and “glycosyltransferase activity” in S. megalanthus, suggesting their role
in yellow pigmentation via betaxanthin biosynthesis (Additional file 1: Fig. S6). Using
WGDI, synonymous substitution rate (Ks) distribution discovered a single peak, sug-
gesting a WGD ~1.9-2.2 MYA, followed by autopolyploidization of S. megalanthus.
Collinearity analysis confirmed conserved genomic blocks within and across S. mega-
lanthus and S. undatus (Additional file 1: Fig. S7, Additional file 1: Fig. S8), which
resulted in 777 syntenic blocks (average of 37 genes/block) (Supplementary Table 9).
We removed synteny blocks associated with ancient WGD signals to clarify the evo-
lutionary relationship further. The filtered collinearity analysis discovered a clean 1:1
chromosomal correspondence between S. undatus and S. megalanthus (Additional
file 1: Fig. S9), supporting the hypothesis that the diploid species or a closely related
ancestor contributed to the autotetraploid origin of S. megalanthus. These results
suggest their shared evolutionary history and genomic rearrangements (Additional
file 2: Table S9). The nucleotide substitution rate (r) was calculated as 2.29 x 107/
site/year using the Ks and divergence time. LTR insertion time was computed using
T=K]/2r (or r=K/2T), linking genome evolution to autopolyploidization and muta-

tion accumulation.
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Genome-wide comparative analysis of diploid and polyploid pitaya

We conducted a comparative genomic analysis of diploid and polyploid pitaya plants
to investigate differences in 3D genome architecture, including chromatin compart-
ments and TADs that influence gene expression. Interaction matrices were converted
into Z-score matrices, and their differences were computed to construct 200-kb res-
olution heatmaps for diploid (Fig. 4a) and polyploid (Fig. 4b) pitaya, which highlights
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chromosome-level interactions. At this resolution, both genomes showed increas-
ing genomic distance with decreasing interaction frequency, suggesting structural
complexity (Additional file 1: Fig. S9, Additional file 1: Fig. S10). Moreover, saddle
plots discovered stronger A-A compartment interactions in polyploid pitaya (1.2-
1.22) and slightly enhanced B-B interactions (3.35 vs. 3.1 in diploid) (Fig. 4c) which
suggests ploidy-dependent chromatin compartmentalization. These compartments
were dynamic, with A/B state switching associated with large-scale transcriptional
shifts [24]. Further analysis at 100-kb resolution showed dynamic A/B switching
and TAD reorganization, reflecting evolutionary trajectory (Fig. 4d and Additional
file 2: Table S10). We identified 626 shared, 1395 diploid-specific, and 1454 poly-
ploid-specific TAD boundaries (Fig. 4e and Additional file 2: Table S11). Using the
Fit-Hi-C technique [25], we detected 362,158 significant cis- (Fig. 4f) and 144,1230
trans-interactions (Fig. 4g) in both pitaya species, highlighting differences in long-
range interactions. Genes within the TAD boundaries were enriched in cellular pro-
cess, binding functions, and signal transduction pathways (Fig. 4h; Additional file 2:
Table S12, Additional file 1: Fig. S11). Gene expression analysis across conserved
(A2A and B2B) and switching compartments (A2B and B2A) displayed that most dif-
ferentially expressed genes were located in A2A regions (Additional file 2: Table S13
and Fig. 4i), with A2A correlating more with gene density compared to B2B. In con-
trast, B2A regions had greater gene density than A2B (Fig. 4j).

Genomic structural differences in diploid and polyploid pitaya species

Polyploids arise from the genome duplication (autopolyploid) or hybridization of
divergent genomes (allopolyploid) [26] and are often accompanied by rapid SVs,
which are vital for evolutionary adaptation. We compared autotetraploid yellow
pitaya to diploid pitaya and identified 41,409 and 82,394 presence-absence variations
(PAVs), 1245 inversions, 15,725 translocations, 23,325,494 SNPs, 2,294,810 InDels,
and 19,928 copy number variations (CNVs). Most SVs, including PAVs (31,506—
66,158), inversions (710), translocations (13,533), and CNVs (14,890), were found
in intergenic regions of yellow pitaya (Additional file 2: Table S14), contributing to
phenotypic differences (Fig. 1A). Despite extensive synteny between the genomes,
frameshift insertions and SVs in UTRs, exons, introns, and intergenic regions fur-
ther expanded the polyploid genome.

Notably, large inversions were noticed on chromosomes 1-5, 7-9, and extensive
translocations were found across nearly all chromosomes, except Chr 10, which had
the fewest duplications 10 (Fig. 5). High SNP densities on Chr 1 (up to 48 Mb) and
low densities at chromosomal ends suggest evolutionary hotspots and conserved
regions, respectively (Additional file 1: Fig. S12). SNP counts ranged from 25,752,287
(Chr 1) to 15,658,201 (Chr 11), reflecting heterozygosity in yellow pitaya.

The diploid genome is ~ 1.41 Gb [27], while the yellow pitaya genome expanded to 1.79
Gb, indicating extensive structural reorganization. Clonal propagation [28] or somatic
mutations [29] may introduce further variation. In this context, evidence from other
species suggests DNA loss or retention varies, e.g., Phlox drummondii shows rapid loss
post-autopolyploidization [30], while Arabidopsis retains genome size initially [31].



Zaman et al. Genome Biology =~ (2025) 26:234 Page 9 of 28

[ Reference Syntenic Translocation
s Query Inversion s Duplication

chro1 [ 7%

Chromosome

1 1 1 1 1 1 1
0.0 25.0 50.0 75.0 100.0 12.50 150.0 175.0 200.0
Chromosome position (Mbp)
Fig.5 Synteny analysis of S. undatus and S. megalanthus. The horizontal blue and orange bars represent the
genome of S. undatus (reference sequence) and S. megalanthus (query sequence). The gray, yellow, green,
and light blue bars denote the structural variations between the two genomes, including syntenic regions,
inversions, translocations, and duplications, respectively

Three-dimensional genomic architecture of diploid and polyploid pitaya species
The eukaryotic chromatin genome is organized into hierarchical structures, includ-
ing chromatin loops, A/B compartments, and TADs. To explore the 3D genome
organization in both species, we generated and analyzed Hi-C datasets aligned to the
respective reference genomes. Following adapter trimming and quality assessment,
including base content, quality, and GC distribution (Additional file 1: Figs. S13-S16),
we obtained 958—997 million clean reads for diploid and 1582—-1916 million for poly-
ploid pitaya (Additional file 2: Table S15). Data reproducibility was confirmed by high
inter-sample correlations (0.992 for diploid and 0.989 for polyploid).

Hi-C interaction matrices were constructed by binning the genome (100-kb reso-
lution for genome-wide and 40 kb for chromosome-level resolution), filtering valid
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pairs (Q30) (Additional file 2: Table S16), and applying normalization via Juicer to
correct for GC bias and restriction site distribution. This yielded high-quality inter-
action matrices for diploid and polyploid pitayas (Additional file 1: Figs. S17-S19).
Resolution metrics showed > 80% of bins reaching 1000 contacts (Additional file 1:
Fig. S20), and interaction decay curves confirmed contact decay with genomic dis-
tance (Additional file 1: Fig. S21).

Using PCA and C-score analysis, genomic regions were classified into active (A) and
inactive (B) compartments, with A regions associated with higher gene density, open
chromatin, and active histone marks, and B regions showing the opposite (Fig. 6a and
b). Compartment statistics discovered 648 A and 728 B compartments in diploid, and
519 A and 1064 B compartments in polyploid genomes (Table 2). Moreover, gene dis-
tribution within compartments showed more genes in A compartment (e.g., 19,811
in diploid vs. 7696 in B) (Additional file 2: Table S17). Boxplots highlighted signif-
icant size differences between A and B compartments (p <0.0001; Additional file 1:
Fig. S22), although GC content differences were non-significant (Additional file 1: Fig.
S23).

TAD structures were further mapped at 40-kb resolution using insulation scores
[32], which identify TAD boundaries based on local interaction minima (Fig. 6¢ and f;
Additional file 1: Fig. S24, Additional file 1: Fig. S25). In total, 3376 TADs were identi-
fied in the diploid, and 2031 in the polyploid pitaya (Additional file 2: Table S18), with
mean lengths of 401,056 bp and 861,897 bp, respectively.

To ensure a comprehensive comparison, TAD analysis was independently performed
using both the diploid and tetraploid genomes as references. To characterize TAD-asso-
ciated gene distributions, genes were classified as within TADs (inter) or at TAD bound-
aries (border). Diploid genomes had 24,384 inter and 4045 border genes, while polyploid
genomes had 20,453 and 2264 genes, respectively (Fig. 6d and e; Additional file 2:
Table S12, Additional file 1: Fig. S26). Notably, no significant GC content differences
were observed between TAD interiors and boundaries (Additional file 2: Table S19,
Additional file 1: Fig. S27). The ability of TAD boundaries to functionally restrict the
genome applied to both active and inactive genome compartments (A and B). While
mammalian TADs involve structural proteins (CTCF) [33], such insulators are lacking
in plants [19, 34]. However, plant transcription factors like TEOSINTE BRANCHED 1,
CYCLOIDEA, and PCF1 (TCPI) may play a similar role [35]. In plants (including maize,
rice, sorghum, foxtail millet, and tomato), TADs mediate enhancer-promoter loops [36,
37] and are enriched for active chromatin features [38]. Using Fit-Hi-C, we identified
statistically significant cis- and trans-interactions (10-kb resolution, p <0.01). S. undatus
exhibited 952,744 cis- and 4,913,539 trans-interactions, while S. megalanthus showed
9,634,251 cis- and 357,664 trans-interactions (Fig. 6g and h).

Finally, TAD boundaries were screened for enriched transcription factor motifs
using JASPAR and MEME Suite. In diploid pitaya, significant enrichment was noticed
for motifs such as PHYPADRAFT 64121 (90.55%), RAV1 (90.28%), AT3G24120
(90.01%), WRKY60 (89.72%), and WRKY18 (89.6%). However, in polyploid pitaya,
higher enrichment was observed as PHYPADRAFT 64121 (91.21%), RAVI (90.41%),
WRKY75 (89.67%), WRKY60 (89.61%), and MYB3 (89.53%) motifs (Additional file 2:
Table S20 and Fig. 6j), indicating their possible functional significance in both species.
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Genome-level chromatin accessibility of diploid and polyploid pitaya plants

Assays for transposase-accessible chromatin using sequencing (ATAC-seq) enable
high-resolution mapping of open chromatin regions and cis-regulatory elements, thus
shedding light on transcriptional regulation mechanisms [39]. In this study, we applied
ATAC-seq via the sucrose precipitation method [40] and generated 0.375 billion clean
reads from diploid and polyploid pitaya (Additional file 2: Table S21). Quality control
included base content, base mass, GC content, and insert length distributions (Addi-
tional file 1: Figs. S28-S30, Additional file 2: Table S22). Chromatin accessibility was
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Table 2 Summary of the number and length distribution of compartments

Compartments Compartment BinNo Minimum Median (bp) Mean (bp) Max (bp) Wilcoxon test
No (bp)

Compartment A 648 4697 45692e+04  2.0e+05 7.24703e+05 159 +07  3.233-16

(S. undatus)

CompartmentB 728 8576 55212e+04 4.0e+405 1.177879%e+06  2.02e+07

(S. undatus)

Compartment A 519 6114 1.0e 405 2.0e+05 1.177373e+06  2.26e+07 1.28e —01

(S. megalanthus)

Compartment B 1064 8834 55408e+04 2.0e+05 8.3012e+05 2.53e4-07

(S. megalanthus)

enriched around transcriptional start sites (TSSs) in both genomes (Fig. 7a). Peak calling
with MACS3 software identified 43,186 peaks in diploid and 30,276 in polyploid pitaya
(Additional file 2: Table S23). Replicates were assessed for overlap and peaks were vis-
ualized within+3 kb of TSSs (Fig. 7b and Additional file 1: Fig. S31). We also plotted
signal distribution across gene bodies and TSS-proximal regions (Additional file 1: Fig.
S32). After merging replicate peak sets per species, we obtained 125,321 total peaks in S.
undatus and 30,276 in S. megalanthus. Among these, 13,136 peaks were shared between
both species (Additional file 1: Fig. S33). The increase in total peaks in S. undatus reflects
combined replicates and higher overall chromatin openness in this species. Differential
chromatin accessibility between species was examined using DiffBind, which resulted
in 13,977 differentially accessible regions (DARs), including 3355 gain DARs and 10,622
loss DARs. Clustering of DAR signal values highlighted pronounced differences between
species (Fig. 7b) and annotation guided that>5% of gain DARs and >24% of loss DARs
were located in promoter regions (Fig. 7c). Further analysis of promoter-linked DARs
showed association with 159 genes for gain DARs and 2362 genes for loss DARs (S.
undatus vs. S. megalanthus). GO and KEGG analysis (Additional file 1: Figs. S34-S37)
indicated that gain DAR genes were predominantly enriched in “cation transport,” “ATP

” «

metabolism,” and “carbohydrate biosynthesis,” “response to a toxic substance,” “ATP syn-
thesis,” “triphosphate biosynthesis,” “herbicide response,” and “energy” In contrast, loss
DARs were enriched in glucose pathways, circadian, stimulus—response, and photosyn-
thesis (Fig. 7d).

Motif enrichment analysis identified 109 motifs associated with gain DARs and
425 with loss DARs. Gain DARs were enriched in WRKY75/40, UIF1, AT5G02460,
GATA10, and OBP3/4, whereas loss DARs displayed enrichment in ABI5, EmBP-1,
TCP8, bZIP910, and API (Additional file 1: Fig. S38, Additional file 1: Fig. S39). We
further compared DAR-associated genes with differentially expressed genes (DEGs).
Overall, 15 genes overlapped between gain DAR and upregulated DEGs (Fig. 7e),
while 6 overlapped with downregulated DEGs. In contrast, 146 and 296 genes over-
lapped between loss DARs and up/downregulated DEGs, respectively (Additional
file 1: Fig. S40). Genes associated with gain DARs showed increased expression in S.
megalanthus, which agrees with chromatin accessibility dynamics (Fig. 7f). Further-
more, the integration of ATAC-seq and RNA-seq data enabled genome-wide visu-
alization that confirmed the significant chromatin accessibility differences between
diploid and polyploid pitaya species (Fig. 7g).
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Fig. 7 ATAC-seq analysis of the whole genomes of diploid and polyploid pitaya plants. a ATAC-seq signal
enrichment at TSS regions in S. undatus and S. megalanthus (heatmaps: 3 kb upstream/downstream of TSS
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Comprehensive analysis of chromatin architecture in diploid and polyploid pitaya species
to develop unique phenotypes

To identify tissue-specific DEGs and open chromatin regions in pitaya, we integrated
the Hi-C and pericarp RNA-seq data from both pitaya species by following Liu and col-
leagues [41]. We categorized all 40-kb genomic bins into three groups based on sub-
compartment switching and expression changes. All 11 chromosomes were classified
into compartment A (open chromatin and high expression), compartment B (closed
chromatin and low expression), TAD, and TAD boundaries. In yellow pitaya, 16,685
genes were found in compartment A and 5279 genes in compartment B (Additional
file 2: Table S24). In contrast, in red-peel pitaya, 17,759 and 5978 genes were found in A

Page 13 of 28
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and B compartments, respectively (Additional file 2: Table S25). TADs and their bounda-
ries were enriched in insulator-binding proteins. We identified 20,453 and 2264 genes in
TAD and TAD boundaries in yellow pitaya (Additional file 2: Table S26), and 2438 and
4045 genes in red-peel pitaya, respectively (Additional file 2: Table S27). This method-
ology assisted the discovery of betalain pathway genes associated with red and yellow
pigmentation. Initially, we assessed whether the “down” and “up” bins overlapped with
more DEGs and examined consistency across replicates only shared chromatic features.
By classifying genes based on A/B compartments, TADs, and boundaries, we linked
expression profiles and genome annotations to genes that are involved in the betalain
pathway.

The gene associated with betalain biosynthesis in diploid pitaya closely matched those
in yellow pitaya at corresponding chromosomes, though some showed variation in copy
number. Most genes were differentially expressed between diploid and polyploid species,
correlating with morphological differences. Particularly, genes involved in the shikimate
pathway (e.g., HU10G00264, HU09G01263, HU07G00551, and HU08G02124 in red
peel and Sme_10G0002470, Sme_9G0013340, Sme_7G0004800, and Sme_8G0020650
in yellow peel) were identified based on sequence homology and functional annota-
tions. These genes likely have distinct, non-redundant roles in color regulation (Fig. 8).
Betalains biosynthesis involves tyrosine conversion via two enzymatic steps. Pre-
dicted genes responsible for this in diploid pitaya include HU02G00163, HU10G00810,
HU10G00173, HU07G00908, HU02G00811, HU05G00517, and HU11G0I1112, and
in polyploid pitaya include Sme 2G0001630, Sme_10G0007740, Sme_10G0001580,
Sme_7G0008480, Sme_2G0008230, Sme_5G0004900, and Sme_11G0010540. Tyros-
ine itself is synthesized from prephenate or arogenate via prephenate dehydrogenase
and arogenate dehydrogenase (ADH) genes such as HU01G02069 and HU07G00319
(diploid) and Sme_1G0021320 and Sme_7G0002630 (polyploid) [42]. Subsequently,
cytochrome P450 enzyme hydroxylate tyrosine to L-DOPA in diploid (HU10G01783,
HU08G01572, and HU08GO01571) and polyploid (Sme_10G0019300, Sme_8G0014610,
and Sme_8G0014620) (Fig. 8a). L-DOPA is oxidized by DODA to form 4,5-DOPA
[43], mediated by HU07G00239 and HU07G00240 (diploid) and Sme_7G0001870 and
Sme_7G0001880 (polyploid) genes. For the synthesis of red violet betacyanin, we pre-
dicted genes. In red-peel pitaya, genes like HU06G02516, HU04G00198, HU07G01678,
and HU07G00475 regulate cyclo-DOPA conversion into red—purple betacyanin [43].
In contrast, yellow pitaya contains genes (e.g., Sme_6G0025350, Sme_4G0001820,
Sme_7G0017600, and Sme_7G0004100) from the SmeABA2, SmeFG2/3, and SmeHD-
ZIP families that condense betalamic acid with amino groups to produce yellow betax-
anthins [44]. Comparative expression analysis highlighted significant differences:
shikimate pathway genes (Sme_10G0002470 and Sme_7G0004800) in yellow pitaya had
threefold higher expression compared to their red-peel counterparts (HU10G00264
and HU07G00551). Prephenate-related genes showed no significant expression dif-
ferences between the species (Fig. 8b). Expression divergence in the betalain pathway
suggests their distinct phenotypes. In the betalain pathway, we identified genes with
varying degrees of expression in both pitaya species, leading to two contrasting pheno-
types. We found that the gene encoding CYP76ADI, which regulates the enzyme oxi-
dase that oxidizes tyrosine into L-DOPA and produces betacyanins in diploid pitaya,
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Fig. 8 Linking tissue-specific gene expression to open chromatin of diploid and polyploid pitaya. a Genes
involved in betalain biosynthesis show high sequence similarity between yellow (S. megalanthus) and
red-peel (S. undatus) pitaya genomes but differ in copy number. In S. undatus, genes regulate cyclo-DOPA
conjugation to produce red—-purple betacyanins, while in S. megalanthus, genes from SmeABA2, SmefG2/3,
and SmeHD-ZIP families promote betaxanthin production. b Expression levels of shikimate pathway genes
(Sme_10G0002470, Sme_7G0004800) are higher in yellow pitaya compared to homologs in red pitaya.
Duplication and compartmentalization of CYP736A12 genes contributed to reduced oxidation of tyrosine
into L-DOPA and favored betaxanthin biosynthesis in polyploid pitaya. ¢ TFs identified from the 40-kb region
of TAD boundaries and the top 5 TFs are presented in polyploid pitaya. d Top TFs identified within TAD
boundaries associated with betalain biosynthesis in diploid pitaya

exhibited two fold greater expression. The

gene (HU07G00500-CYP76ADI1) encod-

ing an oxidase-producing L-DOPA and betacyanin showed twofold higher expression

than Sme_7G0004430-CYP76AD1 in yellow

pitaya (Fig. 8b). Similarly, HU01G02117-

CYP736A12 had 1.2-fold higher expression than its homolog Sme_I1G0021900-
CYP736A12. Duplication of CYP736A12 in both compartments A and B of yellow
pitaya genome suggests evolutionary divergence that may reduce red pigment synthesis.

The above observations lead to key questions: how are chromatin folding, compart-

mentalization, and TAD borders associated

with phenotype differences? Does motif

count at TAD boundaries influence gene expression? We observed major differences in
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TADs and boundaries between diploid and polyploid pitaya, potentially driving tran-
scriptional changes. We examined the gene positions within TADs and mapped the TAD
boundaries on diploid and polyploid pitaya species genomes (Additional file 2: Tables
S24 and S25). We mapped gene positions within TADs and identified 40-kb regions of
interest in both species (Additional file 2: Tables S28—-S30), highlighting regions involved
in the betalain pathway. TFs from these TAD boundaries were cataloged, and motif
counts were computed to identify the top 5 TFs per species (Additional file 2: Table S31).
We observed that variations in motif types and counts at TAD boundaries were asso-
ciated with differences in expression and pigmentation traits. We statistically analyzed
gene expression within the betalain pathway using ¢-tests (»<0.05) and removed the
non-significant genes from further consideration (Fig. 8a). Figure 8b illustrates genes
with significant expression variation that drive pigmentation differences between the
two pitaya species. The Sme_8G0014610 gene showed reduced gene expression within
the TAD and a greater number of TFs at the TAD boundaries in yellow pitaya compared
to red-peel pitaya (Fig. 8c). Furthermore, the CYP76ADI genes (Sme_7G0004430 and
Sme_7G0004440) displayed the highest number (same number of TFs) of TFs [DOF3.6
(11,890), DOFS5.8 (11,650), DOFS.1 (7780), CDF5 (5605), and TSOI (2220)]. Still, they
showed the lowest gene expression in yellow pitaya compared to red-peel pitaya (Fig. 8d).
This difference may explain why these genes have lost the ability to oxidase tyrosine and
produce betaxanthins. These findings indicate that TAD boundaries act as regulators
and repressors simultaneously and mechanistically control genes within TADs. Further-
more, we found that the Hu01G02117 gene of diploid pitaya is in compartment A of the
genome. Conversely, the counterpart gene (Sme_1G0021900) is located in compartment
A and compartment B of polyploid pitaya. This might be a reason for the low expression
of CYP736A12 genes in polyploid pitaya, which led to the loss of the capacity to oxidize
tyrosine and ultimately produce yellow fruit.

Discussion

Autopolyploidy and WGDs in yellow pitaya may explain phenotypic and metabolic vari-
ations, such as changes in fruit color, cladode thickness, fruit size, and seed size. Fol-
lowing polyploidization, chromosome number, genome size, gene count, and expression
evolve, accelerating plant diversification and novel trait development. Gene redundancy
often originates from unreduced gametes in diploids, which are frequently induced by
temperature fluctuation in plants [45—-47], fish, and amphibians [48]. These gametes are
regulated by heritable genes whose expression increases under environmental stresses.
Grafting has also played a role in polyploid evolution, particularly in the Cactaceae
family, where nuclear genomes can move from rootstock to scion, potentially produc-
ing polyploid cells and fertile shoots [49]. Yellow pitaya may represent an “interracial
autopolyploid” formed through crossing genetically divergent yet structurally similar
populations. These genomic changes enhance morphology, physiology, and ecology,
which guide speciation and environmental adaptations. Multiple maternal lineages fur-
ther increase genetic diversity [50]. Polyploids benefit from multiple alleles per locus,
thereby enhancing stress tolerance and persistence across diverse environments [50].
Moreover, gene dosage effects from duplicated genomes support robust regulatory net-
works [51]. Domestication may drive gene gain or loss, e.g., GA20-OX loss-of-function
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mutations trigger dwarf wheat and the Green Revolution. In synthetic autopolyploid of
Phlox drummondii, 17-25% DNA was lost by the third generation, improving the seed
set (30—66%) and stabilizing tetraploids [30]. However, further studies are required to
characterize genome loss/gain patterns during pitaya domestication and identify func-
tional vs. cryptic genes. Vegetative reproduction, perennial growth, and outcrossing
mating systems may also contribute to autopolyploid formation [52, 53].

Betalains in diploid and polyploid pitaya have accelerated research into pigment evo-
lution and biosynthesis. Plant pigmentation, particularly in Caryophyllales, uniquely
produces either betalains or anthocyanins but never both. To understand pigment differ-
ences between both pitaya species, we analyzed 3D chromatin structures (loops, TADs,
A/B compartments, and chromosome territories) using insulation scores. We identified
3376 TADs in diploid and 2031 in polyploid genomes, with mean lengths of 401,056
bp and 861,897 bp, respectively. TADs organize genomic functions and regulate gene
expression patterns [35]. Intra-TAD interactions are more frequent than inter-TAD, and
boundaries prevent the spread of activity [19]. Here, we observed A/B compartment
switching and TAD reorganization between diploid and polyploid species. Repeatability
analysis documented 626 shared TAD boundaries, with 1395 and 1454 unique to dip-
loid and polyploid genomes, respectively. We identified 24,384 and 24,775 genes inside
TADs, and 4045 and 2162 at TAD boundaries in diploid and polyploid genomes, respec-
tively. TADs in plants lack CTCF but may be regulated by TCP TFs (e.g., TEOSINTE
BRANCHED 1, CYCLOIDEA, and PCFI) [19, 34, 35]. Furthermore, TAD boundary
motif enrichment in diploid included PHYPADRAFT 64121 (90.55%), RAVI (90.28%),
AT3G24120 (90.01%), WRKY60 (89.72%), and WRKY18 (89.6%), while polyploid bound-
aries featured PHYPADRAFT 64121 (91.21%), RAVI (90.41%), WRKY75 (89.67%),
WRKY60 (89.61%), and MYB3 (89.53%) motifs. Higher-order chromatin loops connect
enhancers and promoters, as seen in several plant species (e.g., maize, rice, sorghum,
foxtail millet, and tomato), often characterized by active genes and open chromatin [36—
38]. Plant TAD boundaries are enriched in TCP and bZIP TF binding sites, indicating
their key role in TAD formation [54]. In Arabidopsis, loop disruption affects FLC gene
expression [55], and in Marchantia polymorpha, TCP1 loss alters expression in TCPI-
rich TADs without changing chromatin patterns, indicating TCP1 may not be essential
for TAD formation [56]. In rice and pepper, TCP-enriched GC-rich motifs and gene-to-
gene loops at TADs regulate gene expression and spatial clustering [57, 58].

Differential gene expression between diploid and polyploid pitaya correlates with fruit
morphology differences. We identified shikimate pathway genes for betalain biosynthe-
sis in red peel (HU10G00264, HU09G01263, HU07G00551, and HU08G02124) and yel-
low peel (Sme_10G0002470, Sme_9G0013340, Sme_7G0004800, and Sme_8G0020650)
pitaya. We also noticed that motif variations at TAD boundaries appear to influence TF
binding, gene expression, and, ultimately, peel coloration. TFs identified from bounda-
ries support this regulatory role. However, an important question remains: do these
genes function individually, or do they act in coordination as regulatory modules? To
address and understand this gap, future studies should focus on functionally validating
the genes and associated motifs and TFs to examine their precise role in peel color and
other trait improvements, such as stress tolerance [59] by genome engineering [60], pref-
erably by mobile CRISPR [61]. Given the challenges in engineering the pitaya genome,
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such integrated approaches may deliver new insights into regulatory mechanisms in
pitaya or other model plants. Therefore, this study reports the first chromosome-level
reference genome for yellow pitaya, assembled using PacBio HiFi-Seq, with additional
Hi-C, ATAC-seq, and RNA-seq data for both (diploid and polyploid) species.

Conclusions

Our study presents the first chromosome-level genome assembly of autotetraploid yel-
low pitaya that provides a foundational reference and insights into how polyploidiza-
tion and 3D chromatin reorganization (e.g., TAD boundary shifts and A/B compartment
switching) may drive differential gene expression, particularly in the betalain biosynthe-
sis pathway, leading to phenotypic divergence between diploid and polyploid pitaya spe-
cies. The enrichment of transcription factor motifs at TAD boundaries highlights their
potential role in regulating trait-specific gene networks. However, the diploid pitaya
genome has fast-tracked trait improvement efforts [3, 27]. The lack of a polyploid ref-
erence genome has hindered research on S. megalanthus, and this high-quality assem-
bly now addresses this gap. Therefore, we suggest that future work should functionally
validate candidate genes and associated regulatory modules to discover their collective
impact on peel color of pitaya species and stress adaptation. This resource provides a
foundation for exploiting genomic architecture in pitaya breeding that offers insights
into polyploid crop improvement and sustainable horticultural innovation.

Methods

Plant material

Plant material of yellow pitaya [Selenicereus megalanthus, formerly Hylocereus megal-
anthus (K. Schum. Ex Vaupel) Ralf Bauer] and red peel-white pulp pitaya [Selenice-
reus undatus-Britton & Rose, previously known as Hylocereus undatus] were collected
from Hainan-Shengda Modern Agriculture Development Company (latitude/longitude
19°N/110°E), Qionghai, Hainan, China.

DNA extraction, library preparation, and quality control

Young cladode from yellow pitaya were collected for the DNA nano Ball (DNB) sequence
survey. Total genomic DNA was isolated from fresh cladodes using the standard cetyltri-
methylammonium bromide (CTAB) method and processed on the DNBSEQ"™ platform
(BGI, zero-PCR protocol). DNA was randomly sheared to~350 bp fragments using a
Covaris ultrasonic system. These fragments were end-repaired, A-tailed, ligated to adap-
tors, and circularized by rolling circle amplification (RCA) to generate DNBs. Sequenc-
ing was performed on the BGI DNBSEQ"™ platform. The library was sequenced, and the
raw data were obtained in FASTQ format. Using fastp-v0.20.04 software, clean reads
were generated after removing the adapter, and low-quality reads using Trimmomatic
software (v 0.38) [62]. We used multiple K-mers for the analysis. The K-mer frequency
was rapidly assessed by Jellyfish-(v2.2.6) software (http://www.cbcb.umd.edu/software/
jellyfish) [63] and genome size, heterozygosity, repeat sequences, and sequence depth
were evaluated using GenomeScope2 software (https://github.com/tbenavil/genom
escope2.0) [64].
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PacBio HiFi sequencing

High-molecular-weight genomic DNA from S. megalanthus cladodes was fragmented
using a Megaruptor to an average size of 15-20 kb. SMRTbell libraries were prepared by
ligating adapters and removing linear/damaged DNA, followed by size selection using
BluePippin. The libraries were sequenced on the PacBio Sequel II platform in CCS mode.

Chromosome conformation capture (Hi-C) library construction and sequencing

Hi-C libraries were constructed for both diploid (S. undatus) and polyploid (S. mega-
lanthus) pitayas to explore chromatic interactions [65, 66]. Young cladodes were fixed
with 1% formaldehyde to cross-link DNA following the protocols of Wuhan-Fraser Gene
Information Co., Ltd. Following cell lysis, the cross-linked chromatin adjacent sites were
digested using the specific restriction endonuclease enzyme Dpnll. The sticky ends of
nucleic acids generated by Dpnll were covalently labeled with biotin-dCTP, producing
blunt-ended repaired DNA strands. DNA was physically fragmented, and biotin-dCTP-
labeled fragments were purified using streptavidin beads. T4 DNA polymerase removed
the terminal alkaloid tag from the unlinked fragments. The resulting libraries were qual-
ity-checked using Qubit 2.0 (determine the library concentration) and an Agilent 2100
(detect the integrity of the DNA fragments and insert size) and sequenced on the Illu-
mina HiSeq (BGI PE150) platform. Hi-C reads were filtered using Trim Galore (v0.6.7)
(https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) and mapped using
Burrows—Wheeler alignment algorithm (BWA) [67], and yellow pitaya Hi-C reads were
aligned with the newly assembled reference genome of polyploid yellow pitaya (S. mega-
lanthus). HiC-Pro (v2.8.0) was used to identify uniquely aligned paired-end reads [68].
Reads from S. undatus were aligned to its published reference genome [27, 69], while S.

megalanthus reads were aligned to the newly assembled genome.

ATAC sequencing

An assay for transposase-accessible chromatin with high-throughput sequencing
(ATAC-seq) was carried out for both species of pitaya, diploid (S. undatus) and poly-
ploid (S. megalanthus), to analyze the chromatin regions accessible to the Tn5 trans-
posase [70]. The sucrose precipitation method was used for the ATAC-seq experiment
[40]. Young cladode tissues from diploid and polyploid pitaya species were prepared for
cell suspension to isolate the nucleus. Tn5 transposase exclusively cleaves open chro-
matin and simultaneously adds sequencing adapters to both ends of the cleaved DNA
fragments. The digested DNA fragments were retrieved and amplified by PCR, and
the library size was selected by a gel-free double-sided size-selection protocol using
Agencourt AMPure XP beads (Cat. 63,881) at 0.5 x and 1.2 x concentration. Libraries
were sequenced using next-generation high-throughput sequencing (Illumina PE150).
The raw data were filtered using Trimmomatic [62]. Clean reads of diploid pitaya were
aligned with the reference genome (http://www.pitayagenomic.com/download.php) [27,
69], and clean reads of polyploid pitaya were aligned with the reference genome (newly
assembled genome of Selenicereus megalanthus) using Bowtie 2 (v 2.2.6). For differen-
tial accessibility analysis, DiffBind with DESeq2 was used to compare chromatin acces-
sibility between the two species. Replicate consistency was ensured by assessing overlap
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between biological replicates prior to merging, and merged peak sets were used for spe-
cies-level DAR detection. Significant DARs were defined using log2FoldChange >0.58
and FDR <0.05. All processing steps followed the pipeline described by Zhang et al. [71].

Transcriptome sequencing

Young-developing cladodes (30-day-old stems), fruit pericarp (when the fruit turns its
color), and pulp (before maturity) were sampled from both pitaya species (S. undatus
and S. megalanthus) for transcriptome sequencing. Total RNA was extracted from the
stem, pericarp, and fruit pulp samples. The concentration and purity of the RNA were
detected with a Nanodrop 2000, and the RNA integrity number (RIN) was determined
with an Agilent 2100 spectrophotometer. A NanoDrop spectrophotometer was used
to determine the purity (OD260/280), concentration, and normal nucleic acid absorp-
tion peak. A total of 2 ug of RNA was added at a concentration of > 300 ng/pL, with the
0OD260/280 ranging from 1.8 to 2.2. Raw reads were generated using the BGI Illumina
platform.

Quality assessment, reference genome assembly, and chromosome construction

The genome size of Selenicereus megalanthus was estimated to be approximately 3.32 Gb
using a 21-mer frequency distribution curve based on 194.17 Gb of clean BGI short
reads. GenomeScope2 and Smudgeplot analysis confirmed its autotetraploid nature,
with AAAA-type k-mer pairs accounting for 97% (Additional file 1: Figs. S1 and S2).
High-fidelity (HiFi) long-read data were assembled using Hifiasm (v0.19.6), a haplotype-
resolved assembler optimized for HiFi reads (https://github.com/chhylp123/hifiasm). To
reduce redundancy caused by heterozygous contigs, Purge Haplotigs (v1.0.4) was used
to identify and remove redundant sequences based on read depth, distribution, and
sequence similarity [23] that yielded a high-quality haploid assembly of 1.79 Gb with a
contig N50 of 13.21 Mb (Additional file 2: Table S32).

Short reads were aligned to the genome using BWA (v0.7.17), and long reads with
Minimap2 (v2.24) [67, 72]. Mapping results were processed with SAMtools [73] to gen-
erate sorted and indexed BAM files, and Picard Toolkit [2019, Broad Institute, GitHub
Repository (https://broadinstitute.github.io/picard/)] was used to mark duplicates. SNPs
and InDels were identified using the GATK Toolkit (v4.4.0.0) with recalibration and fil-
tering to reduce false positives. Genome assembly quality was evaluated based on con-
tiguity, completeness, and correctness (3-Cs). Contiguity was assessed by contig N50;
completeness was measured with BUSCO (v0.2.4) [74], yielding scores above 95%. Hi-C
data were used to scaffold the contigs onto chromosomes. The final assembly achieved a
genome mapping rate of 96.96% and a coverage rate of 99.81%. Genome-wide features,
including read depth, SNP density, and repeat distribution were visualized using Circos
(v0.69-6) (Additional file 1: Fig. S4).

S. megalanthus gene annotation

Repeat sequences were predicted using TRF, PILER (http://www.drive5.com/piler)
[75], LTR Finder [76], and RepeatModeler (https://www.repeatmasker.org/), in combi-
nation with Repbase. Gene prediction was performed using a combination of de novo,
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homology-based, and transcriptome-supported methods. De novo predictions were
conducted with GlimmerHMM [77].

Homologous gene models were derived from related species, including S. unda-
tus  (http://www.pitayagenomic.com/download.php)  [27], Carnegiea  gigantea
(GCA_029747015.1_UA_SGP5p_2) [78], Arabidopsis thaliana (GCA_000001735.1_
TAIR10) [79], Oryza sativa (GCF_001433935.1_IRGSP-1.0) [80], Solanum lycopersicum
(GCF_000188115.5_SL3.1), and Solanum tuberosum (GCF_000226075.1_SolTub_3.0)
[81]. Transcriptome data from stem, pericarp, and pulp tissues were aligned with
HISAT?2 [82] and assembled with StringTie [83]. PacBio full-length transcripts were
obtained using ISOseq3, and coding regions were identified using TransDecoder
(https://github.com/TransDecoder/TransDecoder).

All gene evidence was integrated using MAKER2 (v2.31.11) [84], and further refined
with AUGUSTUS (v3.4.0) [85] and GeneMark-EP + (v4.6.3) (http://topaz.gatech.edu/
GeneMark/license_download.cgi) [84, 86]. Final gene models were filtered to remove
transposon-related domains and redundant sequences. Functional annotation was per-
formed by comparing predicted proteins to databases including SWISS-PROT [87],
InterProScan [88], Gene Ontology [89], KEGG [90], and KOBAS-I [91], using a cutoff
value of le™ to assign gene functions, pathways, and structural domains (Additional
file 2: Table S33).

Hi-C heatmaps of red (diploid) and yellow (polyploid) pitaya

Clean data from polyploid yellow pitaya were aligned to the newly constructed reference
genome, and diploid white-fleshed pitaya Hi-C data were aligned to the public reference
genome (http://www.pitayagenomic.com/download.php, accessed December 13, 2023)
using Juicer software [92]. Messy reads, including single-ended, low-quality, and una-
ligned reads, were filtered out. For Hi-C analysis, valid interaction pairs were retained,
while self-circles, dangling ends, and PCR duplicates were discarded. Library quality was
assessed based on the proportion of valid pairs in non-PCR replicates. After filtering,
valid pairs (Q30) were used for interaction matrix construction and downstream analy-
sis (Additional file 2: Table S34). The 3D genome structure was reconstructed by aligning
paired-end reads across genomic loci. Hi-C data correlation between replicates was ana-
lyzed using GenomeDISCO [93]. The reference genome was binned, and filtered reads
were assigned to bins to construct interaction matrices. To correct biases due to GC
content, enzyme sites, and fragment sizes, matrices were normalized with Juicer [92].
Genome-wide interaction matrices at 100-kb resolution and single-chromosome matri-
ces at 40-kb resolution were generated for diploid and polyploid species. Differences in
genome interactions were analyzed by converting matrices into Z-score matrices [32],
subtracting diploid and polyploid Z-scores, and displaying the results as heatmaps at
200-kb resolution. Interaction frequency and distance were also compared between
genomes [94, 95].

Compartment identification in both pitaya species

Genome compartments were investigated to identify potential links within a single chro-
mosome after constructing an interaction map [96]. PC1 values at 100-kb resolution
were obtained via the bin C-score method [97], and all bins in the reference genomes of
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polyploid yellow and diploid red pitaya were divided into active (compartment A) and
inactive (compartment B) regions. Positive and negative bins were designated as com-
partments A and B to compute their distribution across chromosomes. Consecutive bins
of the same compartment were merged to calculate the number and length distributions
of compartments genome-wide. The distributions were visualized using boxplots, and
the significance of length differences was assessed with Wilcoxon’s rank-sum test [98].
The number of genes per bin in compartments A and B was counted, and distributions
were displayed using box plots. The significance of gene number differences between
compartments was also tested. To explore the association between GC content and com-
partment structure [99, 100], GC content per bin was measured, visualized via boxplots,
and tested for significance by the Wilcoxon test [98].

TAD structural analysis, classification of genes, and motif analysis in red and yellow pitaya
species

Topologically associating domain (TAD) boundaries were calculated using the insulation
score method with cworld-dekker [32], reflecting interactions between the two sides of
each bin. Interactions were recognized as TAD boundaries. TADs were identified with
“cooltools” at a 40-kb resolution, aligning boundary definitions with the bin size. Motif
enrichment analysis was performed with “FIMO” by scanning 40-kb TAD boundary bins
for motifs. To normalize, a uniform 40-kb bin size was used across the genome, mitigat-
ing biases due to varying boundary lengths. All genome bins were classified as either
TAD boundaries (border) or within-TAD regions (inter). Gene numbers in each bin type
were counted, and distributions were visualized using boxplots. The significance of gene
number differences was assessed by Wilcoxon’s test [98]. The number of TAD bounda-
ries containing motifs was quantified, and the top five motifs were reported.

Gene function annotation in differential compartment regions

Gene functional annotations were performed by aligning the assembled genome against
the Nr (non-redundant) protein database using DIAMOND [101]. DIAMOND inter-
nally applies statistical measures, including the e value. The expected value of the hit
quantifies the number of alignments of comparable or higher quality that we expect to
find searching this query against a database of random sequences, the same size as the
actual target database. By default, DIAMOND reports all alignments with e value <0.001.
The gene sets within the compartment region was functionally annotated, and the 20
most significantly enriched genes were identified and displayed on GO and KEGG scat-
ter plots.

Analysis of significant interaction sites in diploid and polyploid pitaya species

At 10-kb resolution, Fit-Hi-C software (v1.0.1) (L resolution) was employed to exam-
ine the significant interactions between the two loci within the genome of the pitaya
species [25]. The significant cis and trans interaction sites were identified based on the
number of reads supporting the interaction with a p value <0.01 and g value <0.01. The
corresponding cumulative probability and interacting loci were sorted. A p value and ¢
value <0.01, along with a read count> 2, were considered to indicate significant interac-
tions [39].
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Comparative genome structural variation and genome evolution analysis

Comparative genome alignment was performed using Nucmer (MUMmer4) with “-c
40 -1 90” parameters [102]. Alignments were filtered using delta-filter “—1,” and SNPs/
InDels (1-50 bp) were identified using Show-SNPs (-CIrTH). Structural variants, includ-
ing inversions, translocations, CNVs, and PAVs, were detected by SyRI (v1.6.3) [103]
and annotated with ANNOVAR [104]. For yellow pitaya genome evolutionary analysis,
orthologous gene families of S. megalanthus, a closely related cactus species [S. undatus
(http://www.pitayagenomic.com/download.php), Carnegiea gigantea (https://www.ncbi.
nlm.nih.gov/datasets/genome/GCA_029747015.1/, GCA_029747015.1_UA_SGP5p_2)]
and plant species, including Beta vulgaris (https://phytozome-next.jgi.doe.gov/info/
Bvulgaris_EL10_1_0, Bvulgaris_548_EL10_1.0), Spinacia oleracea (https://phytozome-
next.jgi.doe.gov/info/Soleracea_Spov3, Soleracea_575_Spov3), Sedum album (https://
genomevolution.org/CoGe/SearchResults.pl?s=Sedum%20album&p=genome, V3),
Arabidopsis  thaliana  (https://phytozome-next.jgi.doe.gov/info/Athaliana_TAIR10,
Athaliana_167_TAIR10), Kalanchoe fedtschenkoi (https://phytozome-next.jgi.doe.gov/
info/Kfedtschenkoi_v1_1, Kfedtschenkoi_382_v1.1), Oryza sativa (https://phytozome-
next.jgi.doe.gov/info/Osativa_v7_0, Osativa_323_v7.0), and Cannabis sativa (https://
www.ncbi.nlm.nih.gov/datasets/genome/GCF_029168945.1/, GCF_029168945.1_
ASM2916894v1), were obtained from OrthoMCL (V1.4, http://orthomcl.org/ortho
mcl/). A super alignment matrix was generated by aligning the single-copy families
with MUSCLE (v.3.8.31) and following the methodologies reported in the literature
[105-107].

Synonymous substitution rates (Ks) for paralogs in S. megalanthus and orthologs
between S. undatus and S. megalanthus were estimated with MCScanX software (http://
chibba.pgml.uga.edu/mcscan2/). Selection pressure (Ka/Ks) was assessed, and WGDI
software was used to compute and filter Ks values for detecting whole-genome dupli-
cation (WGD) events. Single-copy families were also aligned using MUSCLE (v3.8.31,
http://www.drive5.com/muscle/) for nucleic acid difference analysis, and the single-base
difference rate was calculated with vcf2dis as 0.010014.

By distinguishing the synonymous substitution (Ks) and nonsynonymous substitution
(Ka) rates, we assessed the selection pressure at the protein level, typically equal to 1
(Ka/Ks=1). We used WGDI software to compute the Ks values, filtered the data based
on collinear blocks (to reduce the error caused by tandem repeats), and analyzed the dis-
tribution of the Ks frequency to determine the number of peaks for observing the WGD
events.

We selected single-copy gene families for alignment using MUSCLE (v3.8.31, http://
www.drive5.com/muscle/). To identify single-base differences, we used vcf2dis software
for each gene family, and the nucleic acid difference rate was calculated to be 0.010014.

Linking Hi-C data with RNA-seq data

To identify whether sub-compartment switching correlates with changes in expression
levels, we classified all 40-kb genomic bins into three groups based on changes in the
sub-compartment of pitaya pericarp tissues. To link the Hi-C data with the RNA-seq
data, we followed previous studies [41, 58] and approaches to explore the reorganization
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of chromatin domains (TADs) and loops are correlated with changes in expression lev-
els. We correlated this classification of TAD features and loops with changes in gene
expression profiles, including DEGs and fold changes. We conducted a ¢-test to compare
the two groups based on p value <0.05. If any gene group between yellow and red pitaya
showed a non-significant difference, we removed that one and contained only those that
showed a significant difference at a significance level <0.05.
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