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Lychee (Litchi chinensis Sonn., Sapindaceae) is an important 
tropical fruit tree species worldwide, and a valuable fruit for 
which the edible portion is an aril (Fig. 1a and Supplementary 

Fig. 1). Lychee is cultivated in over 20 countries, where it is an inte-
gral part of local economies. Its desirable characteristics include 
outstanding nutritional profile, exotic flavor and an appealing fruit 

color, making it one of the most attractive tropical or subtropical 
fruits on the international market1.

Lychee has been cultivated in southern China for millennia. 
The earliest record of lychee cultivation traces back to the second 
century bc. In the ancient Tang Dynasty, roughly 1,300–1,100 years 
ago, the Emperor set up a courier service with fast horse relays to 
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Lychee is an exotic tropical fruit with a distinct flavor. The genome of cultivar ‘Feizixiao’ was assembled into 15 pseudochro-
mosomes, totaling ~470 Mb. High heterozygosity (2.27%) resulted in two complete haplotypic assemblies. A total of 13,517 
allelic genes (42.4%) were differentially expressed in diverse tissues. Analyses of 72 resequenced lychee accessions revealed 
two independent domestication events. The extremely early maturing cultivars preferentially aligned to one haplotype were 
domesticated from a wild population in Yunnan, whereas the late-maturing cultivars that mapped mostly to the second haplo-
type were domesticated independently from a wild population in Hainan. Early maturing cultivars were probably developed in 
Guangdong via hybridization between extremely early maturing cultivar and late-maturing cultivar individuals. Variable dele-
tions of a 3.7 kb region encompassed by a pair of CONSTANS-like genes probably regulate fruit maturation differences among 
lychee cultivars. These genomic resources provide insights into the natural history of lychee domestication and will accelerate 
the improvement of lychee and related crops.
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transport fresh lychee from southern China to the imperial court 
because of the prodigious flavor of this spoilable fruit. Lychee trees 
have the longest productive lifespans among tropical and sub-
tropical fruit trees. The oldest lychee tree, ‘Songxiang’, from Fujian, 
China, is over 1,250 years old, and is still fruiting today. This long 
cultivation history has facilitated the generation of diverse lychee 
germplasm. Over 400 lychee cultivars are preserved at the National 
Lychee Germplasm Resources in Guangzhou, China.

Lychee cultivars are classified into three groups based on the fruit 
maturation period: extremely early maturing cultivars (EEMC), 
early-to-intermediate-maturing cultivars (EMC) and late-maturing 
cultivars (LMC)2,3. EEMCs are rare and of little production value, 
while cultivars with better fruit quality always belong to the LMC 
group. About 80% of fruits are produced within a short period from 
early June to mid-July. The extreme perishability of lychee fruit ren-
ders it impossible to sustain a fresh, year-round supply.
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Fig. 1 | Assembly, composition and evolution of the lychee genome. a, Schematic presentation of lychee fruit. Scale bar, 5 cm (left), 3 cm (right). b, Contact 
map of Hi-C links among 15 pseudochromosomes. c, Lychee genomic features. d, Phylogenetic and molecular clock dating analysis of the lychee genome  
with 13 other species, based on single-copy orthogroup data. The red diamond indicates our fossil calibration point26, and the blue diamond represents  
S. lycopersicum divergence time27. The light blue bars at the internodes represent 95% confidence intervals for divergence times. e, Synonymous substitution 
rate (Ks) density distributions of syntenic lychee paralogs and orthologs compared with other eudicot species.
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Lychee originated in broad, yet isolated and distant, regions of 
southern China, where numerous wild lychees exist in the Hainan 
and Yunnan rainforests, and hilly areas of western Guangdong and 
eastern Guangxi. However, the exact center(s) of origin and the his-
tory of lychee domestication remains unknown. To address these 
questions and provide a genome-enabled breeding platform, we 
generated a high-quality reference genome of the highly heterozy-
gous cultivar ‘Feizixiao’ (2n = 2× = 30) and resequenced 72 wild or 
cultivated accessions to explore the structure and evolution of the 
lychee genome as well as its origin and domestication history. We 
also investigated expression patterns of allelic genes and potential 
regulatory mechanisms involved in timing of flowering and fruit 
maturation. These results will improve our understanding of the 
lychee genome, accelerating genetic improvement of lychee and its 
relatives in Sapindaceae.

Results
Sequencing, assembly and annotation of the lychee genome. We 
generated 58.6 Gb PacBio long reads (124× coverage) from the lychee 
cultivar ‘Feizixiao’ and 86.25 Gb (184× coverage) clean Illumina short 
reads from libraries with different insert sizes (Supplementary Table 
1). Long reads corrected with shotgun reads were used for de novo 
assembly, resulting in a 962 Mb draft genome with a contig N50 of 
752 kb (Supplementary Table 2). In contrast to genome size estimates 
from flow cytometry (~500 Mb)4 or 19-mer analysis (~460 Mb), the 
initial assembly was almost twice as large (Supplementary Tables 
3,4). We interpreted this as the result of the high heterozygosity 
(from k-mers, 2.27%) of ‘Feizixiao’, such that the initial assembly 
contained two divergent haplotypes. We therefore separated these 
haplotypes using HaploMerger2 (ref. 5) (Supplementary Tables 5 
and 6). The haplotype, similar to the flow cytometry estimate, was 
anchored into pseudochromosomes using the physical map gener-
ated with high-throughput chromatin conformation capture (Hi-C) 
technology (144× coverage). Eventually, a reference genome of 15 
pseudochromosomes (470 Mb; Fig. 1b, Extended Data Fig. 1 and 
Supplementary Table 7) was obtained with 96.2% completeness 
in conserved single-copy protein-coding sequences (BUSCO v.3 
and the eudicotyledons_odb10 database). For annotation, mRNA 
sequencing (RNA-seq) data were aligned to the reference genome, 
and 31,896 putative protein-coding gene models were predicted with 
estimated completeness of 94.8% (also using BUSCO; Fig. 1c and 
Supplementary Tables 8–12). These results attest to the high accu-
racy and completeness of our lychee genome assembly.

Lychee was estimated to have diverged from yellowhorn 
(Xanthoceras sorbifolium) and citrus (Citrus sinensis) around 39.4 
(34.3–44.7) and 67.6 (64.5–72.2) million years ago (Mya), respec-
tively (Fig. 1d). Peak Ks values of paralogous gene pairs from citrus, 
yellowhorn and longan (Dimocarpus longan) were similar to that 
of lychee (Ks = 1.43), indicating absence of further whole-genome 
duplications (WGDs) in Sapindaceae since the ancient gamma tripli-
cation event6 (Fig. 1e and Supplementary Fig. 2). A few fusion events 
and interchromosomal translocations occurred in Sapindaceae 
genomes compared with the ancestral eudicot karyotype (Extended 
Data Fig. 2, Supplementary Fig. 3 and Supplementary Note I).

Origin and domestication of lychee. To explore lychee genetic 
variation and elucidate its evolutionary and domestication history,  

72 representative accessions, including 38 wild individuals and 
34 cultivars, were selected for whole-genome resequencing 
(Supplementary Table 13). A total of 80,235,643 variants were iden-
tified across accessions, among them 42,339,290 high-quality sin-
gle nucleotide polymorphisms (SNPs) that were further analyzed. 
Lower genetic diversity, was identified in lychee compared with 
soybean7 and peach8. Surprisingly, since we had expected a domes-
tication bottleneck, cultivated lychee showed greater diversity than 
wild populations (wild: π = 0.0083, Tajima’s D = 0.58; cultivated: 
π = 0.0107, Tajima’s D = 0.20) (Supplementary Table 14).

Both a SNP phylogeny (Fig. 2a) and principal component (PC) 
analysis (PCA) (Fig. 2b) revealed that wild lychees form two dis-
tinct groups consistent with their geographic origins, with wild 
Yunnan accessions (YNWs) grouping with wild Vietnam accessions 
(VNWs), and those from Hainan (HNWs) forming another group 
(Fig. 2a). Guangxi wild accessions (GXW) were divided: four from 
Daxin County (GDXWs) clustered with YNWs and four from Bobai 
County (GXBBWs) grouped with HNWs (Fst; Supplementary Fig. 4 
and Supplementary Table 15).

A detailed analysis of relatedness among individuals revealed 
close affinities among Yunnan, Daxin and Vietnam wild popula-
tions, with several individuals showing homozygous allelic pat-
terns corresponding to first- to third-degree relatives. In fact, 
two GDXWs were closely related to three YNWs and all VNWs 
(Supplementary Fig. 5 and Supplementary Table 16). HNWs were 
considerably less related, although seven individuals still showed 
some extent of interrelatedness. Relatedness patterns were also vis-
ible through inbreeding coefficients, with high values for Yunnan, 
Vietnam and Daxin populations, and lower values for the Hainan 
population (Extended Data Fig. 3). Similarly, linkage disequilib-
rium (LD) showed half of maximum r2 at about 4.6 kb for HNW, 
approximately 215 kb for cultivated individuals and around 91 kb 
for YNW, respectively (Supplementary Fig. 6). For a natural popula-
tion, the LD window for YNW is relatively large and, together with 
low nucleotide diversity, low FST to Vietnam and Daxin, positive 
Tajima’s D values and high inbreeding coefficient, suggests a strong 
bottleneck in these populations. However, similar effects may result 
from greater degree of selfing in YNW, resulting in decreased effec-
tive population size (Ne).

To identify these potential bottlenecks, we modeled lychee pop-
ulation history employing an unfolded site frequency spectrum 
estimated using longli, longan and rambutan variation as ances-
tral states. All models displayed artefacts from extensive inbreed-
ing in YNW, which we compensated for by adjusting generation 
time (Supplementary Note II). After adjustment, both YNW and 
HNW demonstrated Ne declines towards modern times, with cur-
rent Ne estimates of ~761,000 for HNW and ~25,000 for YNW. This 
difference was also reflected in nucleotide diversity (π) estimates 
(π = 0.0069 for HNW and π = 0.0042 for YNW). Furthermore, we 
estimated the HNW–YNW population split time to be approxi-
mately 18,000 years ago, subject to variability due to uncertain 
mutation rates and generation times (Fig. 2d).

For cultivated lychees, in the PCA plot, EEMC cultivars clus-
tered with YNW and LMC cultivars with HNW. EMC cultivars, 
including ‘Feizixiao’, were distributed intermediately, indicating 
admixed genetic backgrounds (Fig. 2a,b); this was confirmed by 
ADMIXTURE9 analyses (Extended Data Fig. 4) and the formal 

Fig. 2 | Population analyses of resequenced lychee varieties. a, A tree of all lychee accessions estimated based on high-quality SNPs. The black portion of 
each branch, representing the actual genetic distance, is extended (with colored lines) to better show the tree structure. b, PCA using all identified SNPs 
as markers closely recapitulates the tree in a by identifying two main clusters along PC1 (GXBBWs and LMC, versus GXDXWs) with intermediate cultivars 
arrayed in between (clustering with ‘Feizixiao’). c, The joint population history (blue line) of Yunnan wild (YNW, green line) and Hainan wild populations 
(HNW, red line) and their split time (dashed line) estimated using SMC++28. Different mutation rate-generation time combinations were used to obtain 
the ranges of possible split times. d, After correcting for inbreeding, the joint population history of Yunnan and Hainan wild populations show divergence at 
~18 thousand years ago (kya) (Supplementary Note II).
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F3 admixture test10. The best ADMIXTURE solution identified 
two populations (K = 2), showing a clear division between EEMC/
YNW and LMC/HNW populations, with EMC cultivars admixed. 
Hybridity was also suggested by chloroplast genome phylogenetic 
relationships, wherein ‘Feizixiao’ grouped with a LMC/HNW clade 

and other EMC accessions (Extended Data Fig. 5), implying that its 
maternal haplotype originated from HNW.

Taken together, these results strongly suggest that EEMC and 
LMC cultivars originate from independent domestication events, 
from YNW and HNW, respectively. The most recent cultivar  
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population, EMC, is probably derived from human-based hybrid-
ization between the EEMC/YNW and LMC/HNW groups, with 
‘Feizixiao’ being extremely recent, as illustrated by negative inbreed-
ing coefficient (Extended Data Fig. 6) and high heterozygosity.

Cultivation history of lychee. The long generation time and pre-
dominantly vegetative propagation of lychee cultivars has permitted 
the development of a cultivation history model. Interrelationship 
order analysis identified sample GW among LMCs, with a mono-
zygous twin relationship with Hainan wild sample HNW13, while 
LSXL and SLG were second-degree related (Fig. 3a). Conservative 
masking of SNPs may have resulted in overestimation of shared 
haplotypic block lengths; hence, we examined identity-by-descent 
analysis, which showed relatedness of GW and HNW13 to reflect 
Z1-type shared heterozygous blocks, suggesting full siblings. 
Altogether, cultivars closest to wild populations appear to have been 
cultivated originally in Guangdong (‘Guangdong I’) and Guangxi 
(‘Guangxi’), respectively. After initial domestication, breeding 
materials were shared between the two locations, as evidenced by 
relationships between HHDHL, MGL and SLG, while eventually 
Guangdong became the breeding center, leading to the strongly 
related JZ, QXH, LYX and MS48 cultivars (‘Guangdong II’). This 
line was then used to establish cultivation in Hainan (‘Hainan’). 
Finally, two related cultivars, HHDHL and HXC, show admixture 
with YNW (Extended Data Fig. 4), suggesting that new breed-
ing material was introduced at this point, possibly contributing to 
breeding of EMC cultivars, as shown by the second-degree relation-
ship between HXC and CKRW.

On the other hand, EEMC cultivars GZ and HML showed 
first-degree relationships with YNW (Fig. 3a), suggesting they origi-
nate from a distinct breeding event. Among EMCs, ‘Feizixiao’ (FZX) 
probably shares the same event and subsequent breeding with all 
other EMC, since all were first-degree related (Fig. 3a). For possible 
parents, SIYH showed a third-degree relationship with SANYH 
(EEMC), whereas CKRW was second-degree related to HXC—an 
LMC. Besides CKRW, all such cultivars originate from Guangdong, 
suggesting this to be the initial breeding site. Therefore, EMC culti-
vars (for example, FZX) probably stem from hybridization between 
EEMC and LMC groups.

To study possible selection for hybrid vigor, we categorized the cul-
tivars according to their relatedness and origins to compare neutral (πs) 
and high impact (πn) nucleotide diversities among them (Fig. 3b,c). 
Overall, cultivar diversities were higher than in wild populations (Fig. 
3b), suggesting breeding between divergent parental populations. The 
diversities increase toward more recent cultivar lines, with highest 
levels in Guangdong II and Hainan cultivars (Fig. 3b). One possible 
source of this greater diversity is unsampled, divergent ancestors that 
were extirpated during modern agricultural expansion. In fact, since 
the high ratio of deleterious-to-neutral mutations decreased with fur-
ther breeding (Fig. 3c, Supplementary Fig. 7a–c and Supplementary 
Table 17), such efforts may have used small populations purged for 
deleterious alleles through inbreeding. Hybridization with local wild 
populations from Guangxi and Guangdong may have occurred seren-
dipitously, with heterosis progressing by selecting admixed cultivars 
with higher quality fruits. Finally, Hainan cultivars further interbred 
with wild material, as indicated by some third-degree relationships 
to wild individuals; indeed, similar recurrent introgression has been 
observed in other species11. Among wild populations, YNW had 
significantly lower πn /πs ratio (Fig. 3c and Supplementary Fig. 7d), 
suggesting deleterious mutations were purged through inbreeding. 
Thus, we infer that historical lychee breeding progressed by selecting 
distinct lines with increased heterosis, with the most recent cultivars 
showing greatest genetic diversity.

Annotation of lychee haplotypes. The high heterozygosity (2.27%) 
of ‘Feizixiao’ lychee also enabled us to generate two haplotypes  

using SNP phasing (with HapCUT2 (ref. 12)) combined with 
single-cell 10x Genomics sequencing (100× coverage) to obtain 
15 pairs of homologous chromosomes each (Extended Data  
Fig. 1, Supplementary Fig. 8 and Supplementary Tables 18–20). When 
resequencing data from different accessions were aligned to these 
30 haplotypic chromosomes, coverage differences were observed; 
that is, shotgun reads of the EEMC/YNW group aligned prefer-
entially to one chromosome from each homologous pair, whereas 
reads from the LMC/HNW group (Supplementary Table 21) prefer-
entially mapped to the other. We referred to the first set of 15 chro-
mosomes with higher EEMC/YNW mapping ratio as Haplotype 
Yunnan (HY), and the remaining chromosomes as Haplotype 
Hainan (HH). For all LMC/HNW accessions, 64.0%–75.8% of 
reads mapped to HH, whereas 77.7%–83.1% reads from all EEMC/
YNW accessions aligned to HY (Extended Data Fig. 7). Five EMCs, 
including ‘Feizixiao’, had mapping coverages (36.0–59.2%) compa-
rable with those of both HY and HH (Extended Data Fig. 7), further  
supporting a possible F1 hybridization between LMC/HNW and 
EEMC/YNW individuals, or descendent status from such hybrid-
ization event(s).

Great variation, such as structural variants (SVs) and gene copy 
number variants (CNVs), were found between these two haplo-
types (Supplementary Fig. 9, Supplementary Tables 22 and 23 and 
Supplementary Note I). Compared with the reference genome, 
77.6% (24,741/31,896) and 77.1% (24,593/31,896) of HY and HH 
genes contained SNPs or indels, respectively. Among them, 93.6% 
(23,166/24,741) of HY and 93.3% (22,953/24,593) of HH genes 
held amino acid changes from nonsynonymous SNPs or indels. 
Nonsense SNPs/indels between the two haplotypes accounted 
for ~2.6% (8,292/319,125) of all nonsynonymous SNPs and 
~9.2% (2,934/31,896) of all annotated genes. Surprisingly, 83.6% 
(26,672/31,896) showed amino acid differences between haplotypes 
(Supplementary Tables 24 and 25). This difference was reflected in 
the mutational load of the populations, wherein YNW and Daxin 
individuals displayed fewer disruptive SNPs, HNW and EEMC 
individuals intermediate values and EMC plus admixed cultivars 
the most (Supplementary Fig. 10), as also observed in πn values. 
Average heterozygosity (2.38%) from total SNPs between HY and 
HH was similar to the k-mer estimate (2.27%), supporting the accu-
racy of haplotype assignment (Supplementary Table 18).

Differential expression of alleles in lychee. Correlated or differ-
ential expression of alleles could have profound effects on growth 
and evolvability13,14. The high heterozygosity of ‘Feizixiao’ enabled 
us to distinguish alleles and study hybrid vigor using distinct SNPs. 
We found that numbers of differentially expressed alleles (DEAs) 
increased log-linearly with sample quantity, plateauing at ~14,000 
DEAs with over 35 samples (Fig. 4a, Supplementary Fig. 11a and 
Supplementary Table 26). Totally, 13,517 DEAs were identified 
in ‘Feizixiao’ (Supplementary Table 27). These DEAs were spe-
cifically enriched in certain genomic regions, for example, many 
DEAs amassed at the 3′ terminus of chromosome 5 (Fig. 4b and 
Supplementary Fig. 11b).

To assess possible natural selection on allelic gene expression, 
we calculated Ka and Ks values between allelic gene pairs. Both Ka 
and Ks were low (<0.05) for most alleles, indicating strong identity 
between allelic genes (Supplementary Fig. 12). However, DEAs had 
significantly lower Ka/Ks than equivalently expressed alleles (EEAs) 
(t-test, P value = 7.8 × 10−6), indicating that DEAs were under 
greater purifying selection pressure (Fig. 4c). About 5.7% (1,824 out 
of 31,896) of allelic genes evidently experienced purifying selection 
(Ka/Ks <0.1), while 3.7% (1,186 out of 31,896) of allelic pairs showed 
possible positive selection (Ka/Ks >1) (Supplementary Table 28).

Compared with EEAs, the promoters, introns and 3′ and 5′ 
untranslated regions (3′ UTR, 5′ UTR) of DEAs had much higher 
SNP densities, suggesting that their differential expression may 
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reflect different binding affinities of transcription factors to pro-
moter regions (Fig. 4d). SNP density in exons was significantly lower 
than elsewhere (for example, exons versus promoters showed a 
1.47-fold difference), indicating greater purifying selection pressure 
on functionally constrained protein-coding regions (Fig. 4d). For 
these exonic SNPs, transitions were more prevalent than transver-
sions, with most being nonsynonymous (Fig. 4e and Supplementary 
Tables 29 and 30).

Flowering-related genes in lychee. Flowering time, and number of 
days from flowering to fruit harvest, are the two key traits mark-
ing lychee fruit maturation. For most cultivars, flowering to fruiting 
ontogeny is similar in number of days. Therefore, flowering time is 
the main determinant of fruit maturation. We obtained a list of 501 
lychee homologs to relevant flowering-related genes from model 
species, and many families of these genes have expanded in lychee 
(Supplementary Tables 31 and 32), suggesting the possibility of a 
complex network of flowering regulation. On chromosome 5, there 
is a closely arrayed cluster of MADS-box genes that probably arose 
from tandem or segmental duplications (Extended Data Fig. 8a). 

These genes showed greatest similarity to the SHORT VEGETATIVE 
PHASE (SVP) gene of Arabidopsis, which controls flowering time by 
negatively regulating the expression of FT via direct binding to the 
CArG motifs in its promoter15. Eight out of ten lychee SVP homo-
logs are arranged in tandem (Extended Data Fig. 8b), and showed 
preferential expression in leaf or leaf buds similar to Arabidopsis 
SVP (Extended Data Fig. 8c and Supplementary Note I), implying 
a conserved role in flowering regulation. This SVP-like cluster also 
occurs in longan (D. longan), but is absent in yellowhorn (X. sorbi-
folium) (Extended Data Fig. 8a), indicating derivation from duplica-
tions that occurred after lychee and longan split from their common 
ancestor with yellowhorn.

A eudicot-conserved Sapindaceae-expanded VRN1 gene cluster. 
In addition to MADS-box genes, B3-domain-containing genes com-
prise another class of transcription factors tightly associated with 
flowering regulation16. Arabidopsis VERNALIZATION 1 (VRN1), 
a member of this class, maintains vernalization via repressing 
FLOWERING LOCUS C (FLC) to promote flowering17. In the lychee 
genome, we identified a tandem cluster of 24 B3-domain-containing 
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genes located within a ~170 (169.6) kb region of chromosome 5, 
each containing 1–3 B3 domains (Fig. 5a). We termed this the 
‘VRN1 cluster’, and the genes VRN1-like genes. This cluster is con-
served in Sapindaceae but with variable numbers of genes and cor-
responding B3 domains (Fig. 5a). Compared with 24 genes with 44 
B3 domains in lychee, there are 26 genes with 53 B3 domains and 17 
genes with 34 B3 domains in yellowhorn and longan, respectively 
(Fig. 5a). We also found a syntenic VRN1-like cluster in orange  

(C. sinensis)—a species from the same order, Sapindales, wherein 
the 129.25 kb region contains many fewer VRN1-like genes (only 7) 
and B3 domains (only 14) (Fig. 5a).

Intriguingly, a broader syntenic analysis revealed that the VRN1 
cluster occurred in highly conserved regions in plant genomes 
that maintain strong syntenic relationships across almost all core 
eudicots (Fig. 5b). Counterparts of Arabidopsis VRN1 were found 
within these syntenic blocks, as expected (Fig. 5b and Extended 
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Data Fig. 9a,b), suggesting conserved or similar functions. Despite 
this high conservation, numbers of VRN1-like genes and B3 
domains varied greatly among core eudicot species. There were only 
a few B3 domains within the VRN1 cluster in some plants, including 
Arabidopsis, tomato and soybean (Fig. 5b), while large expansions 
were detected in all Sapindaceae species (Fig. 5b), implying possible 
greater functional complexity.

Next, we examined expression of lychee VRN1-like genes. 
Overall, the 24 genes displayed different expression patterns  
(Fig. 5c), with LcVRN1a, Lc-VRN1e, Lc-VRN1g and Lc-VRN1v 
being the predominantly expressed duplicates. Many of the other 
VRN1-like genes showed little expression (Fig. 5c), suggesting func-
tional divergence after duplication. Intriguingly, this VRN1 cluster 
in lychee was located in a sweep region of potential positive selec-
tion (Extended Data Fig. 9c and Supplementary Note I).

A CONSTANS-like gene pair contributes to fruit maturity. To 
further dissect the regulatory network of lychee fruit maturation, 

we conducted a genome-wide association study (GWAS) using 
our 72 accessions (Extended Data Fig. 10a,b and Supplementary  
Table 33). One gene was identified as flowering-related and prob-
ably positively selected (Ka/Ks =1.43) during lychee domestication 
(Fig. 6a). This gene (LITCHI019307) encodes a CONSTANS-like 
(COL) protein—a transcription factor whose Arabidopsis homolog 
mediates the circadian clock and flowering control18. Allelic variants 
of this gene (subsequently referred to as COL307) were differentially 
expressed, with the HH allele showing greater expression. This pat-
tern correlates well with the fact that maturation time of ‘Feizixiao’ 
lychee is intermediate between EEMC (HY) and LMC (HH) acces-
sions. Among HY/HH COL307 variants, a heterozygous deletion 
of 3,781 bp exists in the 3′ region of HY only (Fig. 6b). Both the 
EEMC/YNW and LMC/HNW groups are otherwise homologous 
in this region, with the former having the deletion in both haplo-
types, the latter not. Genomic read coverage was significantly lower 
in the EEMC/YNW and EMC group than in the LMC/HNW group  
(Fig. 6c,d). The 3.7 kb deletion is probably part of a long terminal 

GWAS

a

a1 b1 c1
HY

HH

3,781 bpLITCHI019305 (COL) LITCHI019307 (COL)
78 kb

LITCHI019307

gDNA-seq

mRNA-seq

sRNA-seq

b

EEMC EMC LMC

500 bp
250 bp

100 bp

750 bp
1,000 bp

500 bp
250 bp

100  bp

750 bp
1,000 bp

a1 + b1

a1 + c1

edc

Positive selection

Flowering-related
DEAs

103

4

210

0

5

1,176

EEM
C/Y

NW
EM

C

LM
C/H

NW

P = 1.4 × 10–2
10

20

30

40
M

ed
ia

n 
re

ad
 c

ou
nt

s

P = 1.6 × 10–4

0

Chorosome 15 (Mb)

1

15.590 15.595 15.600 15.605

G
en

om
ic

 r
ea

d 
co

ve
ra

ge
 r

at
io

(EEMC/YNW)/LMC EMC/LMC (LMC/HNW)/LMC

1
(COL307 )

Fig. 6 | A pair of COL genes associated with lychee fruit maturation time. a, Venn diagram of positively selected genes, genes identified from the GWAS 
analysis and flowering-related DEA genes. b, Identification of a heterozygous 3.7-kb deletion downstream of the COL307 in the ‘Feizixiao’ genome. gDNA 
coverage over the deletion region is in gray. sRNA data are presented by either coverage in green or color-coded dots. Orange dots denote 24-nt siRNAs. 
Positions of PCR primers used for genotyping are labeled a1, b1, and c1. c, Lower coverage of genomic sequencing reads over the 3.7 kb region in EEMC/
YNW and EMC cultivars suggests a deletion (light blue box). Open circles reflect average genomic coverage in 800 bp windows across chromosome 
15. d, The coverage over the deletion region is significantly lower in the EEMC/YNW and EMC cultivars than in the LMC/HNW cultivars. P values were 
calculated with two-sided Student’s t-test. Numbers of accessions: n = 8 (EMC), n = 20 (EEMC/YNW) and n = 36 (LMC/HNW). Box plots show the 
median, box edges represent the 25th and 75th percentiles and whiskers represent the maximum and minimum data points within 1.5× interquartile range 
outside box edges. e, The 3.7-kb deletion can be used as a molecular marker to distinguish accessions from the EEMC, EMC and LMC cultivar groups. The 
PCR amplification was performed once.

NATuRe GeNeTiCS | VOL 54 | JANUARY 2022 | 73–83 | www.nature.com/naturegenetics 81

http://www.nature.com/naturegenetics


Articles Nature GeNetics

repeat (LTR) retrotransposon, which can generate profuse 24-nt 
siRNAs and regulate the expression of adjacent genes possibly via 
mediation of DNA methylation. This observation suggests that the 
3.7 kb deletion may contribute to COL307 differential expression 
and flowering time differences among lychee accessions. Based on 
this deletion, we designed three PCR primers to specifically dis-
tinguish the EEMC/YNW, EMC and LMC/HNW lychee groups  
(Fig. 6e), establishing the deletion as a useful molecular marker for 
breeding varieties with different fruit maturation times. Additionally, 
we found another CO-like gene (COL305) ~100 kb away from 
COL307 (Fig. 6b) with high sequence similarity (Extended Data  
Fig. 10c and Supplementary Fig. 13) and similar expression pat-
terns. We speculate that COL305 may also contribute to flowering 
time regulation together with COL307.

Discussion
It is unusual that two genomic haplotypes are traceable to entirely 
different ancestral populations, since recombination normally 
mixes such distinct variation over time. The only plausible explana-
tion is that ‘Feizixiao’ lychee is a recent, or even F1, hybrid between 
cultivars homozygous for the HY and HH haplotypes, and that it 
has been propagated vegetatively ever since. Such propagation is 
a common procedure in lychee cultivation worldwide to preserve 
uniformity and fruit quality of elite cultivars.

We speculate that lychee might have originated in Yunnan, 
then spreading to Guangxi and Guangdong before finally arriv-
ing in Hainan, since lychee seeds are often too large to be 
animal-dispersed in the wild; instead, they are distributed mainly 
by river. The Xijiang River is the main channel of the Pearl River, 
which originates in the Maxiong Mountains in Zhanyi County in 
northeast Yunnan, whereafter it runs through Yunnan, Guangxi 
and Guangdong. This river is known as the ‘Golden Waterway’ that 
connects South China to Southwest China19. Wild lychee germ-
plasm from Yunnan, Vietnam and Daxin County (Guangxi) versus 
that from Hainan and Bobai County (also Guangxi) reflected two 
ancestral populations, albeit with geographic linkage. Conceivably, 
YNW lychee spread downstream along the Xijiang River, resulting 
in the GXW and HNW populations. Second, Bobai County and 
the Leizhou Peninsula of Guangdong are adjacent. The Leizhou 
Peninsula and Hainan Island were once connected, but were sepa-
rated during the Pleistocene20,21. A vast region of modern Bobai, 
Leizhou and Hainan was affected by explosive volcanic activity22, 
leading to large-scale environmental changes in lychee habitat that 
might have helped drive differential evolution of HY and HH after 
the YNW population spread to those areas.

Population structure and phylogenetic analyses of resequenced 
lychee genomes indicated independent domestication events for 
cultivated lychee, wherein EEMC was domesticated from YNW, 
while LMC was domesticated from HNW in Guangdong and 
Guangxi, and further refined by subsequent crosses with local 
inbred populations. Given admixture statistics, evidence from 
inbreeding, relatedness and comparative mapped reads cover-
age between the HY and HH genomes, EMC probably originated 
from hybridization between EEMC and LMC parents, with LMC 
probably the female and EEMC the male parent. In wild popu-
lations, we found evidence for long-lasting inbreeding in YNW, 
resulting in demographies inconsistent with the more outbred 
Hainan population. We developed an ad hoc approach to com-
pensate for this23, but further methods development will be nec-
essary to formally incorporate reproductive strategy differences 
into modeling.

Floral induction of lychee requires a period of relatively low 
temperature. In the Arabidopsis vernalization response, VRN1 
cooperates with other proteins to promote flowering via the induc-
tion of epigenetic silencing of the repressor gene FLC (ref. 24). 
Although this chilling requirement in perennial fruit trees might be  

different from the vernalization process in crucifers, the well- 
maintained synteny of VRN1-like genes in core eudicots implies a 
potentially conserved role in flowering control. Furthermore, the 
expansion of the VRN1-like gene cluster in Sapindaceae points 
toward more diversified functions of these genes in flowering (or 
other processes) within this family. The Arabidopsis CO protein is 
a key player in the photoperiod pathway, which controls flowering 
in response to seasonal day length changes25. A polymorphic 3.7 kb 
deletion near a lychee CO-like gene (COL307) is strongly associated 
with maturation times of different lychee varieties, providing an 
ideal target for molecular breeding and genomic selection for more 
diversified fruit maturity.
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Methods
Genome sequencing. Sampling. The lychee cultivar ‘Feizixiao’ is a prevalent lychee 
cultivar in China and the main cultivar traded on the world market. Therefore, we 
chose ‘Feizixiao’ for full-genome sequencing.

Illumina short-reads sequencing. DNA was extracted from leaf tissue using a Qiagen 
DNeasy Plant Mini Kit, and a 270-bp paired-end library was generated using an 
NEBNext Ultra DNA Library Prep Kit. Sequencing was performed using Illumina 
HiSeq2500 and Hiseq4000 platforms. In total, 30.65 Gb (~66×) of data were 
obtained, and the reads were trimmed using Trimmomatic30 (v.0.36) with default 
parameters.

PacBio library construction and sequencing. More than 6 µg of sheared DNA was 
subjected to size-selection by the BluePippin system and ~20 kb Sequel SMRT 
bell libraries were prepared according to the protocol provided by the Pacific 
Biosciences Company (PacBio). Four single-molecule real-time (SMRT) cells 
were run on a PacBio RSII system using P6-C4 chemistry, with ~58.6 Gb (~124×) 
long-read data generated.

Hi-C library construction and sequencing. A Hi-C library was constructed from 
young leaves of ‘Feizixiao’ by the BioMarker Technologies Company (Beijing, 
China) as described elsewhere31. A total of 232 million (~144×) 150 bp paired-end 
reads were produced on the Illumina HiSeq ×10 platform.

Genome assembly. Reference genome assembly. A flow chart of our genome 
assembly approach is shown in Extended Data Fig. 1. Briefly, clean PacBio 
subreads were corrected by LoRDEC32 (v.0.7) with short reads. Subsequently, 
corrected long reads were set as input for Canu33 (v.1.6) with the parameter 
‘correctedErrorRate=0.035’. The initial assembly obtained was twice the size of 
the anticipated genome size, suggesting that it contained two haplotypes. We next 
used HaploMerger2 (ref. 34) (release 20180603) to extract two haplotypes with 
parameters ‘minOverlap=99999999’ in B3 stages, otherwise using default settings. 
The one haplotypic assembly (HM_ctg2) closer to the expected genome size was 
anchored into 15 pesudochromosomes (reference genome, marked as Ref) using 
Juicer35 (v.1.6.2) and 3D-DNA36 in combination with the Hi-C reads.

Hi-C heatmap. Right and left reads of Hi-C data were mapped separately to the 
reference genome with parameters ‘-A1 -B4 -E50 -L0’ using BWA37 mem (v.0.7.17), 
and the Hi-C contact matrix was calculated and plotted with HiCExplorer38 
(v.2.1.1).

Haplotype phasing. To obtain accurate haplotypes, short reads were mapped 
against the reference genome using BWA37 mem, and the resulting alignment 
file was duplication-marked and sorted using Samtools39. The sorted alignment 
file was then used for variant calling using the Genome Analysis ToolKit 
(GATK) (v.4.1.4.1) pipeline40. The variants passing the hard-filter were kept with 
criteria ‘QD < 2.0 || MQ < 26.0 || FS > 100.0 || SOR > 5.0 || MQRankSum < −7.5 || 
ReadPosRankSum < −8.0’, giving rise to the ‘Feizixiao’ VCF file. Only biallelic SNPs 
were selected for haplotype phasing using HapCUT2 (ref. 41) (v.1.1), combined 
with Hi-C and corrected PacBio reads. We extracted the MVP blocks and filtered 
out both unphased SNPs and unknown genotypes. Eventually, blocks of haplotypic 
SNPs were retained, covering 11.2 million phased SNPs.

Meanwhile, 10x Genomics reads were mapped to reference genome sequences, 
and phased SNPs blocks were calling using Long Ranger (v.2.2.2)42. We used 
phased haplotypic SNPs from 10x Genomics to correct those SNPs from HapCUT2 
(v.1.1)41 for blocks containing >1,000 phased SNPs identified in 10x Genomics. 
The corrected haplotypic SNPs were used for PacBio reads phasing using a method 
first described for sex chromosome phasing43. Phased reads were assembled 
de novo using Canu (v.1.6)33. Contigs were linked with the help of reference 
genome sequences using RaGOO (v.1.1)44 software.

Finally, 15 pairs of homologous pseudochromosomes were obtained. 
Afterwards, Illumina population resequencing reads from different lychee 
accessions were aligned to the 15 pseudochromosome pairs, with those dominated 
by reads from the YNW/EEMC/GXW cultivar group assigned to the HY 
haplotype, with the remaining haplotype being termed HH.

Genome annotation. Gene model annotation. Gene models were annotated using 
the MAKER45 genome annotation pipeline (v.2.31.8), which integrates both ab 
initio gene predictions generated by AUGUSTUS46 (v.3.3.2) and SNAP47 (v.2013-
11-29) and homology evidence including plant protein sequences in the SwissProt 
database48 (release 2018_12) as well as a de novo transcriptome assembly generated 
from lychee RNA-seq data using Trinity49 (v.2.8.3). For improved results, we ran 
the MAKER pipeline iteratively (three times in total) as recommended45. The gene 
models were further refined using PASA50 (v.2.3.3). For the gene models from 
the two haplotypes, those models corresponding to the longest transcripts in the 
reference were converted to their two haplotypic sequences using GMAP (v.2017-
11-15)51 with parameter ‘n = 2’. Haplotypic gene models were considered redundant 
if the overlap between two gene models was over 60%, and these were subsequently 
removed from the final gene model list.

Completeness of gene annotation. BUSCO52 (v.3.0.1) was used for evaluation of 
annotation completeness with the ‘eudicotyledons_odb10’ database.

LTR annotation. LTRs were predicted using LTR_FINDER53 (v.1.07) with 
parameters ‘-D 15000 -d 1000 -L 7000 -l 100 -p 20 -C -M 0.9’ and with 
LTRharvest54 (v.1.5.10) using parameters ‘-similar 90 -vic 10 -seed 20 -seqids yes 
-minlenltr 100 -maxlenltr 7000 -mintsd 4 -maxtsd 6’. Results from the above LTR 
annotation steps were integrated using LTR_retriever55 (v.2.6), and LAI56 was also 
evaluated.

Evolutionary analyses. Gene family identification. Genome assemblies and GFF3 
files for 12 species, including D. longan57, X. sorbifolium58, C. sinensis59, Arabidopsis 
thaliana60, Carica papaya61, Fragaria vesca62, Malus domestica63, Cucumis sativus64, 
Medicago sativa65, Vitis vinifera6, Solanum lycopersicum66 and Acer yangbiense67, 
were downloaded from public databases (Supplementary Table 34). Protein-coding 
sequences from 13 species were exacted using TBtools68, and only the longest 
transcripts were retained. Gene family clusters and single-copy ortholog sequences 
within the protein set were identified using Orthofinder2 (ref. 69) (v.2.3.3).

Evaluation of divergence time. Twenty single-copy orthologous protein sequences 
were used to construct the phylogenetic tree using MCMCtree70 (v.4.9i) with two 
calibration points (Fig. 1c, red diamond represents Rutaceae fossil record26; the 
blue diamond represents S. lycopersicum66 divergence time27). We adopted the 
Bayesian relaxed molecular clock approach to estimate species divergence time 
using the independent molecular clock and Empirical+F models with default 
‘wag.dat’ amino acid substitution rate in the program MCMCtree70, with other 
parameters set to defaults.

Calculation of Ka and Ks. Paralogous and orthologous gene pairs were identified in 
syntenic blocks using the MCScanX71 software, while Ka and Ks were calculated in 
TBtools68 using coding and protein sequences. We then filtered out zero values and 
plotted the data with the ggplot2 (ref. 72) package.

Circos. Gene density was calculated directly from the ‘Feizixiao’ GFF3 file in 100-kb 
windows. SNP density and nucleotide diversity were calculated only for SNPs 
extracted from the ‘Feizixiao’ VCF file. Similarly, sRNA and LTR densities were 
calculated from small RNA annotation73 and LTR annotation files, respectively. 
All the above ‘Feizixiao’ genome features were viewed in Circos plotted using 
TBtools68.

Dot-plot. Protein sequences from five species, L. chinensis, D. longan57, X. 
sorbifolium58, C. sinensis59 and A. yangbiense67, were extracted using TBtools68 and 
viewed in JCVI74 (v.0.8.4) with a parameter setting of ‘–cscore = .99’.

Resequencing. Illumina short-reads sequencing. DNAs from leaf tissue of 72 
lychee accessions were used for the construction of 450-bp paired-end libraries at 
BGI (Shenzhen, China), and were then sequenced using the Illumina HiSeq2000 
platform. In total, 405.4 Gb (average 13×) of data were obtained.

Mapping ratio to HY and HH. After initial quality control using FastQC75 and 
adapter trimming using Trimmomatic30 (v.0.36, with parameters ‘LEADING:20 
TRAILING:20 SLIDINGWINDOW:4:15 MINLEN:36’), the reads were mapped to 
the reference genome using Bowtie2 (ref. 76) (v.2.3.5) with parameters ‘–no-mixed–
no-unal’. Reads were then counted using Samtools39 at the whole-genome level and 
compared between the HY and HH haplotypes.

Alignment and SNP-calling. Resequencing data for the 72 accessions were mapped 
to the reference genome using BWA37 mem (v.0.7.17). The mapped reads were 
then sorted according to genomic coordinates using Samtools39. Sequence data 
generated from different Illumina lanes were combined using ‘samtools merge’. 
After merging, duplicates were removed using Picard77 (v.2.5.0), and then 
HaplotypeCaller from the GATK40 (v.3.8) was used to call individual-specific gvcf 
files. Finally, the GenotypeGVCFs was used for joint calling of SNPs. After quality 
control of the SNPs using bcftools78, the SNPs were hard filtered using GATK 
VariantFiltration (DP < 300 || DP > 3000 || QD < 2.0 || FS > 60.0 || MQ < 40.0 || 
MQRankSum < −12.5 || ReadPosRankSum < −8.0), and only biallelic SNPs were 
selected for further analysis.

Admixture. We carried out analysis of admixture using the ADMIXTURE9 software 
(v.1.3.0). Before analysis, SNPs in LD were dropped out in Plink79 using a sliding 
window of 50 SNPs with 10 SNP step size, SNPs with R2 >0.1 were filtered out, 
these settings were the same as recommended in the ADMIXTURE user manual 
(–indep-pairwise 50 10 0.1). The optimal number of populations (K) was selected 
using tenfold cross-validation.

SNP tree. The data filtered for ADMIXTURE analysis were also used for estimating 
the population SNP tree with SNPhylo80 (v.20180901). The SNPs were filtered by 
>10% minor allele frequency (-m 0.1) and missing rate <40% (-M 0.4) and R2 <0.4 
(-l 0.4). The resulting fasta file was used as input to RAxML81 (v.8.2.12), where the 
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tree was run using the GTR-GAMMA model and 1,000 bootstrap replicates, and 
thereafter rooted by the outgroup species.

Overall population statistics. Population statistics were calculated using Plink79 
(v,1.90p). PCA was calculated using SNPs where genotypes were called for over 
80% of the individuals. Identity-by-state analysis was carried out in Plink using the 
‘–genome full’ option, and inbreeding coefficient with ‘–het’.

Population history. Ancestral state estimation and unfolded site frequency spectrum. 
The ancestral states were obtained by aligning the outgroup species longli, longan 
and rambutan against the haploid lychee reference assembly using BWA mem 
(v.0.7.17). The ancestral allele was called using a majority vote in ANGSD82 
(v.0.933) with -doFasta 2 -doCounts 1 options. The ancestral states were set as 
reference in the .vcf file using bcftools fixref, and the ancestral state was also 
incorporated in the .vcf file information field with bcftools annotate.

SMC++. The .vcf file was converted into SMC++ (ref. 28) (v.1.15.3) format using 
vcf2smc; the repeat regions annotated with RepeatModeler and the SNPs with 
no ancestral state prediction were filtered out. An unfolded composite likelihood 
using HNW13 and HNW03 individuals as distinguished samples was estimated 
for the Hainan population; for the Yunnan population, YNW01 and YNW05 
individuals were used. These four individuals had the highest coverage among the 
populations under inspection. The model parameters for SMC++ (ref. 28) (v.1.15.3) 
were obtained with threefold cross-validation after fixing the estimated time 
interval to 10 to 200,000 generations and by varying the mutation rate estimates, 
as described by Salojarvi et al.83. The population split time was estimated with 
smc++ split. The predicted demography was produced using smc++ plot and then 
visualized in R84 (v.3.6.0) using the ggplot2 (ref. 72) package.

Stairway plots. For input data, the .vcf file containing SNPs with ancestral allele 
calls was filtered for Yunnan and Hainan subpopulations and repeat regions were 
removed using vcftools. The derived site frequency spectrum was obtained with 
ANGSD82 (v.0.933) and used as input for Stairway plot85 (v.2.1) with 200 bootstrap 
estimates.

Pairwise sequentially Markovian coalescent model. The pairwise sequentially 
Markovian coalescent model86 was estimated from read mappings where the 
repeat regions were masked out. Standard parameter settings (N25 -t15 -r5 -p 
4 + 25*2 + 4 + 6) were used in estimating the population history.

Split time estimation with Fastsimcoal2. Population split time and the presence 
of subsequent bottlenecks was assessed with Fastsimcoal87 (v.2.6.0.3). The 
two-dimensional derived allele site frequency spectrum was obtained with 
easySFS (https://github.com/isaacovercast/easySFS), using a .vcf file filtered for 
repeat regions and sites with no ancestral allele call. A projection to 22 samples 
was found optimal. In fastsimcoal87 (v.2.6.0.3), three models were compared: (1) 
a model with constant population sizes and a single split event fitted to data; (2) a 
model with constant population sizes, with bottlenecks in each of the populations 
and split time estimated from data; and (3) a model with population growth 
rates, bottlenecks and split time estimated from data. For each of the models, 100 
parameter files were simulated. For each parameter file, 1,000,000 simulations were 
run; monomorphic sites were not used. Maximum composite likelihood estimation 
of parameters was carried out with 40 expectation-conditional maximization 
iterations. The best model (3) was selected using Akaike information criterion.

Effect of inbreeding on population trajectories. To correct the differences in 
population trajectories due to higher level of inbreeding Yunnan population, the 
generation time was adjusted to three times the generation time in the Hainan 
population (upplementary Note II). To avoid overfitting, matching was made 
in pairwise sequentially Markovian coalescent plots and the effect was then 
confirmed in Stairway plots and SMC++ analyses. To estimate new split times, 
independent SMC++ models for Yunnan and Hainan populations were fitted 
and the generation times were adjusted according to the method described in 
Supplementary Note II. The split time was then estimated manually from the 
matched Ne trajectories.

Kinship inference. The KING29 software (kinship-based inference for GWAS, 
v.2.2.4) was used to estimate kinship among individuals. Relatedness was estimated 
using the ‘–related’ option and default settings. The method calculates an 
estimator of the kinship coefficient that is independent of sample composition or 
population structure based on the difference between shared heterozygosity and 
shared homozygosity29. The order of relationship was obtained using the ranges 
recommended in KING user manual, and compared with identity-by-state values 
calculated with plink. The detected relationships were then illustrated using Apple 
Keynote.

Linkage disequilibrium. For LD analysis, the .vcf file was filtered by dropping out 
the outgroup species and by selecting SNPs present in all individuals and having 
minor allele count of greater than four. LD was calculated for a 500 kb window, 

and all R2 values >0.01 were reported. In R, a linear model was applied to the data 
using the ‘lm’ function with log10 transformed distance versus R2 value data, and 
the point where R2 dropped to 50% of the initial value was reported as the measure 
of decay. LD levels in wild and cultivated population groups were calculated by 
PopLDdecay88 (3.40) software using the correlation coefficient (r2) of alleles.

Introgression statistics. F3 statistics were calculated using the Admixtools10 package 
(v.4.1). The Plink formatted file was first converted into eigenstrat format using 
the ‘convertf ’ function, and then qp3Pop was used to estimate the F3 introgression 
statistics. The wild individuals were grouped into populations according to 
sampling location, whereas the cultivars were analyzed separately. Visualization 
and false discovery rate adjustment of the Z-score statistics were done using R, as 
in Salojarvi et al.83.

Fst estimates. Fst estimation was carried out using vcftools89 (v.0.1.15) by grouping 
the wild populations according to sampling site, and cultivars according to 
maturation time. Fst was estimated in windows of 100 kb, and the average of the 
Weir and Cockerham weighted Fst values90 was calculated. Nucleotide diversity 
was estimated for each of the populations, and for all individuals together, using 
vcftools in 100-kb windows with a 10-kb step size.

πn and πs estimation. We developed a custom pipeline for assessing the πn and πs 
statistics from whole-genome sequencing data. First, for each population to be 
assessed, the .vcf file containing all individuals was filtered to contain only the 
members of the population, and ANGSD82 (v.0.933) was used to calculate sitewise 
nucleotide diversity. Then, the impacts of SNPs were predicted with SnpEff91 
(v.4.3t).

For πn estimation, all predicted gene models were scanned and only 
high-quality predictions containing a methionine as the first amino acid and 
where the total sum length of the exons was divisible by three were selected. The 
positions with nonsynonymous changes inside high-quality gene models were then 
selected based on ‘high’ or ‘moderate’ SNP effect annotation using SnpEff91 (v.4.3t). 
The nucleotide diversities in the identified positions were then summed together 
using a custom script in R with a parallel implementation for higher speed. In 
the presence of missing data, the mean nucleotide diversity estimate is heavily 
affected by the number of called SNP positions. To obtain this number, GATK40 
(v.3.8) GenotypeGVCFs was run by also calling monomorphic positions, and the 
resulting .vcf files were filtered using the Phred quality thresholds used for filtering 
the .vcf file containing only variant positions in vcftools. For the πn estimate the 
number of called positions inside high-quality gene model regions was then 
calculated. We operationally assumed that every third position in the exons caused 
a synonymous mutation and therefore multiplied the number of nucleotide calls 
inside high-quality gene models by two-thirds.

For πs estimation, all regions with predicted gene models were filtered out from 
the ANGSD82 (v.0.933) file containing sitewise nucleotide diversities. To obtain 
the number of called positions, GATK40 (v.3.8) GenotypeGVCFs was run by also 
calling monomorphic alleles and the resulting .vcf file was filtered using the Phred 
quality thresholds used for filtering the .vcf file containing only variant positions. 
Subsequently all regions with predicted gene models were filtered out. The sums 
of diversities outside of gene models were then calculated using a script in R with 
parallel implementation for higher speed. and the sums were then divided by the 
number of called positions.

To verify that the values obtained from the pipeline are correct, they were 
compared with results from several species reported in Chen et al.92. All values are 
comparable with other plant species as well as the πn/πs ratio. The draft pipeline 
containing the R codes is given in Zenodo93.

In addition to nucleotide diversity calculation, also the actual numbers of 
SNPs with different functional impact were quantified. The impacts of SNPs were 
first predicted using SnpEff91 (v.4.3t), and processed with custom made bash 
and R scripts. The significance of the difference between the counts for different 
populations was assessed in R using ANOVA and TukeyHSD post hoc analysis; 
ANOVA was used since the normality assumption of the residuals could not be 
rejected (P > 0.1, Shapiro test).

Genome-Wide Association Study. For GWAS analysis, 62 accessions had fruit 
maturation period recorded, which were encoded ‘1’ for extremely early maturing 
and early maturing accessions and ‘0’ for late-maturing accessions. Comparing 
with a general linear model (glm), we accepted a mixed linear model (mlm) with 
structure result (Q matrix, resulting from admixture analysis), and kinship together 
with PCA results to conduct association analysis using TASSEL94 (v.5.2.52).

Chloroplast genome assembly and genetic distance tree construction. A reference 
lychee chloroplast genome from previous publication95 was downloaded from the 
National Center for Biotechnology Information (NCBI). Population resequencing 
reads from different lychee accessions were mapped against the reference 
chloroplast genome using Bowtie2 (ref. 76) (v.2.3.5), and only those with both 
pair-end reads mapping were retained. We randomly selected approximately ×150 
reads in depth to the reference chloroplast genome to construct new chloroplast 
genomes using MIRA96 (v.4.0.2) and MITObim97 (v.1.9.1) software with default 
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parameters. The chloroplast genomes of different lychee accessions were retrieved 
from the last iterations and aligned using MAFFT98 (v.7.429). All gaps were 
removed using trimAl99 (v.1.4.rev22), and a maximum likelihood phylogenetic tree 
was constructed with complete chloroplast genome sequences using IQ-TREE100 
(v.1.6.10).

Remaining method descriptions are included to Supplementary Note III.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All raw sequencing data of DNA resequencing, 10x Genomic, Hi-C and RNA-seq 
are available at the NCBI database with a project ID of PRJNA747875. The 
monoploid reference and two haplotype assemblies are also deposited in NCBI with 
accession nos. JAHYJY000000000, JAIUGD00000000, and JAIUGE000000000, 
respectively. The assembly and annotation of monoploid and haplotype genomes 
were also uploaded to the Mendeley database (https://data.mendeley.com/datasets/
kggzfwpdr9/1). VCF files that contain all clean SNPs were also uploaded to the 
Mendeley database (https://data.mendeley.com/datasets/v37bv5jt6g/1). Accession 
number or websites for public genomic data or sequencing data are listed in 
Supplementary Table 34. Source data are provided with this paper.

Code availability
The pipeline of πn and πs estimation are homemade R scripts deposited in Zenodo93 
(https://doi.org/10.5281/zenodo.5136527).
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Extended Data Fig. 1 | Workflow of genome assembly and haplotype phasing. PacBio subreads were corrected using Illumina PE reads with LoRDEC, 
followed by assembly with the Canu software. Afterward, assembled contigs were separated into two contig collections using HaploMerger2, and 
one of the collections (HM_ctg2) with similar genome size to our flow cytometric estimation was used for the anchoring of assembled contigs into 
pseudochromosomes using Juicer and 3D-DNA based on Hi-C data. Finally, a reference genome, totaling 470 M with 15 chromosomes, was obtained. 
Haplotype phasing: Illumina reads were mapped against the reference genome and the resulting alignment file was used for variant calling following the 
GATK4 pipeline. Subsequently, hard-filter passing and biallelic SNPs (11.2 M) were kept for haplotype phasing using HapCUT2. Meanwhile, 10X Genomics 
reads were used for calling phased SNP blocks. SNPs (6.4 M) combined from the above two sets of SNP blocks were then retained for PacBio reads 
phasing using the approach first developed for the phasing of sex chromosomes (Zhang et al., 2020). After that, phased reads were de novo assembled 
with Canu independently, and contigs were linked with the help of the reference genome using RaGOO software. Eventually, 15 pairs of homologous 
pseudo-chromosomes were obtained and divided into two haplotypes, HY and HH, according to the mapping rates of resequencing data.
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Extended Data Fig. 2 | Multiple chromosomal fusions were detected among genomes of Sapindaceae species. Eight chromosomal fusions were detected 
across four Sapindaceae species. Each species has 15 chromosomes except A. yangbiense, which has 13 chromosomes. All these chromosomes descended 
from an ancestral core eudicot that had 21 chromosomes after the γ triplication event.
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Extended Data Fig. 3 | inbreeding coefficients for different lychee subgroups. Box plots show the inbreeding coefficients from subgroups with accession 
numbers (left to right) are n = 4, 6, 4, 4, 13, 25, 1, 1, 1, 5 and 12, total 73 lychee accessions and 3 outgroups, respectively. Bold black line shows the median, 
box edges represent the 25th and 75th percentiles, whiskers represent the maximum and minimum data points within 1.5× interquartile range outside box 
edges, empty circles represent the outlier data.
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Extended Data Fig. 4 | Admixture clustering shows that lychee accessions descend from two different (K = 2) ancestries. The YNW, VNW and GXDXW 
belong to an ancestry class (red), while the HNW and GXBBW belong to another ancestry category (blue). EEMC and LMC are grouped into the red and 
blue ancestries, respectively, with EMC in an intermediate state.

NATuRe GeNeTiCS | www.nature.com/naturegenetics

http://www.nature.com/naturegenetics


Articles Nature GeNetics

Extended Data Fig. 5 | A phylogenetic tree describing genetic relationships of chloroplast genome sequences shows two distinct groups of lychee 
accessions. A ML tree was constructed with IQtree used auto-best model (K3Pu + F + I). Accessions from the HNW/LMC group are indicated in green, 
and those from the YNW/EEMC group are in blue. ‘Feizixiao’ is highlighted in red.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | individual inbreeding coefficients suggest that FZX may be a very recent hybrid. Compared to cultivars, the wild accessions such 
as YNW, VNW, GXBBW possess higher inbreeding coefficients. And the recent hybrid EMCs (ZSZYH, YA1, SD) have very low inbreeding coefficients with 
FZX being even negative.
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Extended Data Fig. 7 | Mapping ratios to haplotypes HY and HH for different lychee accessions. The LMC/HNW group were preferentially aligned to 
HH, while EEMC/YNW to HY with mapping ratio of 64.0%-75.8% and 77.7%-83.1%, respectively. Three red dashed circles represent 25%, 50% and 
75%, respectively.
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Extended Data Fig. 8 | The SVP gene cluster identified in Sapindaceae. a. Intergenomic synteny among C. sinensis, X. sorbifolium, D. longan and L. chinensis. 
b. Phylogenetic tree of MADS-box genes from lychee and A. thaliana. Different classes of MADS-box genes are indicated with different colors. c. Expression 
profiles of SVP genes in lychee.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | A eudicot-conserved syntenic VRN1 gene cluster is expanded in Sapindaceae species. a. Synteny between C. sinensis and X. 
sorbifolium. with VRN1-like genes connected by red curves. b. A ML tree (IQtree with JTT + F + I + G4 model) of VRN1 homologs among 18 core eudicot 
species. Green: VRN1 homologs; magenta triangle: REM19 or RTVRN homologs; yellowish-brown triangle: REM16 homologs; gray triangle: outgroup genes. 
c. VRN1 cluster located in a sweep region was identified by SweepFinder2 using 200 kb windows. Dashed line represents the 5% significance level with 
neutral simulations.
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Extended Data Fig. 10 | A pair of CONSTANS genes contributes to fruit maturation time in lychee. a. Manhattan plot of the GWAS analysis based on 
early maturing vs. late-maturing accessions. The green dashed line represents 5% Bonferroni-corrected significance. b. A quantile-quantile plot of the 
GWAS analysis. c. A ML (FastTree) phylogeny of CONSTANS-like genes in lychee and Arabidopsis. COL305 and COL307 group near the AtCO gene.
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