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Abstract

Cultivated longan (Dimocarpus longan) has undergone extensive selection, resulting in reduced genetic
diversity and loss of ancestral alleles associated with important horticultural traits. The rare red-skinned
germplasms exhibit many valuable breeding traits that cultivated longans do not have, such as purple-
red peel pigmentation, high seed abortion rates, persistent flowering, and natural dwarfism. To dissect
the genetic basis of these characteristics, we generated the first telomere-to-telomere (T2T) haplotype-
resolved genome assemblies for a red-skinned accession (RP1901). The two haplotypes (RPhapA,
427.67 Mb; RPhapB, 427.98 Mb) are reference-grade, revealing an unexpectedly high divergence, with an
average nucleotide identity (ANI) of only 94.06% between haplotypes, substantially lower than that
among cultivated longans. Phylogenomic and synonymous substitution rate (Ks) analysis indicated that
the two RP haplotypes originated from deeply diverged Dimocarpus lineages that separated
approximately 8.9-10.6 million years ago (Mya), predating the divergence of major cultivated lineages.
Population genomic analyses of 91 accessions identified a distinct ancestral component specific to red-
skinned longan, which was nearly absent from Chinese cultivars but retained in Southeast Asian
germplasms, supporting an ancient hybrid ancestry involving divergent lineages maintained in mainland
Southeast Asia. Furthermore, haplotype-specific gene (HSG) and allele-specific expression (ASE)
analysis demonstrated functional specialization between the two haplotypes, with RPhapA preferentially
contributing to regulatory processes and RPhapB enriched for genes associated with secondary
metabolism and pigmentation. Together, our findings demonstrate that red-skinned longan represents a
hybrid diploid originating from two deeply divergent ancestral lineages, and highlight the roles of
admixture and haplotype specialization in shaping novel horticultural traits.

Significance Statement

We present the first telomere-to-telomere (T2T), haplotype-resolved genome for longan, revealing a
hybrid origin rooted in mainland Southeast Asia. The two haplotypes exhibit stark functional
specialization: one governs transcriptional regulation, while the other drives secondary metabolism and
pigmentation, revealing a complementary functional architecture in this tropical fruit crop.

Introduction

Longan (Dimocarpus longan Lour.) has been cultivated in southern China and mainland Southeast Asia
for approximately two thousand years. Over this period, cultivated forms have gradually accumulated
through the selection and vegetative propagation of superior individuals, resulting in several hundred
recognised cultivars today. These cultivars exhibit substantial variation in multiple horticultural traits,
including fruit size, sugar content, and maturation period, as well as differences in pericarp colour
ranging from yellow-brown to brown and greyish brown. However, unlike its close relatives lychee and
rambutan ', no longan cultivars display the striking red or pink pigmentation characteristic of these
Sapindaceae fruits.
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Red-skinned longan germplasms provide a rare and valuable opportunity to explore this colour
divergence. Their vivid purple-red peel results from anthocyanin accumulation dominated by cyanidin
and petunidin derivatives 234, Intriguingly, red-skinned accessions also exhibit a combination of
distinctive agronomic traits, including high seed abortion, persistent flowering, and natural dwarfism,
several of which are important targets for longan improvement. The exploitation of such agronomic
traits based on current longan cultivars, however, is constrained by the unusually narrow genetic base of
cultivated longan > 8. Most cultivars derive from a limited number of clonally propagated selections, and
the available variations within this pool for genetic improvement are correspondingly limited. The
conventional solution—introgression from more divergent germplasm—requires prior knowledge of
which germplasm is divergent and to what degree. For red-skinned longan, this relationship has never
been resolved. Horticultural literature has generally treated it as a colour variant of D. longan ’. However,
whether it represents a simple variant, a landrace, or material of more distant origin has never been
tested with genomic data. This distinction is not merely academic. Traits segregating as alleles within
the cultivated gene pool can be recovered through conventional crossing, whereas traits originating from
a lineage outside that pool require a different transfer strategy and entail different expectations of
linkage drag. Morphological assessment and pedigree records alone are insufficient to resolve this
question, especially when historical cultivation and introgression have blurred the boundaries between
these categories. Resolving which case applies necessitates a genome-level investigation.

Our preliminary sequencing of a red-skinned accession revealed an exceptionally high heterozygosity
rate (~ 4%), substantially exceeding the 0.36-0.88% reported for cultivated longan genomes °. Such
extensive heterozygosity presents a major challenge for genome reconstruction because conventional
consensus assemblies collapse divergent alleles and obscure haplotype-specific structural variation 8.
These unresolved regions may contain the very genomic signals required to determine whether red-
skinned longan represents a deeply differentiated lineage. The available longan references, including the
recent Shixia telomere-to-telomere assembly 9 are cultivar-derived and were not constructed to phase
haplotypes at this level of divergence. Therefore, a fully phased assembly is essential for resolving its
genomic architecture.

Generating phased genomes for perennial crops with unknown pedigrees remains challenging. In
conventional trio-based approaches, parental genomes provide direct haplotype assignment; however,
such information is unavailable for long-lived clonally propagated trees with undocumented breeding
histories. The red-skinned accession investigated here was introduced from Vietnam, and its parental
origin is unknown. Although Hi-C sequencing enables chromosome-scale haplotype separation, it does
not directly determine parental origin. Consequently, additional genomic strategies are required to
resolve haplotype relationships and investigate their evolutionary history.

High heterozygosity itself may provide insights into the evolutionary processes shaping perennial fruit
crops. In lychee (Litchi chinensis), another important Sapindaceae fruit tree, a haplotype-resolved
genome of the cultivar Feizixiao revealed two highly divergent haplotypes with 2.27% heterozygosity,
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reflecting contributions from independently domesticated early- and late-maturing germplasm '°.
Similarly, haplotype-specific structural variation has been shown to influence gene expression and
phenotypic divergence in other perennial species &. These findings suggest that divergent haplotypes
within a single diploid genome can preserve distinct evolutionary histories and contribute to trait
variation. However, the extent of haplotype divergence within a single cultivated perennial, and the
functional consequences of maintaining such divergent genomes in one nucleus, remains largely
unexplored.

To address these questions, we generated the first reference-quality, gap-free, haplotype-resolved T2T
genome assemblies of the red-skinned longan accession RP1901. Without parental information, we
phased the two haplotypes using an ANI-based anchoring strategy that exploits sequence divergence
between haplotypes to establish chromosome-level separation. By integrating comparative genomics,
population genomics, haplotype-specific gene analysis, and allele-specific expression analysis across 91
accessions, we uncovered two major features of red-skinned longan: a hybrid ancestry involving deeply
divergent Dimocarpus lineages and extensive functional specialization between haplotypes. Our results
redefine the genomic origin of this valuable germplasm and provide a foundation for understanding the
evolutionary mechanisms underlying pigmentation, reproductive development, and plant architecture in
longan and related Sapindaceae crops.

Results

Gap-free telomere-to-telomere haplotype-resolved assemblies of red-skinned longan

The red-skinned longan germplasm RP1901 (RP) exhibits several distinctive phenotypic characteristics
compared with cultivated longan varieties, including purple-red pigmentation in leaves and pericarp, high
seed abortion, persistent flowering, and natural dwarfism (Fig. 1a). To investigate the genomic basis
underlying these traits, we generated a high-quality reference genome assembly for this germplasm by
integrating PacBio HiFi, Oxford Nanopore, lllumina, and Hi-C sequencing. A total of 31.3 Gb HiFi reads (~
73x coverage), 40.8 Gb lllumina short reads (~ 95x), 14.5 Gb ultralong ONT reads (~ 34x), and 44.6 Gb
Hi-C data (~ 103x) were used in this study (Table S1). Survey analysis based on 21-mer profiling
estimated the genome size at ~ 431 Mb, with a heterozygosity rate of 4.04% and a repetitive content of
42.3% (Figure S1). This unusually high heterozygosity suggested extensive divergence between allelic
sequences and highlighted the necessity of a haplotype-resolved strategy.

The two haplotype assemblies showed high contiguity, with contig N50 values of 24.93 Mb for RPhapA
and 27.19 Mb for RPhapB. Hi-C scaffolding anchored the contigs into 15 pseudochromosomes for each
haplotype, and all remaining gaps (8 in RPhapA; 5 in RPhapB) were subsequently closed using corrected
Oxford Nanopore reads, resulting in final assemblies of 427.67 Mb (RPhapA) and 427.98 Mb (RPhapB).
Individual chromosome sizes ranged from 22.7 to 47.0 Mb (Table S2). Centromeric regions were
identified by integrating multiple genomic features, including low frequency unique 21-mer,
tandem-repeat (TR) enrichment, LTR accumulation, and gene density minima (Fig. 1b). Telomeric repeat
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motifs (AAACCCT/AGGGTTT) were detected at both ends of all chromosomes, confirming complete
chromosome reconstruction (Fig. 1c, Figure S2).

Table 1

Genome assembly, annotation and assessment.

[tems

Assembly

Annotation

Quality
assessment

Genomic feature

Total sequence length of contigs
(Mb)

Total number of contigs
Contig N50 (Mb)

Total sequence length of scaffolds
(Mb)

Total number of scaffolds
Scaffold N50 (Mb)
Number of gaps

Number of telomeres
Number of genes

Repeat content (%)

GC content (%)

Qv

K-mer Completeness (%)
BUSCO Completeness (%)

LAl score

RP
hapA
441.54

227
24.93
427.67

15
27.92
0

30
32080
43.42
33.84
55.80
99.36
98.5
21.42

hapB
437.57

113
27.19
427.98

15
27.19
0

30
32116
42.89
33.65
54.71
99.36
98.6
18.98

JDB

454.50

250
12.10
455.5

90
29.6
222

32062

41.70
43.90

98.1

SX

441.51

98
28.34
441.52

95
28.34
3

26
29325
54.96
33.90
68.1
99.97
98.0

21.2

Comprehensive evaluation validates the accuracy and completeness of the two haplotype assemblies

The quality of the two haplotype assemblies was evaluated using multiple complementary approaches.
At the read-alignment level, HiFi, ONT, Hi-C, and NGS reads were mapped onto the assemblies, showing
consistent coverage patterns across both haplotypes (Fig. 2a). The mapping rates reached 99.4%, 98.6%,
100%, and 91.1% for HiFi, ONT, lllumina, and Hi-C reads, respectively, with 100% of the assembly covered
by at least 1x depth for HiFi, ONT, and NGS reads, and 91% for Hi-C reads. The Hi-C interaction matrices
further displayed clear chromosomal interaction patterns for both haplotypes (Fig. 2b).

At the gene-space completeness level, BUSCO analysis recovered 98.5% (RPhapA) and 98.6% (RPhapB)
of complete orthologs, exceeding the completeness values reported for previously available longan
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genomes, including JDB and SX (Fig. 2c; Table 1).

Base-level accuracy was further assessed using Merqury k-mer analysis ''. The assembly achieved
99.36% k-mer completeness, with only 0.17% and 0.08% of k-mers absent from heterozygous and
homozygous peaks, respectively (Fig. 2d), indicating that nearly all genomic information present in the
lllumina short reads was faithfully captured. The consensus quality values (QV) were 55.80 for RPhapA
and 54.71 for RPhapB (55.22 for the combined assembly), corresponding to a nucleotide accuracy
greater than 99.999%.

The k-mer multiplicity spectrum exhibited the canonical diploid pattern, with clearly resolved
heterozygous and homozygous peaks at approximately 34x and 71x coverage, respectively (Fig. 2d).
Two-copy k-mers accounted for only 0.58% of the heterozygous peak, whereas one-copy k-mers
constituted merely 0.71% of the homozygous peak, suggesting minimal evidence of artificial duplication
or sequence collapse.

The accuracy of haplotype separation was further evaluated using haplotype-specific k-mer analysis
(Fig. 2e). RPhapA and RPhapB contained comparable numbers of haplotype-specific k-mers (1.748 x 108
vs. 1.779 x 108, ratio = 0.983), indicating balanced representation of the two haplotypes. Notably,
haplotype-specific k-mers were substantially more abundant than shared k-mers (3.53 x 108 vs. 1.40 x
108), consistent with the high genomic heterozygosity estimated by GenomeScope2.

The long-range continuity of the assemblies was further supported by LTR Assembly Index (LAIl) scores
of 21.4 for RPhapA and 19.0 for RPhapB. Together, these assessments demonstrate that the two RP
haplotype assemblies accurately capture chromosome structure, gene content, nucleotide sequence,
and haplotype-specific variation.

Functional annotation identified more than 32,000 protein-coding genes and over 1,300 non-coding RNA
genes in each haplotype assembly (Table S3 and S4). More than 91% of predicted genes were
functionally annotated. Repetitive sequences constituted approximately 42% of each haplotype genome,
among which long terminal repeats (LTRs) were predominant, accounting for about 29% (Figure S3).

Deeply diverged haplotypes reveal a hybrid ancestry

The RP genome exhibits an exceptionally high heterozygosity rate of 4.04%, far exceeding the 0.36—
0.88% range reported for cultivated longan genomes °. This extensive allelic divergence was reflected by
widespread sequence variation between the two haplotypes, including 12.35 million single-nucleotide
variants (SNVs), 5.86 million insertions/deletions (InDels), and 264,875 structural variants (SVs) (Fig. 1c,
Fig. 3a). The magnitude of divergence between RPhapA and RPhapB suggested that the two haplotypes
may have originated from genetically distinct ancestral lineages.

To determine the evolutionary relationship between RP and cultivated longan, we first compared
genome-wide average nucleotide identity (ANI) values among available longan genomes. Cultivated

Page 6/32



accessions JDB, SX, and HHZ showed high genome-wide similarity, with ANI values exceeding 98.3%. In
contrast, the ANI values between either RP haplotype and cultivated longan genomes averaged 94.37%
(Fig. 3b). Remarkably, the inter-haplotype ANI within RP (94.06%) was nearly identical to that between RP
and the cultivars (Table S5). These divergence levels exceed those typically observed among cultivated
longan accessions and are comparable to lineage-level divergence reported in other perennial crops &. By
comparison, intergeneric comparisons within Sapindaceae, including longan—Ilychee and lychee-
rambutan, showed substantially lower ANI values (< 90%) (Fig. 3b). Together, these comparisons place
the RP haplotypes at an intermediate evolutionary position between typical intraspecific variation and
deeper intergeneric divergence.

Genome synteny analysis revealed extensive 1:1 collinearity between RPhapA and RPhapB, as well as
between cultivated longan genomes JDB and SX, indicating that recent whole genome duplication has
not contributed substantially to genome evolution within the genus Dimocarpus (Fig. 3c; Table S6). In

contrast, comparisons with Citrus species showed prevalent 1:2 synteny relationships, consistent with
15

lineage-specific genome duplication events in the Rutaceae after its divergence from Sapindaceae '~.
The evolutionary divergence of RP haplotypes was further assessed using synonymous substitution rate
(Ks) analysis of syntenic orthologs (Table S7). The Ks peak between RPhapA and RPhapB (0.0235) was
higher than those observed between RPhapA and cultivated longan genomes JDB or SX, but
substantially lower than those between RPhapA and the more distant Sapindaceae plantslychee and
rambutan (Fig. 3d). This hierarchical pattern was consistent with the ANI-based comparisons and
supports the placement of the two RP haplotypes as deeply diverged but related genomic lineages. In
contrast, the similar paralogous Ks distributions between the two haplotypes (Fig. 3e) indicate that their
divergence is primarily restricted to orthologous regions rather than resulting from genome-wide
acceleration of sequence evolution.

Phylogenomic reconstruction based on 776 single copy orthologs further resolved the evolutionary
position of the RP haplotypes within the Dimocarpus lineage. Both RPhapA and RPhapB clustered within
the longan clade but represented early-diverging lineages relative to cultivated accessions. Molecular
dating estimated the divergence times of RPhapA and RPhapB lineages at approximately 8.9 and

10.6 million years ago (Mya), respectively, compared with approximately 3.7 Mya for the divergence
between JDB and SX (Fig. 3f).

While both RP haplotypes were positioned early in the phylogeny, they exhibited asymmetric
relationships with cultivated longan. This asymmetry was evident at the chromosome level, where
RPhapA consistently showed higher ANI with JDB and SX than RPhapB did (Figure S4), suggesting that
RPhapA has retained greater genomic affinity to the cultivated gene pool. To test whether this pattern is
a localized or genome-wide phenomenon, we calculated AANI across 200-kb windows. The results
supported a genome-wide trend: the median AANI (RPhapA - RPhapB) was +0.27 for JDB and + 0.28 for
SX, with 70.0% and 68.6% of windows, respectively, favouring RPhapA (Fig. 3g). Notably, the
approximately 30% of windows showing the opposite signal were non-randomly distributed, with a
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pronounced concentration in the distal ~ 10 Mb of chromosome 9, where AANI values were consistently
negative in both cultivar comparisons, suggesting recombinations between RPhapA and RPhapB
happened in the evolutionary history.

Together, these analyses indicate that RP contains two highly divergent haplotypes derived from distinct
ancestral lineages. RPhapA shows a consistently closer relationship to cultivated longan across the
genome, whereas RPhapB represents a more divergent ancestral contribution. The genome-wide and
spatially coherent nature of this asymmetry argues against a pattern driven solely by localized
introgression and instead supports broad retention of distinct haplotype ancestries. These features are
consistent with a hybrid ancestry involving divergent Dimocarpus lineages and provide a genomic
framework for understanding the unusual genetic composition of red-skinned longan.

Population genomics identifies a red-skinned-longan-associated ancestral lineage

To further investigate the evolutionary origin of red-skinned longan, we performed whole genome
resequencing of 91 longan accessions, including five red-skinned accessions (RP, RPD, RPL, RPM, RPT)
and 86 yellow-skinned cultivars from major longan-growing regions, with L. chinensis (FZX) as an
outgroup. All reads were mapped to the RPhapA T2T genome assembly to characterize population
relationships and ancestral components (Table S8; Figure S5).

ADMIXTURE analysis '° revealed similar support for K = 2 and K = 3 population models, with cross-
validation errors of 0.45754 and 0.45753, respectively (Figure S6). At K = 2, all five RP accessions were
almost exclusively assigned to a single genetic component (Q1 = 100%), which was largely absent from
Chinese cultivars (2.6%) but retained at substantial levels in the Vietnamese accession YNSJ (62.7%)
and the Thai accessions (23.7%) (Fig. 4a). At K = 3, an additional component further differentiated
Chinese cultivars into Fujian- and Guangdong-associated genetic groups, whereas red-skinned
accessions remained dominated by Q1 with negligible contributions from these cultivated components.
These results indicate that red-skinned longan retains a distinct ancestral genetic component that is rare
or absent in modern Chinese cultivars.

Principal component analysis (PCA) further supported the distinct genetic position of red-skinned
accessions. PC1 explained 6.84% of the total genetic variation and separated all RP accessions from
cultivated longan populations (Fig. 4b). Vietnamese and Thai accessions occupied intermediate
positions between RP and Chinese cultivars, suggesting partial genetic affinity between Southeast Asian
germplasm and the red-skinned lineage. A maximum-likelihood phylogenetic analysis rooted with L.
chinensis placed all five RP accessions as a strongly supported monophyletic clade at the base of the
longan ingroup, with markedly shorter branch lengths (0.27) than those of Vietnam (0.85), Thailand
(1.35), or Chinese cultivars (1.66) (Figure S7). Genome-wide Fg¢; calculations in 100-kb sliding windows

showed that the genetic differentiation between RP and Chinese cultivars was higher than that observed
for Vietnam—China and Thailand—China comparisons (Fig. 4c).
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To further evaluate potential admixture relationships and identify populations sharing genetic affinity
with RP, we performed f3-, f4-, and D-statistics using ADMIXTOOLS 7. Both f4- and D-statistics revealed
significant excess sharing of derived alleles between RP and Vietnamese accessions relative to Chinese
cultivars, whereas Thai accessions did not show significant deviation from the expected tree topology
(Fig. 4d; Tables S9). The f3-statistics were positive for all tested combinations (Z = 57.3-141.0; Table
S10), but these values were not informative for detecting admixture because the putative parental
lineages were not represented in the sampled populations. Together, these allele-sharing analyses
suggest a closer genetic relationship between RP and Viethamese germplasm than between RP and
Chinese cultivated populations.

TreeMix analysis '8 further supported historical gene-flow relationships among longan populations. The
optimal model containing two migration edges (selected based on the likelihood elbow criterion) inferred
gene-flow signals from Chinese cultivars toward the Vietnam + Thailand lineage and specifically toward
Thai populations (Fig. 4e). When three migration edges were considered, an additional edge connecting
RP-related ancestry and Vietnam was inferred, with a migration weight of 14.7%. This pattern was
consistent with the ADMIXTURE result showing substantial representation of the red-skinned-associated
component in YNSJ and with the allele-sharing patterns detected by f4 and D statistics.

Collectively, population structure, phylogenetic relationships, and formal allele-sharing analyses identify
red-skinned longan as a genetically distinct lineage that retains ancestral variation largely absent from
modern Chinese cultivars. The close relationship between RP and Vietnamese germplasm provides
population-level support for the involvement of mainland Southeast Asian lineages in the evolutionary
history of red-skinned longan.

Functional specialization between haplotypes contributes to regulatory and pigmentation-related
pathways

Given the deep evolutionary divergence between the two RP haplotypes, we investigated whether the two
haplotypes exhibit complementary functional signatures. Haplotype-specific gene (HSG) analysis
identified 5,549 genes unique to RPhapA and 5,483 genes unique to RPhapB (Table S11). Functional
enrichment analysis revealed distinct patterns between the two haplotypes. RPhapA HSGs were
enriched in processes associated with transposable element regulation, DNA integration, RNA-directed
DNA polymerase activity, heme A metabolism, nicotinamide metabolism, and cytokinin biosynthesis

(Fig. 5a, Table S12). KEGG enrichment further highlighted regulatory processes, including pathways
associated with basal transcriptional regulation (Fig. 5b).

In contrast, RPhapB HSGs showed enrichment for functions related to UV-responsive pigment
accumulation, floral organ identity maintenance, and flavonoid, isoflavonoid, and other secondary-
metabolism pathways at the KEGG level (Fig. 5b). These contrasting enrichment patterns indicate that
the two RP haplotypes have accumulated complementary functional repertoires, with RPhapA showing
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stronger representation of regulatory-associated genes and RPhapB contributing more genes associated
with secondary metabolism and pigmentation-related processes.

To further investigate whether the two haplotypes exhibit transcriptional asymmetry, we performed
allele-specific expression (ASE) analysis using developing RP pericarp tissues. The number of ASE genes
was comparable between RPhapA-dominant and RPhapB-dominant categories at S1 (1,889 versus
1,936) and S2 (1,888 versus 1,966), but declined sharply at S3 (1,113 and 1,114 genes, respectively;
Figure S8). Functional enrichment of ASE genes revealed developmental stage- and haplotype-specific
expression patterns (Fig. 5¢), with RPhapB-dominant genes at S3 enriched for RNA stabilization, double-
strand break repair, and protein depalmitoylation, consistent with post-transcriptional remodelling during
fruit maturation.

To determine whether ASE patterns were associated with differences in protein-coding evolution, we
compared Ka/Ks ratios between ASE and non-ASE genes. Both RPhapA-dominant and RPhapB-dominant
genes exhibited significantly lower Ka/Ks ratios than non-ASE genes (Table S13), together with a higher
proportion of gene pairs under purifying selection (Fig. 5d; Table S13). The similar Ka/Ks distributions
between the two ASE categories suggest that the observed expression asymmetry is unlikely to be
driven by extensive divergence in protein-coding sequences, but instead may primarily reflect cis-
regulatory differences between haplotypes.

Together, these analyses demonstrate that the two RP haplotypes have undergone divergent
evolutionary trajectories, resulting in complementary functional differentiation at both gene-content and
transcriptional levels. Such haplotype-specific functional biases may contribute to the unique
combination of pigmentation, developmental, and architectural traits observed in red-skinned longan.

Discussion

Exceptional haplotype divergence within a diploid longan
genome

The defining feature of the RP genome is not simply its elevated heterozygosity, but the evolutionary
history encoded within this variation. At 4.04%, RP exhibits four to ten times higher heterozygosity than
cultivated longan genomes (0.36-0.88%) > ° 12 and nearly twice that reported for the lychee cultivar
Feizixiao (2.27%), previously considered one of the most heterozygous Sapindaceae genomes

assembled 9. This level of heterozygosity also exceeds that reported for the pear hybrids 'Yuluxiang' and
'Hongxiangsu' (1.6—2.0%) '° and citrus species (1.5-2.2%) 2°. However, in these previously characterised
cases, divergent haplotypes originated from cultivars or landraces within the same crop lineage. In
contrast, the two RP haplotypes trace to lineages that diverged during the late Miocene, with estimated
separation times of 8.9 Mya for RPhapA and 10.6 Mya for RPhapB, substantially predating the

divergence between cultivated JDB and SX (~ 3.7 Mya).
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Thus, the high heterozygosity of RP does not primarily represent variation accumulated during crop
diversification, but rather reflects the coexistence of two deeply divergent evolutionary histories within a
single diploid genome. The sequence divergence between these haplotypes supports this interpretation.
The inter-haplotype ANI is 94.06%, compared with values exceeding 98.3% among cultivated genomes
JDB, SX, and HHZ. Moreover, ANI between RP haplotypes and cultivated longan (94.37%) is comparable
to the divergence between the two RP haplotypes themselves, indicating that neither haplotype
corresponds simply to a typical cultivated genome.

Chromosome-scale ANI comparisons revealed that RPhapA is consistently closer to cultivated longan
than RPhapB, allowing haplotype orientation relative to the cultivated lineage (Fig. 3g, Figure S4).
However, this relationship represents only a minor asymmetry superimposed on a much deeper
divergence. Both haplotypes retain evolutionary histories distinct from the modern cultivated gene pool.

These observations have important implications for interpreting diploid plant genomes. When
haplotypes are separated by recent variation, they can generally be considered alternative allelic states
of the same gene repertoire. In RP, however, the depth of divergence suggests that the two haplotypes
have accumulated substantial differences in gene content and regulation, raising the possibility that a
single diploid individual can preserve complementary genetic functions inherited from divergent
ancestral lineages.

Although the divergence between RP haplotypes approaches levels reported among some plant lineages
(Shi et al., 2024), we caution against interpreting this value as evidence for species-level separation. The

95-96% ANI threshold commonly used for prokaryotic species delimitation 2! was developed for clonally
reproducing microorganisms and is not applicable to comparisons between haplotypes within a sexually
reproducing diploid plant. Determining the taxonomic significance of this divergence will require broader

sampling of wild Dimocarpus populations.

Hybrid ancestry of the red-skinned lineage

The presence of two highly divergent haplotypes within a single diploid genome raises questions about
their evolutionary origin. Three scenarios could explain this pattern: hybridization between long-
separated lineages, ancient introgression involving divergent genomic backgrounds, or retention of
ancestral polymorphism through incomplete lineage sorting.

Our data are most consistent with an ancient admixture history involving divergent lineages. Under
localized introgression, ancestry tracts are broken up by recombination, producing interdigitated blocks
of comparable extent favouring each haplotype; under lineage-level mixing, the asymmetry remains
uniform along the chromosomes for as long as recombination has not dispersed the parental
contributions. The observed pattern is unambiguously the latter: concordant segments favouring
RPhapA span 100.2 Mb across 89 runs, against only 8.8 Mb across 12 runs for the reverse, with the
longest run reaching 5.2 Mb (Fig. 3g). The two haplotypes are therefore retained as largely intact
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parental chromosome sets rather than as recombined mosaics. Population-level data are consistent
with this reading: a red-skinned-longan-associated ancestral component was predominant in all red-
skinned accessions but nearly absent from Chinese cultivars, while being retained at intermediate
frequencies in Viethnamese and Thai germplasm, and f4- and D-statistics detected stronger affinity
between RP and Vietnamese accessions than between RP and Chinese cultivars. Retention of ancestral
polymorphism cannot be completely excluded, and would produce the same genome-wide pattern if the
ancestral population had been strongly structured, but the intact organization of the chromosome sets
argues against ancient introgression as the source of the divergence.

These observations bear on two distinct timescales. The parental lineages themselves separated in the
late Miocene and evolved independently for millions of years thereafter, a period during which the traits
now carried by red-skinned longan may have been shaped. Their combination within a single genome, by
contrast, has not been followed by sufficient recombination to disperse the parental chromosome sets.
In a long-lived perennial with a juvenile phase of six to eight years and a high rate of seed abortion,
opportunities for recombination are correspondingly infrequent, so the intact organization of the
haplotypes constrains the number of intervening generations rather than the absolute age of the
combination.

We therefore characterize this as hybrid ancestry rather than homoploid hybrid speciation. The formal
criteria for the latter require genetic admixture from two parental lineages, reproductive isolation
between the hybrid lineage and both parents, and evidence that the isolation arose directly from
hybridization 2% 23, We satisfy the first criterion but have not tested the others. This distinction is not
pedantic: homoploid hybrid speciation is considered rare precisely because it lacks the immediate
reproductive isolation conferred by polyploidy 24, and genomic admixture alone, while necessary, is not
sufficient to establish it.

A more tractable question is whether this represents a recurring hybrid or an established lineage. RPD
and RPL are independent field collections that differ from RP in leaf morphology, fruit morphology and
pericarp colour (Figure S9); yet both carry the same ancestral component—a configuration that a
repeatedly re-formed F; would not be expected to produce across morphologically differentiated
genotypes. The material reproduces sexually, and the morphological differences among independent
collections indicate segregation rather than clonal identity.

Its high rate of seed abortion nonetheless complicates this interpretation. Reduced fertility is
characteristic of divergent hybrids—across more than 2,000 documented crosses, F, hybrids average

0.393 pollen fertility at the genus level, compared with 0.82 for non-hybrid species ?*—but established
homoploid hybrid lineages typically show fertility restored to near-parental levels, as lineages that fail to
recover it are unlikely to persist. Red-skinned longan has evidently not followed that path, and two
features of the system may explain why. Longevity can substitute for fecundity in a perennial tree, where
an individual may persist for decades on infrequent successful reproduction; vegetative propagation
removes the constraint altogether once the material enters cultivation. Meiotic chromosome spreads
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and pollen viability assessment in RP, benchmarked against a cultivar control, would distinguish these
possibilities and test whether pairing is indeed impaired at this level of divergence.

The timing places the underlying lineage split in a documented biogeographic context. A genomic
analysis of 60 citrus accessions concluded that the genus diversified during the late Miocene through a
rapid Southeast Asian radiation, correlated with a marked weakening of the monsoons 2°. Our estimates
of 8.9 and 10.6 Mya fall within the same temporal window and the same region, raising the possibility
that the divergence recorded in the RP genome was part of a broader late Miocene diversification of the
Southeast Asian woody flora, rather than an isolated event. Testing this—and identifying the parental
lineages themselves—will require sequencing wild Dimocarpus taxa, including D. longan subsp.
malesianus, D. longan var. obtusus and D. confinis, together with broader sampling across mainland
Southeast Asia.

A cross-haplotype regulatory architecture

The divergent evolutionary histories of RP haplotypes provide a potential genomic basis for a key
horticultural target trait: pigmentation. Haplotype-specific gene analysis revealed complementary
functional enrichment patterns between RPhapA and RPhapB. Flavonoid biosynthesis and pigmentation-
related genes are preferentially enriched on RPhapB, whereas RPhapA-specific genes are biased toward
transcriptional regulation. This complementary distribution of functional repertoires suggests that the
two haplotypes contribute different biological capacities within the same diploid genome.

Similar haplotype-specific regulatory patterns have been increasingly recognized in heterozygous
perennial crops. Haplotype-resolved analyses in hybrid poplar demonstrated that sequence divergence
and transposable element occupancy contribute to allele-specific expression patterns 8. In citrus,
haplotype-resolved chromatin landscape analysis revealed that structural variants in promoter regions,
particularly transposon insertions, are associated with allele-specific expression, with approximately 30%
of variation in ASE attributable to haplotype-associated factors 2°. In blood oranges, a Copia-like
retrotransposon insertion upstream of the Ruby gene introduces cis-regulatory modules that confer cold-
responsive anthocyanin accumulation 2%, demonstrating how structural variation at a single locus can
generate a novel trait phenotype. These findings collectively suggest that transposon-mediated cis-
regulatory divergence may represent a general mechanism underlying trait variation in heterozygous
perennial crops.

ASE analysis in RP further demonstrated extensive transcriptional asymmetry between haplotypes
during pericarp development. However, the comparable Ka/Ks distributions between RPhapA-dominant
and RPhapB-dominant genes suggest that these expression differences are unlikely to result from
widespread protein-coding divergence, but instead are more consistent with regulatory variation between
haplotypes. The coexistence of regulatory-associated genes on one haplotype and pigmentation-related
genes on the other suggests a potential inter-haplotype functional complementation pattern that
extends beyond simple allelic dominance.

Page 13/32



More broadly, cross-haplotype regulation may represent an underappreciated mechanism by which
heterozygous horticultural crops, particularly those of hybrid or introgression origin, maintain trait
expression across generations of vegetative propagation. This is consistent with the observation that in
clonally propagated polyploids such as potato, strawberry, and banana, the maintenance of
heterozygosity is critical for agronomic performance, and cis-regulatory variation is increasingly
recognized as a major contributor to phenotypic diversity 2’. In the context of heterosis, allele-specific
expression arising from cis-regulatory divergence has been proposed to enable functional
complementation between haplotypes, where a beneficial allele from one parent compensates for a less
active or deleterious allele from the other parent 2. The configuration we observe, regulatory capacity
enriched on one haplotype and biosynthetic capacity, represents an inter-haplotype complementation
mechanism that extends beyond classical dominance models. Whether such cross-haplotype regulation
contributes more generally to hybrid vigour in fruit crops remains an open question, but the T2T
haplotype-resolved reference now makes such experiments technically feasible.

Implications for longan improvement and future directions

The genomic architecture revealed here has important implications for longan improvement. Red-
skinned longan represents a source of genetic variation that is largely absent from the currently
characterised cultivated gene pool. The ancestral component associated with this lineage was nearly
absent from the Chinese cultivars examined, suggesting that the distinctive traits maintained in red-
skinned germplasm, including red pericarp pigmentation, reduced plant stature, and altered flowering
behaviour, may not be readily recovered through selection within existing elite germplasm. Instead, their
utilization will likely require targeted introgression strategies and careful management of linkage drag
associated with transferring variation from deeply divergent lineages.

The haplotype-resolved genome provides a framework for guiding such efforts. The asymmetric
distribution of regulatory and metabolic functions between haplotypes may influence how specific traits
are inherited and expressed during breeding. Furthermore, Southeast Asian germplasm retaining related
ancestral components may represent valuable intermediate resources for broadening the genetic base
of cultivated longan. Given that red-skinned lineages remain poorly characterised, expanding genomic
surveys across mainland Southeast Asia will be important for identifying related diversity and informing
conservation strategies.

Several limitations should be considered. First, population analyses were performed using a red-skinned
reference, and although we repeated the workflow against cultivar assemblies, potential mapping bias
cannot be completely excluded in highly divergent genomic regions. Second, the current population
panel includes limited representation from Southeast Asian germplasm, with only one Vietnamese and
three Thai accessions available, preventing precise inference of the geographic origin of the red-skinned
lineage. Third, because parental genomes have not been identified, the inference of ancient hybrid
ancestry is based on genome-wide divergence patterns and population genetic evidence rather than
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direct comparison with candidate parental lineages. Finally, although the present study reveals genomic
features associated with pigmentation and other distinctive traits, functional validation of the underlying
causal variants will be required to establish their molecular mechanisms.

Materials and Methods

Plant materials and sample collection

The longan accessions used in this study were maintained at the National Germplasm Repository for
Tropical Fruit Trees in Zhanjiang, Guangdong Province, China (21°09'52"-21°11'01" N, 110°16'24"-
110°16'39" E). Young leaves were collected for genomic DNA extraction using the
cetyltrimethylammonium bromide (CTAB) method. For RNA-seq, pericarp tissues were collected from
red-skinned longan RP1901 (RP) at three developmental stages (10, 45, and 90 days after flowering,
DAF), with three biological replicates per stage. Total RNA was extracted using the HiPure HP Plant RNA
Kit (Magen, R4165, China).

Sequencing and library construction

PacBio HiFi libraries with an average insert size of approximately 15 kb were prepared using the
SMRTbell Prep Kit 3.0 (102-182-700, PacBio, USA) and sequenced on the PacBio Revio platform. Oxford
Nanopore (ONT) libraries were constructed using the Ligation Sequencing Kit 1D (SQK-LSK109, ONT, UK)
and sequenced on the PromethlON 48 platform. Hi-C libraries, whole-genome sequencing libraries and
RNA-seq libraries were prepared following standard protocols and sequenced on the lllumina NovaSeq
6000 platform with 150-bp paired-end reads.

Genome assembly and quality assessment

Genome characteristics were first estimated using a k-mer (k = 21) frequency analysis performed with
Jellyfish (v2.3.0) 2° on 40 Gb of high-quality Illumina reads. The resulting k-mer distribution was analysed
using GenomeScope?2 (v2.0) 30 {0 estimate genome size, heterozygosity, and repeat content.

Haplotype-resolved genome assemblies were generated using hifiasm (v0.19.9) 3" with PacBio HiFi and
Hi-C data. Hi-C reads were processed using HiC-Pro (v3.1.0) 32 to obtain valid read pairs, and contigs

were anchored and ordered into chromosome-scale scaffolds using YaHS (v1.2) 33 based on Hi-C
contact-frequency matrices. Remaining gaps were filled using corrected Oxford Nanopore reads with

TGS-GapCloser (v1.2.1) 34. Hi-C interaction matrices were generated using HapHiC (v1.0.6) 3°.

Assembly completeness was evaluated using BUSCO v5.7.1 with the embryophyta_odb10 database 3°.
Consensus quality value (QV) and k-mer completeness were estimated using Merqury '! by comparing
the assembled genome to the Illumina read k-mer set. The assembly quality of long terminal repeat (LTR)
retrotransposons was assessed by calculating the LTR Assembly Index (LAI) using the LTR_retriever
(v2.9.0) package *’.
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Genome annotation and repeat sequence identification

Structural gene annotation was conducted using a comprehensive strategy integrating homology-based,
ab initio, and transcriptome-based predictions. For homology-based prediction, protein sequences from
JDB longan, SX longan, lychee, rambutan, yellowhorn, soapberry, and Arabidopsis thaliana were aligned to
the red-skinned longan genome to identify conserved gene structures. Ab initio gene prediction was
performed using Augustus (v3.4.0) 38, Genscan (v1.0) 3%, and GlimmerHMM (v3.0.4) %%, which infer gene
models from intrinsic sequence features. Transcriptome evidence from RNA-seq data was incorporated

to support and refine gene models. Outputs from all three approaches were merged using the MAKER

41 non-redundant gene set. Functional annotation was

pipeline (v3.1.4) to generate a high-confidence
performed by aligning predicted proteins to multiple public databases, including SwissProt, TrEMBL,

KEGG, InterPro, Gene Ontology (GO), and NCBI's non-redundant (NR) protein database.

Non-coding RNA (ncRNA) was also annotated. Transfer RNA (tRNA) genes were identified using
tRNAscan-SE (v2.0.12) #?, and ribosomal RNA (rRNA) genes were annotated using Barrnap (v0.9).
MicroRNA (miRNA) and small nuclear RNA (snRNA) genes were predicted using INFERNAL (v1.1.5) 43
with covariance models from the Rfam database. Transposable elements (TEs) were identified using the
EDTA (v2.2.1) pipeline #* with default parameters, which integrates multiple tools to classify and
annotate both class | (retrotransposons) and class Il (DNA transposons) elements in plant genomes.

Telomere detection and centromere localisation

Telomeric repeats were detected using TeloExplorer from the quarTeT toolkit 4> with parameters (-c plant
-m 50). Missing telomeres were complemented using Teloclip v0.3.4. Centromeric regions were
predicted using multiple complementary approaches. First, unique 21-mer distributions across each
chromosome were analysed with GenomeTools v1.6.5 “®; unique k-mer counts were calculated in non-
overlapping 100-kb windows, and regions with markedly reduced unique k-mer density were considered
potential centromeric regions. Tandem repeats were identified using Tandem Repeats Finder (TRF)
v4.09.1 47 with the parameters 2 7 7 80 10 50 600 -f -d -m. Repeats 30 to 600 bp in length were extracted,
clustered using Centromics based on pairwise similarity, and the cluster with the highest genomic

abundance was designated as the putative centromeric repeat type.

The CentroMiner module from the quarTeT toolkit was used to integrate TR-enriched regions with the TE
annotation from EDTA. Final centromere positions were determined by integrating multiple lines of
evidence, including unique k-mer distribution, TR clustering, repeat monomer enrichment, LTR content,

and gene density across both RPhapA and RPhapB assemblies. Circos v0.69-9 8 was used to visualise
the distribution patterns of unique k-mers, TR clusters, repeat monomers, LTRs, and gene density.

Haplotype comparison and identification of variant sites
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Whole-genome alignments between RPhapA and RPhapB were performed using Minimap2 (v2.28-r1209)
49_structural rearrangements, including inversions, translocations, and duplications, were identified with
SyRI (v1.7.0) °C. Plotsr (v1.1.1) ®" was used to visualise genome-wide structural differences.

Genome-wide and sliding-window ANI analysis

Pairwise genome alignments were performed using MUMmer (v4.0.1) 52 and ANI values between
homologous chromosome pairs were calculated using dnadiff in MUMmer. For sliding-window
comparison, each haplotype was aligned separately to JDB and SX with Minimap2 (v2.28-r1209; asm10
preset, -secondary = no) *°; block identity was taken from the gap-compressed de:f tag, blocks shorter
than 200 bp were discarded, and identities were assigned to 200-kb windows weighted by overlap length.
Homologous windows between haplotypes were defined from SyRI syntenic and inverted regions (= 70%
mapped). AANI was calculated as RPhapA minus RPhapB identity against the same reference. Windows
required = 50% alignment coverage for both haplotypes and a coverage ratio over 0.70, ensuring that
AANI could not arise from asymmetric alignment completeness between the two assemblies.

Comparative genomics and phylogenomic analysis

For comparative genomic analyses, we selected 11 representative plant species spanning major
angiosperm lineages, including Arabidopsis thaliana (A. thaliana), Carica papaya (C. papaya), Theobroma
cacao (T. cacao), Citrus sinensis (C. sinensis), Xanthoceras sorbifolium (X. sorbifolium), Nephelium
lappaceum (N. lappaceum), Litchi chinensis (L. chinensis), Dimocarpus longan (D. longan), Malus
domestica (M. domestica), Vitis vinifera (V. vinifera), and Solanum lycopersicum (S. lycopersicum). In
addition, multiple Sapindaceae genome assemblies were incorporated to provide a more comprehensive

59

evolutionary framework, including two longan genomes * 2, one lychee genome '°, and one rambutan

genome °3. Genome assemblies and GFF3 annotation files were downloaded from NCBI.

Redundant gene features were removed using JCVI (v1.5.6) 4. Protein-coding sequences and CDS were
extracted from GFF3 files using gffread (v0.12.7) °°. Gene-family clustering and identification of single
copy orthologs were performed with OrthoFinder (v2.5.5) %6. Protein-coding sequences of single copy
orthologs were concatenated in a consistent order and aligned using MAFFT (v7.505) °/. Paralogous and
orthologous gene pairs were identified using the collinearity module in WGDI (v0.74) %8, and Ka and Ks
substitution rates were calculated with the Ks module using CDS and protein sequences. The Ks_YNOO
values were used to visualise duplication events, and the results were plotted using ggplot2 in R.

For phylogenomic analysis, coding DNA sequences of single copy genes were combined in a consistent
order and aligned using MAFFT. A total of 776 single copy genes and 961,373 aligned sites were used.
Substitution model selection was performed with ModelFinder %9 and a GTR + F+I+R5 model was

selected for further analysis. The phylogenetic tree was inferred under maximum likelihood in IQ-TREE 2
60 rooted with S. lycopersicum, and used for molecular clock analysis. Molecular clock analysis was

performed using a Bayesian Markov chain Monte Carlo (MCMC) approach in BEAST 2.7.8 ®1, with four
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fossil calibration points. The GTR model with site heterogeneity (G + 1) 62 was used for nucleotide

|63

substitution evaluation, with a Bayesian Skyline coalescent model °° and a relaxed molecular clock. The

MCMC process was accelerated using the BEAGLE library 4, run for 10 billion states, sampled every
5,000 states. The resulting phylogenetic tree was visualised using MEGA (v12) (Kumar et al., 2024).

Population resequencing and variant calling

A panel of 91 longan accessions, comprising five red-skinned longan lineage accessions (RP, RPD, RPL,
RPM, RPT), one Vietnamese accession (YNSJ), three Thai accessions (YD, PT, SZP), and 82 Chinese
cultivars, was used for population genomic analyses, with L. chinensis accession FZX as outgroup.
Resequencing data for the five red-skinned lineage longan accessions were newly generated in this
study; data for the remaining 86 longan accessions and the L. chinensis outgroup were obtained from
public databases (PRJCA005305 and PRINA747875).

Clean reads from 91 longan accessions and the FZX outgroup were aligned to the RPhapA T2T genome
using BWA-MEM (v2.2.1) 85, sorted and deduplicated with SAMtools ¢ and GATK MarkDuplicates 7.
SNPs were jointly called across all accessions using GATK HaplotypeCaller followed by GenotypeGVCFs,
and filtered by bcftools (v1.21) (variants with QUAL < 30 or DP < 10 were removed), retaining bi-allelic
SNPs with missing rate < 10% and minor allele frequency = 0.05 for downstream analyses. SNPs were
LD-pruned by PLINK (v2.0.0) 8 with —-indep-pairwise 50 10 0.1. Population structure was inferred with
ADMIXTURE "¢ for K values ranging from 2 to 10 with default ADMIXTURE parameter. Genome-wide Fgr
was computed in 100-kb sliding windows. f3-, f4-, and D-statistics were computed using ADMIXTOOLS
17 and TreeMix '8 analyses were performed with migration edge numbers ranging from 0 to 3.

Principal component analysis (PCA) was performed using smartpca in EIGENSOFT (v7.2.1) ®°, and the
first two principal components were visualised in R with ggplot2. For phylogenetic reconstruction of the
92 accessions (91 longan + FZX), a maximume-likelihood tree was constructed from concatenated
genome-wide SNPs using IQ-TREE (v2.1.4) with the MFP + ASC model and 1,000 ultrafast bootstrap
replicates; the tree was visualised using MEGA (v12) 7°. Genome-wide population differentiation was
quantified by computing weighted Fgy in non-overlapping 100-kb sliding windows for all pairwise

population comparisons using VCFtools (v0.1.16) /.

Haplotype-specific gene identification and functional enrichment

The allelic gene pairs between haplotypes were identified referring to a previous method used in pear /2.

Haplotype-specific genes (HSGs) were defined as genes annotated in one haplotype assembly (RPhapA
or RPhapB) that lacked a corresponding allele on the other haplotype. Pairwise syntenic blocks between
RPhapA and RPhapB were first constructed using JCVI MCscan °* and 1:1 orthologous gene pairs were

extracted, after which non-syntenic genes were aligned to the opposite haplotype assembly using GMAP
v2025-07-30 73 with a cDNA-mapping criterion (> 50% reciprocal coordinate overlap, > 80% sequence

identity, > 80% query coverage). Genes lacking a supported counterpart by either criterion were classified
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as HSGs. GO and KEGG enrichment analyses were performed using the clusterProfiler R package
(v4.10.0) 74 with a hypergeometric test and Benjamini—Hochberg multiple-testing correction (Padj < 0.05);

terms with adjusted P < 0.05 were considered significantly enriched.
Allele-specific expression analysis

Clean RNA-seq reads from RP pericarp at three developmental stages (S1, S2, S3) were mapped to a
combined diploid reference (RPhapA + RPhapB) using STAR (v2.7) 7, with —-outFilterMultimapNmax 1 to
retain only uniquely mapped reads. The resulting alignments were split into haplotype-specific BAM files
based on chromosome assignment using SAMtools. Read counts for each 1:1 RPhapA—RPhapB
orthologous gene pair (defined above) were then quantified separately on each haplotype using
featureCounts (v2.1.1) 7® at the mRNA level. ASE was tested using DESeq2 77 with biological replicates
treated as paired samples and haplotype identity as the comparison factor. Genes were classified as
showing significant ASE when the Benjamini—Hochberg-adjusted P-value was < 0.05 and the absolute
log2 fold change between RPhapA and RPhapB exceeded 0.5. Positive and negative log2 fold-change
values were classified as RPhapA-dominant and RPhapB-dominant expression, respectively. Pairwise Ka
and Ks substitution rates were calculated for all 1:1 RPhapA—RPhapB orthologous gene pairs using the -
ks module of WGDI (v0.74) 8 with the YN model. Ka/Ks distributions across ASE categories were
compared using two-sided Wilcoxon rank-sum tests in R.
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Figure 1

Complete red-skinned longan reference-grade genome T2T-RP. (a) Agronomic traits of high breeding
value. (b) Chromosomal characterization by k-mer and gene densities, repeat distribution, and
centromere and telomere prediction. (¢) Pairwise comparison of homologous chromosomes.

Page 26/32



a chrlA chr2A chr3A chr4A chr5A chr6A chr7A chr8A chr9A chrl0A cllrIlA chri2A  chr13A  chr14A chri5A
10

Ll i I bl Y TN : A sl | HiFi

g "’”“"‘ “"'PWHW‘T’"W”‘ ""”{TW"”*{"W‘“‘"‘"‘" Vi e ""ﬁ‘hm“*"""‘"""‘ “"T‘"h‘ "‘"‘"“'""T"Y‘“’"‘“"'j "*"""""“‘"*"""1‘ Hi-C

T b | . L | w NGS

§' e |- l b ,J,“",‘J - J VRS SO P B ‘L i ! st Ml ONT
-§ o~ chrlB chr2B chr3B chr4B chr5B chr6B chr7B chr8B chr9B  chr10B chr11B c¢hr12B c¢hr13B chr14B chrl15B

K] o La L ‘ L O PR | e i L L ) i

8wWMWWMqM—«WWnW t-""r"r‘l wr‘n"‘*‘“"'m s Hi-C
’6('¢_.nuL_.;...._lrulh_._l.._.J " . ! 2l el nl lJL:l lJl I il.. MMLL.L_LL.‘_MJ_NG

e 1la L - g TN . [1 o] b des L L
b RPhapA Hi-C contact map (bin size: 200 Kb) RPhapB Hi-C contact map (bin size: 200 Kb)
chrlSA 4 chr15B
chrl4A 4 chrl14B
chri3A chrl3B A
chri2A 0.007 chrl2B 0.007
chrllA 0.006 chrl1B
chr10A T chrloBA 0.006
chr9A 0.005 2 chr9B 1 0.005 2
et chr8B - =
ehrsA 1 0.004 0004 2
chr7A 4 = chr7B A =
chr6A - 0.003 S chréB - 0.003 g
chrSA | 0002 §  chrsB1 0002 £
chrdA chr4B -
0.001 0.001
chr3A 4 chr3B A
chr2A 4 0.000 chr2B 0.000
chrlA 4 chrlB A
0 50 100 150 200 250 300 350 400 Mb 0 50 100 150 200 250 300 350 400 Mb
c . . o d e —
¥ Single—copy (S) MDuplicated (D)~ Fragmented (F) Il Missing (M) “In | 2n "In | 2n
L(34x) (T1%) Copy number 1(34x) 1(T1x) Assembly
. read-only 15 | read-only
154 | 1 - 1 shared
RPhapA ! 2 ' Kll’alr-;pf\-onl.\-
[ 3 o | RPhapB-only
o i 4 = i
— . 4 — !
X | x i
RPhapB = =
=
5 5
3 3
E S
DB g 2
S: ~
SX
I T T T T b -
0 20 40 60 80 100 50 100 150 50 100 150 200
BUSCO assessment results (%BUSCOs) k-mer multiplicity k-mer multiplicity
Figure 2

Quality assessments of the T2T-RP genome using multi-layered approaches. (a) Sequencing depth along
the 15 chromosomes of haplotype RPhapA and haplotype RPhapB, calculated in 200-kb non-overlapping
windows for PacBio HiFi (red), Hi-C (blue), lllumina short reads (NGS, green) and ONT (purple) data.
Arrows indicate windows whose depth exceeds the plotted axis range. (b) Genome-wide Hi-C contact
maps of haplotype RPhapA and haplotype RPhapB at 200-kb resolution, coloured by KR-normalised
contact frequency. (c) BUSCO completeness of the two haplotypes and of two previously published
longan genomes (JDB and SX) used for comparison. (d) Merqury copy-number spectrum. Dashed lines
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mark the 1n and 2n coverage peaks. (e) Merqury assembly spectrum. Dashed lines mark the 1n and 2n

coverage peaks.
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Figure 3

The two RP haplotypes derive from deeply diverged Dimocarpus lineages. (a) Divergence between
homologous chromosomes, as revealed by single-nucleotide polymorphisms (SNPs) and
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insertions/deletions (InDels). Chromosome numbering and orientation are based on previously
published genome assemblies > 12, (b) Average nucleotide identity (ANI) among RP haplotypes and
other Sapindaceae genomes. (¢) Syntenic depth analysis between longan and related species. (d)
Distribution of synonymous substitution rates (K) among orthologous gene pairs. (e) Ks distribution
among paralogous gene pairs, indicating whole genome duplication events. (f) Phylogenetic
reconstruction and molecular dating of longan and 10 other species based on single copy orthologs. The
red diamond marks the fossil calibration point '® 4, and blue bars denote 95% highest posterior
densityintervals for divergence time estimates, S. lycopersicum was used as the outgroup. (g) AANI
along the 15 chromosomes of RPhapA against two cultivar references. AANI = ANI(RPhapA-reference)
- ANI(RPhapB-reference).
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Population genomics reveals a red-skinned-longan-specific ancestral component. (a) Maximum-
likelihood phylogenetic tree and ADMIXTURE bar plots for K =2 and K = 3. The tree is rooted with Litchi
chinensis as the outgroup. Branch colours indicate population affiliation. (b) Principal component
analysis (PCA) of 91 longan accessions. PC1 explains 6.8% and PC2 explains 3.8% of total variance. (c)
Genome-wide distributions of weighted Fgt for six pairwise population comparisons, calculated using
100-kb sliding windows. (d) f4-statistics and D-statistics testing for excess allele sharing between
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population pairs relative to RP and the Litchi outgroup. Error bars represent + SE. Z-scores are annotated;
significant results (|Z| = 3) are indicated by asterisks (*** P < 0.001); ns, not significant. (e) TreeMix
graphs for m = 0 to 3 migration events, rooted with L. chinensis. Migration edges are coloured by weight.
The optimal model (m = 2, ll) is highlighted.
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Functional characterisation of haplotype-specific genes and allele-specific expression in RP longan. (a)
GO enrichment bubble plots for RPhapA and RPhapB specific genes (HSGs). (b) KEGG pathway
enrichment for RPhapA and RPhapB HSGs. (¢) Bubble heatmap of significantly enriched GO and KEGG
terms for RPhapA-dominant and RPhapB-dominant ASE gene sets at each developmental stage. (d)
Proportion of gene pairs under positive (Ka/Ks > 1), relaxed (0.5 to 1), and purifying selection (Ka/Ks <
0.5) for each ASE category.
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