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Abstract

Background: Litchi, an economically important fruit crop in Southeast Asia,
is renowned for its distinctive flavor and nutrient value, but its genetic diversity
and genetic basis underlying fruit quality regulation remain largely unexplored.

Results: We re-sequence 276 litchi accessions collected globally and identify 54 mil-
lion high-quality biallelic SNPs. We then analyze the population structure and reveal
four main subgroups within the population. By phenotypic profiling of 21 fruit-quality-
related traits, followed with genome-wide association study, we identify a plethora

of candidate genes and genomic loci that are responsible for regulating seed and fruit
quality traits. In particular, we characterize and experimentally validate an invertase
gene, LcSAl, encoding an enzyme catalyzing the conversion of sucrose into reducing
sugars, as a key regulator of sugar composition in litchi fruit, affecting the sweetness
of litchi fruits.

Conclusions: Our study demonstrates the genetic diversity and population struc-
ture of litchi. We delineate the genetic basis of fruit quality through comprehensive
genomic analyses and phenotypic profiling. These findings provide valuable resources
and knowledge for understanding the genetic basis of fruit quality in litchi, which con-
tribute to the theoretical basis for further genetic improvement.

Keywords: Genetic diversity, Genetic basis, Fruit quality, Litchi (Litchi chinensis Sonn.),
Invertase gene

Background

Litchi (Litchi chinensis Sonn.), a member of the Sapindaceae family, holds significant
economic importance as a subtropical fruit tree in the Southeast Asia region, especially
in the southern China [1]. The origin of litchi can be traced back to Yunnan Province,
China, where it has been cultivated for over 2000 years. Over time, a diverse collection
of litchi germplasm resources has been developed through natural selection and artificial
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breeding in various growing conditions, providing opportunities for continuous genetic
improvement [2]. Although research endeavors have been dedicated to examining and
assessing the diversity of litchi through the analysis of observable characteristics [3, 4],
the associated genetic variations within the central germplasm, which harbors a substan-
tial wealth of genetic data, remain largely unexplored and underutilized. Recent years,
with the rapid development of genomics and deep sequencing technologies, the applica-
tion of association analysis between genotypes and phenotypes in natural populations
has unveiled a multitude of natural allele variations and potential genes in many fruit
crops such as peach, apple, citrus, grape, and pear [5-9], offering substantial resources
for accelerated breeding. Nevertheless, investigations pertaining to genome-wide asso-
ciation analysis are limited in litchi.

Fruit is the main product of commercial value for litchi; therefore, the primary goal
of research and breeding is to ensure high fruit quality and stable yield. For instance,
smaller seed is a character highly favored by consumers in industry, and small-seed fruits
possess greater commercial value in comparison to normal-seed fruits. Smaller seeds are
often resulted from embryo abortion in the process of seed development, giving rise to
aborted seeds with reduced size. The seed-abortion trait exhibits a negative correlation
with fruit yield and may impose limitations on the selection of female parents in hybrid
breeding. And the seed-abortion trait is unstable and susceptible to environmental influ-
ences [10, 11]. In addition to seed size, the quality of litchi fruit is significantly influenced
by sweetness, which is determined by the content and composition of soluble sugars
[12]. It is worth noting that different fruits exhibit varying compositions of soluble sug-
ars. For instance, fructose is the predominant soluble sugar in apples and pears [13, 14],
whereas sucrose serves as the primary soluble sugar in citrus, bananas, peaches, and
mangoes [15]. The majority of litchi varieties contain reducing sugars, namely glucose
and fructose, as the primary soluble sugars in the pulp, while certain varieties predomi-
nantly consist of sucrose. Recently, more and more genes related to sugar metabolism
have been identified, and they play important roles in regulating sugar composition,
content, and quality in fruits. Malek et al. [16] identified two invertase copies are asso-
ciated with dry fruit sucrose content in data palm fruit. The heterologous expression
of the apple hexose transporter MdHT2.2 in tomato fruit increases cell wall invertase
activity, leading to the increase of both fructose and glucose content and meanwhile
the significant decrease of sucrose [17]. The vacuolar invertase Pbrvaclnvl was found
to be involved in sucrose decomposition during pear development [18]. In litchi, the
activities of cell wall invertases (CWIN) and vacuolar invertases (VIN) in the aril show
a strong positive correlation with their hexose/sucrose ratios. Interestingly, this hexose/
sucrose ratio is also positively correlated with seed weight, and LcCWINS was reported
specifically expressed in anthers and pistils, then result in impaired liquid endosperm
development, smaller seeds, and/or higher seed abortion rate [19, 20]. Additionally, the
sucrose synthase (SuS) activities in litchi also show a significantly positive correlation
with the hexose/sucrose ratio. Five SuS genes are identified in litchi, only the expres-
sion profile of LcSuSI was consistent with the trend of sugar accumulation during aril
development, and LcSuS2, LeSuS4, and LeSuSS show varied expression patterns between
cultivars with different hexose/sucrose ratios [21]. Although several genes related to
abortive seed development and sugar metabolism have been documented, the precise
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genetic mechanisms remain elusive [22], and their potential use in breeding, for exam-
ple, molecular marker development, has not yet been tested.

Litchi is native to south China, in which there are profuse natural germplasm
resources. The National Litchi Germplasm Resource Nursery (NLGRN) in Guang-
zhou, China, has amassed hundreds of litchi varieties sourced from litchi-producing
nations across the globe [23]. In this study, we selected a collection of 276 representa-
tive accessions from NLGRN and profiled their genetic diversity and variations using
deep sequencing. The abundance of genomic variation data has provided us with new
insights into the population structure of litchi. In addition, we recorded as many as 21
phenotypic traits related to fruit quality and used them for genome-wide association
study (GWAS). This led to the identification of a series of genomic loci and candidate
genes associated with certain traits. The findings from our study have provided valu-
able knowledge for the understanding of the population structure of litchi and rich gene
resources that can be potentially used for targeted breeding and improvement efforts in
litchi.

Results

Genetic variation and population structure of litchi

Previously, our investigations have revealed that wild litchi species mainly belong to two
groups, YNG (Yunnan Group) and HNG (Hainan Group) [2]. To gain a more compre-
hensive view of the population structure of litchi, in this study, we newly collected 276
litchi accessions (Additional file 2: Table S1) (Fig. 1A). In combination with 38 wild litchi
samples from the previous study [2] (Additional file 2: Table S1), a total of 314 litchi sam-
ples were used for genetic variation profiling.

We sequenced all these new accessions and obtained 2.65 Tb data, with an average
of coverage 20 x. A set of 3.54 million high-quality biallelic SNP sites were detected,
including 74.6k fourfold degenerate sites (4DTVs). Based on these 4DTVs, a maximum
likelihood tree was constructed, and it is observed that all these litchi accessions could
be classified into four groups: Yunnan Group (YNG, including wild litchi from Yunnan,
Vietnam, and Daxing county in Guangxi Province), Hainan Group (HNG, including
wild litchi from Hainan and from Bobai county in Guangxi, and consisting of accessions
mainly from southern Guangdong and Guangxi), FGG1 Group, and FGG2 Group (both
including accessions from Fujian, other parts of Guangdong and Guangxi) (Fig. 1A, B).

A subset of 439,759 SNPs was employed for further population analysis after prun-
ing by PLINK. Tenfold cross-validation supported a K=4 classification, which showed a
low CV error (0.40187) and a steadily increasing logarithmic likelihood value (Fig. 1C).
Although K=5 had the smallest CV error (0.40098), it further subdivided FGG2 into two
categories, which is conflicted with both the phylogenetic tree structure (Fig. 1B) and
the geographic distribution of accessions. Nucleotide diversity was significantly higher
in FGG1, FGG2, and HNG (11> 1.73e — 3) compared to YNG (rt="7.2e —4) (Fig. 1D). The
lowest fixation index (Fst) was observed between FGG2 and HNG (Fst =0.042), with Fst
values of 0.047 and 0.060 between these two and FGGI, respectively. In contrast, YNG
exhibited great genetic distance to HNG, FGG2, and FGG1 (Fig. 1D).

LD decay varied among subgroups, with YNG showing the longest decay distance
of 1862 bp, followed by FGG2, FGG1, and HNG with distances of 447 bp, 422 bp,
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Fig. 1 Litchi population structure and genetic diversity. A Geographical distribution of 277 litchi accessions;
orange: YNG including YNW (Yunnan wilds), VNW (Vietnam wilds), GXDXW (Da Xin wilds in Guangxi), and
EEMC/EMC (extremely-early/early maturing cultivars); purple: HNG including GXBBW (Bo Bai wilds in Guangxi)
and HNW (Hainan wilds); green: FGG1 represents the class | accessions from Fujian, Guangdong, and Guangxi;
and red: FGG2 represents the class Il accessions from Fujian, Guangdong, and Guangxi. Accessions from
neighboring locations were combined and displayed using pie charts, with the size of each pie representing
the percentage of each group. B A maximum likelihood tree was constructed using fourfold degenerate SNP
sites used HMD, LYLY, LL, and R267 as outgroup. HMD: Nephelium lappaceum, LYLY: Dimocarpus yunnanensis,
R267 and LL: Dimocarpus confinis. C The tenfold cross-validation supported the population into four
subpopulations, which had the lower CV error and a gradually increasing logarithmic likelihood. D The Fst
values and nucleotide diversity (m) between the four subpopulations. E The decay of linkage disequilibrium of
the four litchi subpopulations. F Estimated population structure of 277 litchi accessions using STRUCTURE. G
PCA 3D-scatter plot of the 277 accessions. The dot colors of the scatter plot are the same as those in the ML
tree

and 138 bp, respectively (Fig. 1E). Population admixture results indicated that YNG
and HNG were primarily distinguished when K=2, while FGG1 and FGG2 were
discerned at K=4 (Fig. 1F). A minor amount of FGG2 component was detected in
HNG, and vice versa, while FGG1 exhibited a mixture of YNG, HNG, and FGG2
components (Fig. 1F). Population principal component analysis demonstrated signifi-
cant differentiation between YNG and FGG2/HNG along PC1 (¢-test, p<0.05), and
between FGG1/FGG2 and YNG/HNG along PC2 (t-test, p <0.05) (Fig. 1G; Additional
file 1: Fig. S1).
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Taken together, based on these results, categorizing the litchi population into four
groups may be more accurate than the previous classification of two major groups previ-
ously [2]. It is worth noting that incomplete lineage sorting could potentially hinder the
finer classification of FGG1/FGG2, and more representative samples may clarify this.

Comprehensive characterization of fruit phenotypic traits in litchi germplasm

Fruit is the main commercial organ of economic importance for litchi. For the 276
litchi germplasm we studied here, their fruits were of great diversity in many aspects,
for instance, the fruit size and the seed size (Fig. 2A, B). We conducted a broad collec-
tion of as many as 21 fruit phenotypic traits in 2020 and 2021 (Fig. 2; Additional file 1:
Fig. S2). These traits encompass various aspects of fruit phenotypes, including overall
fruit features (fruit weight, fruit longitudinal diameter, fruit transverse diameter, fruit
lateral diameter, fruit peel thickness, fruit peel weight, fruit aril thickness, Fig. 2C, D),
seed features (seed weight, seed longitudinal diameter, seed transverse diameter, seed
lateral diameter, seed stalk length, and seed stalk width, seed weight percentage, Fig. 2C
and E), and other quality-related traits (seed abortive rate, edible rate, TSS, contents of
total acid, sucrose, glucose, and fructose, Fig. 2F). It was observed that almost all the 21
traits displayed wide variation in the 276 litchi varieties (Additional file 2: Table S2), for
example, the fruit weight ranged from 5 to 60 g, with the majority of fruits being 20-30 g
(Fig. 2D). But for the seed abortive rate, most of the accessions born normal (non-abor-
tive) seed, with only a few varieties producing fully abortive seed (100% abortive rate),
which is preferred by consumers (Fig. 2F). Most of these phenotypic traits represented
a continuous distribution that fits the normal distribution very well, with only two traits
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Fig. 2D-F). Therefore, all these fruit phenotypic traits can be used for the association
study with the genotypic variations in our large collection of litchi germplasm.

Phenotype-driven shaping of population structure

Natural selection is the driving force of evolution. To identify genomic loci under selec-
tion, EigenGWAS was applied in our population analysis [24]. The eigenvalues of popu-
lation structure for all 314 samples all exceeded Agc, indicating natural selection acting
across multiple principal components (Fig. 3A). Principal component analysis revealed
that PC1 and PC2 accounted for 21.2% and 13.8% of the total variation in population
genotypes, respectively (Fig. 3B). Intriguingly, PC2 notably divided the litchi populations
into two groups: FGG1/FGG2 and HNG/YNG (Fig. 3B). The latter group encompassed
a substantial number of wild litchi individuals, suggesting that artificial selection for
fruit and seed size could be involved in the domestication of wild litchi into cultivated
ones (Additional file 1: Fig. S3). In contrast, PC1 distinguished the YNG group from the
FGG2/HNG group, which inhabit distinct ecological niches, with YNG usually exhibit-
ing early maturation and FGG2/HNG later maturation [2, 25] (Fig. 3B).

Correlation analysis between eigenvector and 18 fruit-related traits revealed that PC2
was remarkably positively correlated with fruit weight and size as well as seed weight
and size, while showing a strong negative correlation with TSS and seed abortion rate
(Fig. 3C; Additional file 1: Figs. S4, S5). PC1 and PC4 also exhibited noticeable correla-
tions with fruit weight and size, albeit with lower coefficients. PC1 also demonstrated
moderate associations with pericarp and aril thickness (Fig. 3C). For these traits, PC2
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represented strong associations with the majority of them, encompassing 77.8% (14/18),
followed by PC4 and PC1 at 38.9% (7/18) and 33.3% (6/18), respectively (Fig. 3C).

GWAS was conducted using the PC2 eigenvector as the phenotype, revealing 124
significantly associated loci distributed across chromosomes 2, 7, and 13 (Fig. 3D).
Similarly, the GWAS involving PC4 detected 336 significantly associated loci (Fig. 3E).
Within the £ 50 kb of loci associated with PC2 and PC4, there were 534 and 1273 genes,
respectively, with an overlap of 37 genes (Additional file 1: Fig. S6; Additional file 2:
Table S3). Notably, many associated loci were also detected on other principal compo-
nents, such as PC1 and PC3 (Additional file 1: Fig. S7). For the genes associated with
PC2, predominant involvement was observed in hormone synthesis and transport, such
as 9-cis-epoxycarotenoid dioxygenase (NCEDI) implicated in ABA biosynthesis, sper-
mine synthase (SPMS) in spermine biosynthesis, and choline transporter-like protein 1
(CTLI) in PIN trafficking (Additional file 2: Table S4; Additional file 1: Fig. S8).

Genes potentially involved in seed abortion

Litchi fruits with no or small seeds are favorable in the market. Small seeds often come
from the embryo abortion in the process of seed development. Abortive-seed fruit
exhibits notable benefits, like a thicker aril (the flesh of the fruit) and a higher edible rate,
and consequently, abortive-seed has become an important desirable trait in the cultiva-
tion and breeding of litchi (Fig. 4A).

In the seed development process of litchi varieties prone to early embryonic abortion,
“Nuomici” (NMC) and “Hongzhenzhu” (HZZ), seed abortion was noted 10-15 days
after anthesis (DAA) (Fig. 4B). With the seed development, endosperm in these varie-
ties progressively diminished and vanished at approximately 25 DAA, leading to embryo
development deficiency and eventually the formation of smaller aborted seeds (Fig. 4B).
In contrast, for normal large-seed varieties, “Yeshenglizhi #10” (YS) and “Heiye” (HY),
they commenced endosperm production at 10 DAA and started to develop cotyledonary
embryo after 25 DAA, ultimately into plump, large seeds. Hence, the crucial period for
early seed abortion in litchi is identified from 10 to 25 DAA (Fig. 4B).

Therefore, we conducted transcriptome analysis of the early seed development pro-
cess (0-35 DAA) for these four litchi varieties and identified a total of 2136 differen-
tial expression genes (DEGs) (p<0.01 and fold-change >2) for the period of 10-25
DAA when the seed abortion occurs (Additional file 2: Table S5). Among them, one
gene (LcCTLI1, LITCHI004494), encoding a choline transporter-like protein (CTL1),
was also significantly associated with both the PC2 and PC4 eigenvectors (Figs. 3D,
E and 4C). LcCTLI is of higher expression at 10-25 DAA of abortive-seed varieties,
especially in HZZ (Fig. 4D). It is reported that AtCTL1 regulates intracellular traf-
ficking of PIN-type auxin transporters and affects seedling growth in Arabidopsis
[26]. Twenty-one other PC2-associated genes and 44 PC4-associated genes were also
found to be differentially expressed (Fig. 4C; Additional file 2: Table S6), and some
of them are likely involved in seed development. For instances, the PC2-associated
gene (LITCHI006014), encoding the alpha-galactosidase (AGAL1) important for cell
wall loosening and expansion [27], expressed at a remarkably higher level in abortive-
seed varieties at 5-15 DAA (Fig. 4E). Two PC4-associated genes (LITCHI005289 and
LITCHI027369) showed higher expression in large-seed varieties in most stages of
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and normally developed large-seed (below) varieties. B Morphological changes during seed development
in abortive-seed type (NMC: Nuomici, HZZ: Hongzhenzhu) and normal large-seed type (YS: Yeshenglizhi #10,
HY: Heiye). DAA: days after anthesis. Bars ("-") represent 0.2 mm at 0-20 DAA and 2 mm at 25-70 DAA for
all four accessions. C Venn diagram showing the overlap among the PC2-associated genes, PC4-associated
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seed development (Fig. 4F- G), especially for the latter which encodes constitutive dis-
ease resistance 1 (CDR1) protein with aspartic protease activity. The LITCHI005289
is a homolog of Arabidopsis expansin-A25 (EXPA25), which plays a potential role in
seed development [28].

We also conducted GWAS analysis directly using the six seed phenotypes. A total
of 66 significantly associated SNP signals were identified (Additional file 1: Figs. S9,
S10; Additional file 2: Table S7), and eight SNP loci were specifically associated with
seed transverse diameter (Fig. 4H). A few protein-coding genes were found close
to these associated loci and are likely involved in seed development (Additional
file 1: Figs. S11, S12), such as LITCHI000638 and LITCHI001708 in chromosome 5
(Fig. 4H) and LITCHI021007 in chromosome 12 (Fig. 4H). LITCHI000638 encodes
wall-associated receptor kinase gene 22 (LcWAK22), belonging to the WAKs/WAKLs
family of roles in plant cell elongation and expansion and female gametophyte for-
mation [29]. LITCHI001708 encodes UDP-glucosyltransferase 76E1 (LcUUGT76E1),
one of whose homologs (GhUGT71C#4) regulates the seed size by affecting phenyl-
propanoid metabolism in cotton [30]. LITCHI021007 encodes a NAC transcription
factor, and it is close to the AtNAC41 gene which is crucial in regulating the develop-
ment of endosperm cells in Arabidopsis [31]. Transcriptome and qRT-PCR analysis
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revealed that the expression of LcWAK22 was significantly higher in abortive embryos
compared to large-seed during 5-15 DAA (Fig. 4I). In contrast, expression levels of
LcUGT76E1 and LcNAC41 were notably lower in abortive materials in the whole pro-
cess of seed development (Fig. 4] - K). These observations indicate that these genes
are likely critical factors regulating the early development of litchi seed embryos and

affecting the seed formation ultimately.

LcSAl gene controls sugar composition in litchi fruit

The sugar content serves as a significant determinant in assessing the taste profile of
fruits. According to the composition of main sugars in the flesh, litchi fruit can be clas-
sified into three types: sucrose-accumulated (SA) type which preferentially accumulate
sucrose (sucrose/reducing sugar > 1), reducing sugar (glucose and fructose) accumulated
(RA) type with predominant reducing sugar (reducing sugar/sucrose >2), and interme-
diate type (IA) with the ratio of reducing sugar to sucrose ranging from 1 to 2 [32]. In
this study, we determined the sugar content and composition of fruits for 190 litchi vari-
eties by high-performance liquid chromatography (HPLC) (Additional file 2: Table S8).
Subsequently, with the content of sucrose and glucose as traits, GWAS analysis detected
a strong association peak on chromosome 7 (Fig. 5A; Additional file 1: Fig. S13), and
it was situated within the gene body region of the gene LITCHI0O09111 (Fig. 5B). This
gene encodes a beta-fructofuranosidase, also referred to as invertase (Fig. 5B), which
catalyzes degradation of sucrose into glucose and fructose. Hence, we considered this
gene as the best candidate gene controlling sugar composition and content in litchi, and
named it as LcSAI (soluble acid invertase).

Through phylogenetic analysis of LcSAI with invertases from other species, it is
observed that LcSAI was clustered with two vacuolar invertases (VI1/VI2) from Arabi-
dopsis thaliana (Additional file 1: Fig. S14). In Arabidopsis, VIs can hydrolyze sucrose
into reducing sugars (glucose and fructose), thereby altering the ratio of sucrose to
reducing sugar and impacting plant growth and development in multiple ways [33].
It was found that the SNP with the highest associated significance was at the position
22,496,380 bp of chromosome 7, which is located in the second intron of the LcSAI gene.
It can be either adenine (A) or guanine (G) in litchi population. The homozygous “A:A”
genotype was associated with comparable level of sucrose and reducing sugar content
(Fig. 5C). In contrast, varieties carrying heterozygous “A:G” or homozygous “G:G” at
the position were of a much higher level of reducing sugar content, but a lower level
of sucrose content (Fig. 5C), with the “G:G” genotype represented the highest level of
reducing sugar content and the lowest level of sucrose content (Additional file 1: Fig.
S15). These composition trends suggested that the “G” allele is positively associated with
the reducing sugar content in litchi aril, and mainly present in the RA/IA type of litchi
varieties.

Next, we compared the expression level of LcSAI in the two classes of litchi varieties
and found that LcSAI was expressed at a significantly higher level in the RA/IA-type
(“A:G” or “G:G”) accessions than that SA-type (“A:A”) accessions, a few of which were
even of almost no expression detected (Fig. 5D). These observations suggested that
the “G” allele of the LcSAI gene in the RA/IA type enabled a high-level expression of
LcSAIL which subsequently stimulated the conversion of sucrose to reducing sugars.
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To verify the function, the LcSAI was expressed in Escherichia coli, and the enzyme
activity of LcSIA-GST was significantly higher compared to the control (Additional
file 1: Fig. S16A).

To further confirm the function of the identified LcSAI gene, we overexpressed a
copy of it in the tomato (Micro-Tom). Compared to the wild type, the vegetative sta-
tus of transgenic plants was not affected. It was observed that expression of the LcSAI
gene and the enzyme activity of LcSAI were significantly higher in the overexpressed
tomato fruits (OE1, OE2, and OE3) compared to the wild type (Fig. 5E, F, Addi-
tional file 1: Fig. S16B, C). Consequently, the content of reducing sugars was greatly
increased in the transgenic fruits (Fig. 5G; Additional file 1: Fig. S16D), demonstrat-
ing the enzymatic function of LcSAI catalyzing the conversion of sucrose to reducing
sugars. Noticeably, the size of fruit from transgenic lines was smaller than that of the
wild type (Fig. 5G). Taken together, the identified invertase gene LcSAI is a key regu-
lator of sugar content accumulation in litchi fruits.
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Development of molecular marker associated with sugar composition

Next, we checked the genomic variations along the LcSAI gene locus, especially poten-
tial structural variations, which have not been examined thoroughly in this study. Our
analysis revealed that there was a 524-bp deletion (Chr7:7,985,725-7986251bp) in the
second intron region proximal to the GWAS peak of LcSAI gene mainly in the SA type
materials, and the deletion and the GWAS peak was in strong linkage (Fig. 6A). The
genomic read coverage in the deletion region is significantly lower in the A:A geno-
type which was associated with the SA-type accessions than the A:G/G:G genotypes
linked with RA/IA type (Fig. 6B, C). The accessions with the deletion (heterozygous or
homozygous) had higher level of sucrose and lower level of reducing sugar (Fig. 6D). A
molecular marker consisted of two PCR primers designed based on the deletion could
accurately distinguish the sugar accumulation types of different litchi varieties (Fig. 6E,
F; Additional file 2: Table S9). Specifically, the SA type predominantly yielded a single
band of approximately 700 bp, while the RA type a single band of approximately 1150
bp, and the IA type exhibited both bands concurrently. The results indicated the molec-
ular marker developed from the sugar-type associated deletion has the potential to be
used in the breeding of litchi varieties for desired sugar composition.
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Discussion

In this study, a comprehensive investigation of genetic variations in litchi germplasm
resources was carried out through large-scale resequencing and population analysis.
We obtained genomic data from a large natural population comprising 276 litchi germ-
plasm accessions [25] (Additional file 2: Table S1), comprising nine wild germplasms and
267 landraces or cultivars, and many of them were collected from eastern and north-
ern Guangxi, coastal areas of Fujian, and Taiwan (Fig. 1A), which were not covered pre-
viously [2]. This population contains representative varieties from all litchi-producing
regions in China as well as some foreign accessions. Litchi is a perennial fruit tree gener-
ally propagated vegetatively in cultivation. After excluding 37 clonal samples identified
in our clonal and pedigree analysis [34, 35], we detected no parent-offspring (PO) pairs
and only a few full-sibling (ES) relationships among the remaining accessions. This is in
marked contrast to similar collections in apples and grapes, where PO, FS, and clonal
relationships are routinely observed [36, 37]. The scarcity of close kinship in our dataset
is unexpected and remains an intriguing topic for future investigation.

Using this large population, as many as 3.54M high-quality SNPs were identified, com-
prising to date the most comprehensive dataset of genetic variations for litchi. In our
previous study, the curated 72 accessions were divided into two major clusters: I and II,
with cluster I including YNW, VNW, GXDXW, and EEMC (extremely-early maturing
cultivars), and cluster II comprising HNW, GXBBW, and LMC (late maturing cultivars)
[2]. Taking advantage of the larger population with more representative litchi accessions,
this study categorized litchi germplasms into four subgroups: HNG, FGG2, FGG1, and
YNG (Fig. 1B). YNG corresponds to the I cluster; HNG contains wild and cultivated
litchi from Hainan and includes many accessions from adjacent areas of Guangxi and
Guangdong, including GXBBW; FGG1 and FGG2 predominantly contain EEMC/EMC
(early maturing cultivars) and LMC cultivars, respectively (Additional file 1: Fig. S17).
The new classification shows that the majority of landraces and cultivars are included
in FGG1/FGG2, which exhibit a mixture of genetic components from HNG and YNG
(Fig. 1F). This phenomenon is consistent with previous studies suggesting that YNG
overlaps with HNG in the border area between Guangxi and Guangdong provinces,
which served as the center of litchi domestication [2]. Subsequently, cultivated litchi
spread to the entire provinces of Guangdong and Fujian, before disseminating to South-
east Asia and the rest of the world [38]. These new knowledges gained from population
classification and demographic history analysis will facilitate the further understanding
of litchi genetic diversity and the genomics-assisted breeding.

In combination with the profiling of 21 fruit phenotypic traits, this study identified
a total of 460 SNPs significantly associated with fruit traits and 1807 candidate genes
(Fig. 3E; Additional file 2: Table S3). A total of 66 significantly SNPs and seven candidate
genes were identified to be associated with abortive-seed formation (Fig. 4C; Additional
file 2: Table S7). Their homologous genes play important roles in plant seed development
(such as AGALI [27], WAK?22 [29], UGT76EI [30], NAC41 [31]). Small abortive-seed or
seedlessness is a desirable trait in many fruit crops. A few genes related to seed develop-
ment have been identified in citrus and grape, such as CitRWP [7], VWMADS39 [39], and
WAGLI11 [40]. Seed abortion in litchi is a complex genetic characteristic that can be
influenced by environmental factors, including temperature and pollen sources [10], and
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only a few related genes have been documented [20, 41]. For instance, silencing of cell
wall invertase genes (LcCWIN2 and LcCWINS) results in smaller seeds in litchi.

Among the various factors affecting litchi fruit quality, sweetness is a key determinant
of flavor. Previous studies have shown that different sugar components are major con-
tributors to fruit sweetness [13-15, 17]. Among them, fructose, as the sweetest soluble
sugar, plays a decisive role in determining the sweetness of the fruit [42, 43]. However,
high sucrose content is a distinctive feature of date palm fruit and affects flavor as well as
texture and water retention [16]. Soluble sugars in litchi fruit mainly consist of sucrose,
glucose, and fructose. Fruits of most litchi germplasms mainly accumulate reducing sug-
ars (fructose and glucose), which play a regulatory and balancing role in the flavor of
litchi, resulting in a more delicate and delicious sweetness [44, 45]. Previous studies have
reported on the accumulation of different types of sugars in litchi [19, 33, 46] and high-
lighted the role of sucrose cleavage enzymes and sucrose synthase [33] in influencing on
sugar accumulation pattern in litchi flesh. In this study, we identified an invertase gene,
LcSAIL which catalyzes the conversion of sucrose into glucose and fructose. The function
of LcSAI in sugar conversion is consistent with that of its homologous genes reported
in tomatoes and other plants [20, 33]. In addition, glucose is crucial for early embryo
development in many plants, which serving as a stimulatory signal for cotyledon embryo
formation [47]. In maize and rice, a higher ratio of glucose to sucrose can stimulate cell
division during the early stages of grain development, leading to the production of more
endosperm cells and reducing abortive-seed rates [48]. These results suggest that LcSAI
may play a role in early seed development, similar to their homologous genes [20]. How-
ever, further investigation is needed to validate this speculation.

Conclusions

In this study, a comprehensive analysis of 276 litchi accessions refined the population
structure into four distinct groups, providing deeper insights into the crop’s domestica-
tion history. Through the integration of large-scale genomic data with the profiling of
21 fruit-related phenotypes, we have delineated the genetic architecture of crucial qual-
ity traits. Notably, we identified and characterized a soluble acid invertase gene, LcSAI
as the key regulator of sugar composition in litchi fruit. A structural variation within
this gene was found to be strongly associated with the accumulation of either sucrose
or reducing sugars. Several candidate genes potentially involved in seed abortion were
identified as well. Collectively, these findings provide valuable genomic resources and
a foundational understanding of fruit quality genetics, which will greatly accelerate the
genetic improvement and molecular breeding of litchi.

Methods

Plant material and growth conditions

A total of 314 litchi accession samples were used in this study, including 38 wild litchi
samples from the previous study [2] (Additional file 2: Table S1), and a comprehensive
collection of 276 litchi core germplasm resources was obtained from the National Litchi
Germplasm Repository (Additional file 2: Table S1), Institute of Fruit Tree Research,
Guangdong Academy of Agricultural Sciences, Guangzhou, Guangdong Province. The
orchard, situated on mildly undulating topography, has nurtured these germplasm trees
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for a period exceeding 10 years. The consistent soil fertility and management practices
implemented in the orchard guarantee an annual occurrence of flowering and fruiting.

Phenotypic data collection

All of the measurements for the agronomic traits were based on the Description and
data standard for litchi (Litchi chinensis Sonn.) [49]. Data were collected in 2020 and
2021. Fifty fully mature litchi fruits were selected from each variety for phenotypic
measurements. The weight of individual fruits (FW, g), pericarp (PW, g), and seeds (SW,
g) was measured using a Mettler Toledo balance with a precision of 1/1000th of a gram.
The longitudinal, transverse, and lateral diameters (mm) of both the fruit and seed were
measured using a digital vernier caliper. The developmental stage of the embryo (nor-
mal seed/aborted seed) was observed and recorded. The Edible rate (%), Seed weight
percentage (%), and Seed abortive rate (%) are calculated from the fruits and seed data.
Edible rate=(FW — SW —PW)/FW*100, Seed weight percentage=SW/FW*100, Seed
abortive rate =abortive-seed number/total seed number*100. The pulp of the fruit was
juiced, and the content of soluble solids (TSS) and total acidity in individual fruits were
measured using a digital refractometer (ATAGO, Japan). Sucrose and reducing sugars
(glucose and fructose) were quantified using high-performance liquid chromatography
(HPLC) on an Agilent 1260 Infinity HPLC system following the methods described in
a previous report [32]. Each sample was measured three times, and the average value
was recorded. The statistical analysis and data visualization of the phenotypic traits
were performed using Origin software (version 2022). Statistical analysis was conducted
using SPSS software (SPSS 27.0, SPSS Inc.). One-way analysis of variance (ANOVA) was
employed for the statistical analysis. The significance level for the ANOVA was set at
p=0.05or 0.01.

Resequencing and SNP calling

The genomic DNA was extracted from the fully expanded and green litchi tender leaves
of each accessions using Super Plant Genomic DNA Kit (Polysaccharides & Polyphe-
nolics-rich, TIANGEN). Then, the 350-bp whole-genome libraries were constructed
for each accession and sequenced on the Illumina sequencing platform (Illumina
Novaseq6000 sequencer) by Biomarker Biotechnology Company (Beijing), generated a
total of 8G (average 20 x) clean raw data with a read length of 150 bp per sample (Addi-
tional file 2: Table S1 for more details). The software with parameter settings of the qual-
ity control, adapter trimming, mapping, alignment, and SNP calling methods used for
the raw resequencing data of 276 accessions, which were the same as resequencing data
of 72 accessions as described in our previous study [2]. The trimmed reads were mapped
to the reference litchi genome (Feizixiao), and the 9.48 million biallelic SNPs were kept
with parameter “—maf 0.01 —geno 0.2” using PLINK2 [34].

Clonal and pedigree analyses

To ensure the accuracy of population analysis, the putative clones were examined and
removed, as litchi is a perennial woody fruit tree of vegetative propagation. The 9.48 M
SNPs were filtered using strict parameters (“—maf 0.05 —geno 0.05 —hwe 0.001”) in
PLINK2 [34], resulting in 3.59 M SNPs. These were then analyzed using the KING



Yan et al. Genome Biology (2025) 26:222 Page 15 of 21

software with the “~kinship” parameter to infer relatedness [35]. Samples with a kinship
value of >0.354 were classified as putative clonal, leading to the removal of 37 clones.
Following this, 3.54M SNPs were retained for subsequent population structure analyses.

Phylogenetic tree

Fourfold degenerate sites were obtained across the entire genome using custom scripts.
These sites were then intersected with 3.54M SNPs, yielding 74.6k shared sites. Then, a
maximum likelihood tree was constructed with the optimal model TVM +F 4+ ASC+R6
using IQ-TREE (version 1.6.10) [50]. And ultrafast bootstrap with 1000 replicates was
conducted using “-bb 1000 -bnni” parameters. The resulting tree was visualized using
FigTree software (https://github.com/rambaut/figtree/releases/tag/v1.4.3) and evolview
(version 2) [51]. The construction of the phylogenetic tree of LcSAI (Additional file 1:
Fig. S13) proceeded as follows: First, proteins of 11 species, such as Vitis vinifera and
Solanum lycopersicum, were retrieved from public databases as our study previously
described [2]. The sequences of INVERTASE from Arabidopsis thaliana (AtVI1~2,
AtCWI1 ~6) were subjected to blastp comparison against the aforementioned protein
sequences, using an e value threshold of 1e—5. The resulting protein sequences were uti-
lized for constructing maximum likelihood trees using MUSCLE (version 3.8.31) [52]
and TrimAL (version 1.4.22) [53] with default parameters. Additionally, IQ-TREE [50]

was employed with the same parameters as previously mentioned.

Population structure and genetic differentiation analysis

The hard-filtered 3.54M SNPs were pruned using the recommended parameters “-indep-
pairwise 50 10 0.1” in ADMIXTURE software [54], resulting in 439.8k SNPs for popula-
tion structure analysis. The optimal number of populations (K) ranged from 2 to 10 was
determined using tenfold cross-validation with the 439.8k SNPs. Linkage disequilibrium
(LD) in population groups were calculated by PopLDdecay (3.40) [55] software using the
correlation coefficient (%) of 3.54M SNPs. The resulting output was input into R, and
a linear model was applied to the data using the “Im” function with logl0 transformed
distance vs. R* value data, and the point where R? dropped to 50% of the initial value was
reported as the measure of decay. PCA was calculated for evaluating genetic structure
using KING. Fixation statistics (FST) and nucleotide diversity (6m) were calculated using
VCFtools software (version 0.1.15) [56] in windows of 100 kb.

GWAS analysis

To better utilize the phenotypic data, the clonal lines were included in our GWAS
analysis. The 9.48M SNPs were pruned using “-indep-pairwise 50 5 0.5, resulting
in 4.43M SNPs. The 4.43 million SNPs were further filtered using “~maf 0.05,” and 38
wild litchi samples lacking phenotypic data were removed. Ultimately, 2,442,670 SNPs
were retained from 276 litchi varieties and were used in association with 21 phenotypic
traits. The EigenGWAS analyses were conducted using a linear mixed model [24] with-
out covariate matrix in R package (version 3.5.2). When using the mixed linear model
(MLM) in TASSEL [57] for association analysis, structure results (Q matrix from admix-
ture analysis), kinship (K matrix), and PCA results were used individually or in combi-
nation to correcting for population structure. In the case of the MLMM model for six
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phenotypic data of seed trait, we conduct association analysis using both the Bayesian-
information and linkage-disequilibrium iteratively nested keyway (BLINK) [58] and
fixed and random model circulating probability unification (FarmCPU) [59] algorithms
simultaneously with R-package GAPIT version 3 [60] (http://www.zzlab.net/GAPIT/
GAPIT library.R). The significance threshold for genome-wide association was deter-
mined based on a false discovery rate (FDR-adjusted p < 0.05).

Functional annotation of candidate genes in the target region

Access the Litchi genome database (http://www.sapindaceae.com/), enter the Genome
Browser (Litchi genome) interface. The gene IDs of candidate genes were obtained
through using a sliding window of 450 kb upstream and downstream of the physically
associated trait loci, and perform a BLAST search to compare the candidate region
genes with functional databases such as NR, SwissProt, GO, COG, and KEGG for func-
tional annotation. Further compare with the Arabidopsis genome (https://www.arabi
dopsis.org/) to preliminarily determine the biological functions of homologous genes in
Arabidopsis within the candidate region. Concurrently, integrate transcriptome data to
preliminarily identify genes with significant differences in expression levels as candidate
genes.

Sampling of developmental seeds

In this study, two abortive-seed varieties, “Nuomici” and “Hongzhenzhu,” were selected
because both of them have stable rates of seed abortion. “Nuomici” is an old cultivar
well-known for its small seeds coming from stable seed abortion. “Hongzhenzhu” is
a new cultivar we selected recently. Our field trials of multi-year (at least 3 years) and
multi-location revealed that the abortive seed rate of “Hongzhenzhu” is consistently
above 95%, indicating a high stability of seed abortion. When sampling, we also manu-
ally removed non-abortive seeds as aborted seeds are usually smaller, deformed, or lack-
ing certain anatomical structures, which could be distinguished as early as 10 DAA (as
shown in Fig. 4B). Two large-seed varieties, “Yeshenglizhi #10” (YS) and “Heiye” (HY),
with normal seed development, were selected for comparison.

The cross section of seed development at 0, 5, 10, 15, 25, 30, and 35 days after anthe-
sis (DAA) are from two large-seed (YS and HY) and abortive-seed varieties (NMC and
HZZ), the images were taken under a stereomicroscope (Zeiss, Discovery.V20, Ger-
many), and pictures of other fruits and seeds were all taken with a Nikon camera (Nikon,
D850, Japan). All the fresh seeds of two type (large- and abortive-seed) varieties was col-
lected described above from 0 to 35 DAA, which was frozen rapidly in liquid nitrogen
and stored in a — 80 °C freezer for subsequent RNA sequencing and qRT-PCR analysis.

RNA-seq and data analysis

The transcriptomic data were generated from different seed development stages (0, 5,
10, 15, 20, 25, and 35 DAA) of two large-seed (YS and HY) and abortive-seed varie-
ties (NMC and HZZ) by the majorbio company (www.majorbio.com). A total of 1 pg
RNA was used for library construction following Illumina® Stranded mRNA Prep,
Ligation from Illumina (San Diego, CA). RNA-seq sequencing was sequenced with the
NovaSeq 6000 sequencer (2 x 150 bp read length). Each sample was sequenced with
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three biological replicates. Clean reads were separately aligned and mapped to the litchi
genome using HISAT2 [61] software. The raw count of each gene was calculated by
“prepDE.py” according to the StringTie method [62]. Both the raw count of large-seed
and abortive-seed samples were as input to DESeq2 [63]. The DEGs were evaluated in
[log2FC| 2 2 and adjusted p value <0.01. The heatmap of expression level of DEGs were
visualized by TBtools II (V2.025) [64].

Quantitative reverse transcription (qRT)-PCR expression analysis

Total RNA was extracted using the RNAprep Pure Kit (Polysaccharides & Polypheno-
lics-rich, TTANGEN). cDNA synthesis was performed using PrimeScript" RT reagent
Kit with gDNA Eraser (Perfect Real Time, TakaRa). qRT-PCR was performed in a CFX96
real-time PCR system (Bio-Rad, CA) using iTaq Universal SYBR Green Supermix (Bio-
Rad). Primers are shown in Additional file 2: Table S11. LcActin [65] or ubiquitin (UBI;
serial number: Solyc01g056940) was used as reference gene to normalize the transcript
levels of target genes for litchi and Micro-Tom tomato. Software was utilized to calculate
the relative expression level based on the ratio of the target gene and the reference gene
with three biological replicates. The statistical analysis and data visualization were using
GraphPad prism 8.0 software (GraphPad Software).

Vector construction and genetic transformation

The coding sequence (CDS) of LITCHIO09111 m3, obtained from the reference genome
“Fuzixiao,” was synthesized by a commercial company (Tsingke Biotech Co., Ltd.). The
CDS was designed with Xbal and pstl restriction enzyme sites and was constructed
into the super 1300 vector, which carry chloramphenicol resistance gene and were
under control of the 35S promoters. And transformed into Agrobacterium tumefaciens
strains (GV3101), which was used for tomato (Micro-Tom) genetic transformation as
reported previously [66]. The transgenic plants were selected on MS medium with anti-
biotic selection of the construction vector. The genetic transformation and planting of
experiments were conducted in a greenhouse at 26 °C with a light cycle of 16 h light
and 8 h darkness. Positive transgenic plants were screened using PCR amplification with
genomic DNA; the sequence across the LITCHI009111 was amplified and sequenced.
The primers used for amplification are listed in Additional file 2: Table S11 and T1 gen-
eration over-expression plants were selected for subsequent fruit analysis.

Enzyme activity determination

For the enzyme activity of LcSAI in E. coli strain Rosetta (DE3), the sequence of LcSAI
(LITCHI00911m3 CDS, 643 aa) was constructed into the pET28a-GST and trans-
formed into E. coli Rosetta (DE3) cells. The DE3 cells were harvested by centrifugation
at 5000 x g for 30 min and then resuspended in a lysis buffer (phosphate-buffered saline,
pH 4.8, 1 mmo/L phenylmethanesulfonyl fluoride (PMSF), 0.2 mg/mL lysozyme, and
0.02 mg/mL DNase I), followed by disruption with a sonicator. Cell debris was removed
by centrifugation at 14,000 x g for 30 min. The supernatant was then applied on an affin-
ity (glutathione S-transferase (GST)) column. The target protein was eluted using a 10
mmol/L GSH. The microplate reader (SpectraMax ABS plus, Molecular Devices, CA,
USA) was used to measure the concentration of purified proteins by soluble protein
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BCA method. Sodium dodecyl sulfate—polyacrylamide gel electrophoresis analysis was
performed to verify the purity protein.

All the activities of soluble acid invertase (including in DE3, the fruits of tomato in
transgenic and WT lines) were measured using a biochemical reagent kit (NM-W-0223,
Norminkoda Biotechnology Co., Ltd. Wuhan, China). The principle is that invertase
catalyzes the decomposition of sucrose to produce reducing sugar, which further reacts
with 3,5-dinitrosalicylic acid to produce a brownish red amino compound. It has charac-
teristic light absorption at 540 nm, and within a certain range, the light absorption value
at 540 nm is proportional to the amount of reducing sugar produced. The production of
1 pg reducing sugar per milligram of protein per minute is defined as one enzyme activ-
ity unit (U).

Marker development

Primer design is based on the deletion region in the second intron of the LITCHI009111
genomic sequence in two types of materials. PCR amplification was performed using
PrimeSTAR® Max DNA Polymerase (Takara) with the following program: 98 °C for 10's,
60 °C for 5's, 72 °C for 1 min, for a total of 35 cycles. The amplification reaction was car-
ried out in a T100 Therma Cycler (BIO-RAD), and all the amplification products were
separated by 1.2% agarose gel electrophoresis.
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