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SUMMARY

Actinidia spp. (kiwifruit) are functionally dioecious with separate male and female individuals that exhibit a
subtle difference in flowering time. However, this sexually dimorphic trait, along with its evolutionary his-
tory and the role of sexually antagonistic selection, remains to be fully understood. To investigate the
underlying causes of this dimorphism at the genus level, we conducted a comparative pan-genome analysis
of two representative kiwifruit species, Actinidia chinensis and Actinidia eriantha, using 10
chromosome-scale genome assemblies from six distinct male and female genotypes. The construction of
the pan-genome revealed a total of 52 774 non-redundant pan-gene orthogroups comprising 42 370 gene
clusters and 10 404 unassigned genes. Building on this, the comparative analysis further identified 657 syn-
tenic gene sets belonging to 595 pan-gene orthogroups that exhibit significant inter-sexual divergence. It is
plausible that they are drivers of the antagonistic selection responsible for conserved sexually dimorphic
traits across the extant kiwifruit species. One of these genes is Y-linked FT (YFT), a male-specific variant of
FLOWERING LOCUS T that originated following the recent whole-genome duplication event. We demon-
strate that A. eriantha YFT is able to promote flowering, suggesting that it may contribute to the sexual
dimorphism in kiwifruit flowering time. Notably, YFT is located in the sex-determining region (SDR), with
linkage to the sex-determining genes, facilitating its spread in natural populations and SDR’s expansion on
the Y chromosome. For ease of use and analysis, the entire comparative pan-genome workflow was inte-
grated into a custom Perl script, SynPanScan. This approach helps decipher the genetic basis of flowering
sexual dimorphism in kiwifruit and establishes a synteny-based comparative pan-genomic framework for
investigating the heritable architecture of natural phenotypic variation.

Keywords: kiwifruit, comparative pan-genome, sex chromosome evolution, sexual dimorphism, flowering
time, FT gene family.

INTRODUCTION

Sexual dimorphism is a remarkable feature of adaptive
evolution in species with separate sexes (Williams & Car-
roll, 2009). Divergent reproductive strategies between
males and females can result in strikingly different mor-
phological phenotypes, such as color, shape, weight, size,
and behavioral traits (Barrett & Hough, 2013; Pennell

et al., 2016). Genetically, functional genes in the two sexes
will be differentially selected and fixed to reach their
respective fitness optima for shared traits. However,
responses to these opposing selective pressures are con-
strained by a common genetic basis, leading to sexual
antagonism, in which distinct alleles for a given gene tend
to be concurrently created within natural populations
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(Kaufmann et al., 2023). Accordingly, sexually antagonistic
(SA) selection arises when an allele is beneficial to one sex
but detrimental to the other.

SA selection is thought to be inescapable, and even
pervasive in both animal and plant populations. Theoreti-
cally, SA selection on ordinary autosomes can occur only
if its benefits to one sex are greater than its detriments to
the other, which would diminish the ability to fix beneficial
mutations through natural selection (Pennell et al., 2016).
Alternatively, to prevent the production of unfavorable
phenotypes in opposite sexes, SA polymorphisms often
accumulate on sex chromosomes, where homologous
recombination is partially or globally inhibited (Jordan &
Charlesworth, 2012). In this case, a male-beneficial and/or
female-detrimental allele located on the Y chromosome
can be stably inherited and maintained during the life his-
tory of males, and vice versa. Furthermore, based on the
prevailing theory of sex chromosome evolution, once SA
polymorphisms have become fixed around the
sex-determining genes, they can in turn drive the positive
selection for reduced chromosomal recombination
between SA loci and sex-determining loci (Ming et al.,
2011). Therefore, SA selection not only has significant
effects on the acquisition of sexual dimorphism, but also
plays important roles in the evolutionary dynamics of sex
chromosome, especially at the early stages of sex chromo-
some differentiation.

Actinidia spp., commonly known as kiwifruit, are
native to China and consist of approximately 54 species
with ploidy levels ranging from diploid to octoploid (Li
et al., 2007). Despite the high genetic diversity, all species
in this genus are functionally dioecious with a unisexual
floral morphology and an XX/XY sex determination sys-
tem. It has been known that sex determination of kiwifruit
is controlled by two sex-determining genes, Shy Girl
(SyGl) and Friendly Boy (FrBy), which are closely linked
and located in the sex-determining region (SDR) of the Y
chromosome (Akagi et al., 2018, 2019; Varkonyi-Gasic
et al., 2021). Conversely, the conservation of SyGl and FrBy
among the genus Actinidia has demonstrated that an initial
SDR was developed before species divergence, agreeing
with the observations on floral morphology across species
(Akagi et al., 2023; Yue et al., 2024).

Except for the floral morphology, kiwifruit also exhibit
sexual dimorphism in a variety of floral characteristics,
such as flower number and flowering time (Cheng
et al., 2006; Ferguson, 1991; Testolin, 1991), suggesting a
long evolutionary history of antagonistic selection predat-
ing species differentiation. Naturally, these SA polymor-
phisms would be maintained and can be examined in the
extant kiwifruit genetic resources. Furthermore, the consis-
tent and conserved patterns of floral dimorphism could
indicate that SA selection may have a significant effect on

sexual fitness and evolution of reproductive organs in the
universal ancestor of kiwifruit. It is well-documented that
transposon bursts make great contributions to the rapid
expansion of SDR on the Y chromosome during kiwifruit
evolution (Akagi et al., 2023; Yue et al., 2024). However,
details about the occurrence and influence of SA selection
in kiwifruit SDR are still limited.

Pan-genomics is a newly emerging and highly effec-
tive tool for assessing the genetic diversity within and/or
between populations. Through phylogenetic genome com-
parison, it enables the detection of genomic sequences
and protein-coding genes not present in a single genome.
Recently, the first graph-based pan-genome of kiwifruit
has been constructed to reveal structural variations medi-
ating fruit de-greening in Actinidia chinensis, which could
also extend our exploration and characterization of intra-
specific genomic diversity in the future (Wang et al., 2024).
Meanwhile, an increasing number of published genomes
from the genus Actinidia offer new opportunities to fully
capture interspecific genetic diversity across kiwifruit spe-
cies by using comparative pan-genome analysis (Han
et al., 2023; Liu et al., 2024; Wang et al., 2023; Yao et al.,
2022; Yu et al., 2023).

In this study, by collecting 10 high-quality
chromosome-scale genome assemblies of 6 kiwifruit
genotypes from A. chinensis and Actinidia eriantha, we
constructed a gene-based pan-genome and disclosed mil-
lions of gene presence/absence variations (PAVs) and
gene copy-number variations (CNVs) that are hard to
detect when analyzing single reference genomes (Yue
et al., 2023). Benefiting from the inclusion of male
genomes, our gene-based pan-genome, when combined
with a custom SynPanScan pipeline, allows for in-depth
comparative analysis of gene PAVs and CNVs potentially
related to SA selection between sexes in kiwifruit.
Leveraging this integrated pipeline, we achieved the suc-
cessful identification of the Y-linked FT (YFT) gene, which
is unique to males and belongs to the FLOWERING
LOCUS T (FT) gene family (Akagi et al., 2018). Phyloge-
netic analysis provided evidence for robust orthologous
relationships of YFT across different species and lineage-
specific expansion of FT after the recent whole-genome
duplication (WGD) event in the founding ancestor. The
expression pattern of YFT in both floral buds and leaves
of the male kiwifruit, as supported by transcriptomic anal-
ysis, is consistent with its conserved putative role in flow-
ering regulation. Moreover, ectopic expression of A.
eriantha YFT (AerYFT) resulted in considerably earlier
flowering in Arabidopsis, which could be indicative of SA
selection on flowering time in the process of kiwifruit evo-
lution. The source code, web server, and technical docu-
mentation of SynPanScan are publicly available at
https://synpanscan.atcgn.com/.
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RESULTS
Phenotypic observation of kiwifruit flowering time

To validate the observed differentiation of kiwifruit flower-
ing time between sexes, we have maintained long-term
phenological records of flowering dates for over 280 adult
vines with a female-to-male sex ratio of 1.04:1 in an intra-
specific hybrid population of A. eriantha during the flower-
ing season in 2024. The flowering time for each vine was
recorded as the date on which the first fully open flower
was observed. On May 9, we observed multiple opening
flowers on six individual male vines (Figure 1a). In con-
trast, our observation revealed a 1-day delay in female
flower opening, with the first fully open flower appearing
on May 10 (Figure 1b). Notably, at the 10-day observation
point, all female vines had completed flowering and

entered the senescence phase, whereas one male vine still
retained open flowers.

Globally, the flowering phenology of our hybrid popu-
lation, in both males and females, is well approximated by
a normal distribution (Figure 1c). Through further compari-
son, the mean flowering time of male vines (3.67 days
after May 9) is significantly earlier than that of female vines
(4.82 days after May 9) with Student’s ttest (P-value
< 0.001), confirming our observation of sexual dimorphism
in flowering time (Figure 1d). Meanwhile, male vines have
a relatively longer flowering period than female vines (11
versus 9 days). In addition, the standard deviation of
females (1.69) in flowering time is smaller than that of
males (1.90), reflecting that the female population has a
more synchronized flowering period (Figure 1c). Therefore,
these data provide evidence for the outcomes of
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Figure 1. Phenotypic observation of flowering time in males and females of adult kiwifruit vines.

(a) Male floral morphology. Arrow marks a fully open flower.
(b) Female floral morphology. Arrow marks a fully open flower.

(c) Statistics of flowering time for a total of 143 female and 137 male vines in our hybrid population. Their respective normal distribution is used to estimate the

mean and the standard deviation.

(d) The boxplots showing the number of days after the first flowering for all the male and female vines, respectively. Statistical significance was determined by
Student’s t-test (***P-value < 0.001). Sample sizes: female vines, n = 143; male vines, n = 137.
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evolutionary mechanisms that underpin sexual adaptation
in kiwifruit.

Gene-based pan-genome construction of the genus
Actinidia

To identify genetic determinants underlying the observed
flowering time dimorphism, we first conducted a compre-
hensive pan-genome analysis of the genus Actinidia,
which enables simultaneous discovery of both novel
non-reference loci and functionally constrained genes
across species. By clustering 457 899 predicted genes from
the 10 genome assemblies of A. chinensis and A. eriantha
(Table S1), we constructed a protein-coding gene-based
super pan-genome for kiwifruit, which resulted in a total of
52 774 non-redundant pan-gene orthogroups comprising
42 370 gene clusters and 10 404 unassigned genes
(Table S2). Based on the distribution of these pan-gene
orthogroups in all assemblies, 19 230 (36.4%) orthogroups
were categorized as core pan-genes (genes present in all
10 assemblies) and 33 544 (63.6%) orthogroups were cate-
gorized as dispensable pan-genes (genes absent in at least
one assembly) (Figure 2a). These dispensable pan-genes
were further divided into 3967 (7.5%) softcore (genes in
those orthogroups present in more than 80% assemblies),
129 (0.2%) cloud (genes in those orthogroups with two or
more members of a given gene cluster present in only one
assembly), 10 404 (19.7%) unassigned (genes in those
orthogroups with a sole member present in only one
assembly) and 19 044 (36.1%) shell (genes in the rest
orthogroups) orthogroups according to their presence in
each assembly (Figure 2a,b). On average, each individual
kiwifruit genome assembly consisted of 69.2, 10.4, 18.1,
0.1, and 2.3% genes from the core, softcore, shell, cloud,
and unassigned orthogroups in our constructed
gene-based pan-genome (Figure 2c; Table S3). The results
of simulating pan-gene size indicated that when the num-
ber of assemblies exceeds eight, the number of both total
pan-gene orthogroups and core pan-gene orthogroups
approaches stability, suggesting that the constructed pan-
genome has reached saturation (Figure 2d). Specifically, an
average of just three new pan-gene orthogroups were
obtained when adding the 10 assembly (Table S4), further
indicating the representation of the six kiwifruit cultivars or
lines selected in our study.

In comparison, the sequence lengths and expression
levels of core pan-gene orthogroups were significantly
greater than those of dispensable pan-gene orthogroups
(Figure 2e,f; Table S5), which suggested that the core pan-
genes may play more general roles in the developmental
process of kiwifruit. Conversely, the non-
synonymous/synonymous substitution ratio (K,/Ks) of core
pan-gene orthogroups was smaller than that of dispens-
able pan-gene orthogroups, indicating that the core pan-
genes are subject to strong selective pressure and the

dispensable pan-genes have undergone less stringent puri-
fying selection (Figure 2g; Table S6). Furthermore, func-
tional enrichment analysis based on gene ontology (GO)
annotation also indicated that core pan-genes were
enriched for several essential biological processes and
molecular functions such as positive regulation of tran-
scription, DNA-templated (G0:0045893, P-value < 0.001),
transcription regulatory region sequence-specific DNA
binding (G0:0000976, P-value < 0.001), protein binding
(G0:0005515, P-value < 0.001), and transcription coactiva-
tor activity (GO:0003713, P-value < 0.01) (Table S7), while
dispensable pan-genes were significantly involved in pri-
mary and secondary metabolism activities including carbo-
hydrate metabolic process (GO:0005975, P-value < 0.001),
gluconeogenesis (G0:0006094, P-value < 0.001), serine
family amino acid metabolic process (GO:0009069, P-value
< 0.001), and sucrose metabolic process (G0O:0005985, P-
value < 0.001) (Table S8). Together, all these findings
strongly demonstrated that core pan-genes are compara-
tively conserved among the genus Actinidia, whereas dis-
pensable pan-genes exhibit higher genetic variations and
faster evolutionary rates to acquire new functions for the
adaptation of different kiwifruit species to diverse environ-
mental conditions or selection pressures.

Comparative pan-genome analysis of male and female
kiwifruit

With a pan-genome developed, we then conducted com-
parative analyses to link genetic variations, such as PAVs
and CNVs, to specific phenotypic differences, thereby iden-
tifying a core set of features common across all predefined
subgroups. The male-female pan-genome serves as a
powerful framework to directly investigate inter-sex geno-
mic variations and ultimately infer candidate loci that have
been shaped by sexual antagonistic selection over kiwifruit
evolutionary history. Furthermore, syntelog is devoted to
describing the type of homology where genes involved are
derived from the same ancestral source (Wu et al., 2023).
Therefore, the integration of synteny-based anchoring and
pan-genomic clustering can help trace lineage-specific
adaptive evolution at both large scales and high details.
For this purpose, we have developed a custom pipeline,
Synteny-based Pan-genomic Scan (SynPanScan), to specif-
ically screen syntenic genes through the comparative anal-
ysis of our constructed gene-based pan-genome (see
Experimental Procedures).

Using the SynPanScan pipeline, we identified 657 syn-
tenic gene sets exhibiting sex-differentiated PAVs and
CNVs from a total of 595 pan-gene orthogroups, represent-
ing the deeply conserved ancestral characters shared by all
the extant kiwifruit species (Table S9). Among them, 240
gene sets were always present in males but entirely absent
in females (hereafter called male-specific category and
abbreviated MS) and 88 gene sets that were only present
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Figure 2. Characterization of the constructed kiwifruit gene-based pan-genome.

(a) Proportion of core, softcore, shell, cloud, and unassigned pan-gene orthogroups in the pan-genome.

(b) Number of pan-gene orthogroups distributed among the 10 genome assemblies.

(c) Composition of core, softcore, shell, cloud, and unassigned pan-gene orthogroups in each genome assembly.

(d) Statistics of the total and core pan-gene orthogroups along with an increasing number of the genome assemblies.

(e) Violin plots showing the difference of CDS length between the core and dispensable pan-gene orthogroups.

(f) Violin plots showing the difference of gene expression between the core and dispensable pan-gene orthogroups.

(g) Violin plots showing the difference of Ka/Ks values between the core and dispensable pan-gene orthogroups. Statistical significance was determined by
Student’s t-test (***P-value < 0.001). Sample sizes: core pan-genes, n = 19 229; dispensable pan-genes, n = 23 142,

in the four female genomes (hereafter called female- male-biased (hereafter abbreviated MB) and female-biased
specific category and abbreviated FS). For distinction, the (hereafter abbreviated FB) categories in the pan-genome
rest of 17 and 312 gene sets were respectively defined as under a statistically significant threshold (P-value < 0.05). It
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Figure 3. Identification and characterization of annotated genes from syntenic gene sets exhibiting sex-differentiated occurrence in the kiwifruit pan-genome.
(a) Chromosomal distribution of the identified gene sets in the male-specific (MS), male-biased (MB), female-specific (FS), and female-biased (FB) categories.

(b) Composition of all the gene sets based on the number of chromosomes where individual genes are located.

(c) Composition of those gene sets related to sex chromosomes based on the number of chromosomes where individual genes are located.

(d) Schematic diagram showing the syntelogous genes between two sex chromosomes of Actinidia chinensis (Chr25) and Actinidia eriantha (Chr12). The
orthogroups of FrBy, SyGl, and FT are identified as core pan-genes, and PSI-F is a PAV gene belonging to the shell pan-gene orthogroups. Their homologous

members located on autosomes are also presented.

is observed that males and females exhibit distinct prefer-
ences for genetic variations, whereas males tend to carry
unique evolutionary signatures and females show relevant
population biases.

Notably, the number of syntenic gene sets on each
chromosome was analyzed, revealing distinct chromo-
somal distribution patterns among the four categories of
inter-sexual PAVs and CNVs (Figure 3a). As expected, the
MS category appeared to be preferentially distributed on
chromosomes 12 and 25, which are the sex chromosomes
of A. eriantha and A. chinensis, respectively. In contrast,
the genomic location of the FB category showed a possible
link with the chromosome length, where the highest num-
ber of gene sets was found on chromosomes 3 and
7 (r=10.62, P-value <0.001) (Table S10). Additionally, the
comparison of genomic location for individual genes indi-
cated that the majority of sex-differentiated gene sets are
located on the same chromosomes among different
genome assemblies, accounting for 82.6% (543 in 657)
(Figure 3b). The rest are dispersed on multiple chromo-
somes, consisting of 16.9% (111 in 657) and 0.5% (3 in 657)
on two and three chromosomes, respectively (Figure 3b).

Furthermore, we focused on those genes located on
the sex chromosomes (Chr12 in A. eriantha and Chr25 in
A. chinensis) and found a total of 59 syntenic gene sets
(Table S9). Among these, 41 syntenic gene sets were
formed by genes from the same chromosomes, accounting
for 69.5% (Figure 3c), which was slightly below the global
averaged value of 82.6%. On the contrary, 18 gene sets
(~30.5%) were composed of syntelogous genes from two
different chromosomes (Figure 3c), indicating a higher fre-
quency of inter-chromosomal translocations between sex
chromosomes and/or ordinary autosomes in kiwifruit. It is
of interest that in the MS category, there were four pairs of
syntelogous genes presented between the two sex chro-
mosomes of A. chinensis and A. eriantha (Figure 3d). Com-
parative genome annotation showed that these
syntelogous genes were all unique to males and located
within the SDRs of Y chromosomes. Among them, two
gene pairs are SyGl and FrBy, which are well-characterized
sex-determining genes, and the other two pairs are pre-
dicted to be genes encoding FT and photosystem | reaction
center subunit Ill (PSI-F) (Table S5). On the basis of our
constructed pan-genome, the orthogroups of FrBy, SyGl/
and FT are identified as core pan-genes, whereas PSI-F,
belonging to the shell pan-gene orthogroups, is a PAV
gene that exists only in the males of kiwifruit. Together,

the successful identification of these established regulators
demonstrates the high accuracy and integrity of our Syn-
PanScan pipeline.

Genetic diversity assessment of the kiwifruit FT gene
family

Based on genome annotation, the FT gene family of kiwi-
fruit comprises four members in males and three in
females, which are divided into two pan-gene orthogroups
in our constructed pan-genome. One is designated as
0G002159, which includes YFT, FT1, and FT2; the other is
0G021078, which comprises the FT-like genes only. As
mentioned above, the syntenic gene set of YFT involved in
the MS category is part of its cognate pan-gene
orthogroup, showing evidence of lineage-specific paralog
retention following WGD in both A. chinensis and A.
eriantha. Phylogenetic analysis further confirmed that the
two YFT genes in the MS category are orthologous
(Figure 4a), suggesting they are derived from a single
ancestral gene in the evolutionary process. Meanwhile, all
those genes from autosomes (Chr22 and Chr24) could be
classified into three distinct subfamilies, which are respec-
tively homologous to FT1, FT2, and FT-like as previously
characterized (Voogd et al., 2017). This mode of separation
indicated that FT1, FT2, and FT-like were also formed in
the kiwifruit ancestor and then inherited by vertical trans-
mission during the process of speciation.

To explore the evolutionary history of the FT gene
family, we calculated the values of sequence similarity,
synonymous substitution (Ks) and non-synonymous sub-
stitution (Ka) between or within the subfamilies of YFT,
FT1and FT2in all genomes of A. chinensis and A. eriantha
(Table S11). Accordingly, each of the three subfamilies has
an extremely high sequence similarity, showing unusual
evolutionary conservation among different kiwifruit spe-
cies (Figure 4b). In comparison, YFT has a higher sequence
similarity with FT2 than with FT1, suggesting that it may
be a direct duplication of FT2 (Figure 4b). The Ks value
between YFT and FT2 (Ks= 0.060) indicated that their
duplication occurred after the recent WGD event (o) but
before different kiwifruit species divergence (Figure 4c,e).
Meanwhile, the Ks value between FT1 and FT2 (Ks = 0.198)
indicated that this lineage-specific gene duplication
occurred before the recent WGD event (a) but after the
ancient WDG event (B) in kiwifruit ancestor (Figure 4c,e).
Additionally, the Ka/Ks values of YFT, FT1, and FT2 were
all smaller than one, demonstrating that they have been
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Figure 4. Genetic diversity and evolution of the kiwifruit FT gene family.
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(a) Phylogenetic tree of the FT gene family consists of YFT, FT1, FT2, and FT-like. The FT-like genes of BlankV1.hap1 and HongyangV4.hap1 are used as an out-
group. The chromosomal locations of AerYFT and AchYFT are different due to the turnover of sex chromosomes between species.

(b) The average values of sequence similarity between or among each FT subfamily.

(c) The average values of Ks between or among each FT subfamily.
(d) The average values of Ka/Ks between or among each FT subfamily.

(e) The two whole-genome duplication events detected in Actinidia chinensis and Actinidia eriantha as well as the speciation event of A. chinensis and A.
eriantha. Arrows on the x-axis indicate the Ks values for the YFT versus FT2 pair (Orange arrow, Ks = 0.060) and the FT7 versus FT2 pair (Purple arrow,

Ks = 0.198), respectively.

under strong purifying selection (Figure 4d). Interestingly,
FT1 has the lowest Ka/Ks value, while FT2 has the highest
among the three subfamilies. This probably suggested that
FT1is functionally more conserved with a stronger purify-
ing selection than FT2 in kiwifruit.

Functional characterization of YFT in accelerating
flowering

As protein function is closely associated with protein
sequence, we performed multiple alignments of full-
length coding sequences for the whole FT gene family.

The results reflected a high amino acid sequence similar-
ity ranging from 88.5 to 100% among all the identified
FT1, FT2, and YFT proteins (Table S11). Like FT1 and FT2,
YFT also has the conserved PEBP domains (DPDxP and
GxHR) and key amino acid residues (Y84 and Q139),
which are essential for FT's biological function
(Figure 5a). Meanwhile, YFT possesses a conserved 14-
residue external loop (LGRQTVYxPXWRQN) in segment A,
a signature motif shared among flowering-inducer FT
proteins, supporting its role as a floral activator. Further-
more, the LYN motif, which ensures the requirement of
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Figure 5. Functional conservation of YFT in accelerating flowering.

(a) Amino acid sequence alignments of YFT, FT1, and FT2. Only the positions and domains critical for protein function are partially displayed. Conserved sites
are indicated in black (the best alignment) or gray (the next best alignment).

(b) Each transgenic line with AerYFT is individually tested by PCR assay.

(c) The ectopic expression of AerYFT protein in each T1 transgenic line is confirmed by Western immunoblotting.

(d) Earlier flowering was observed in transgenic 35S::AerYFT lines compared with wild-type controls. Shown are representative phenotypes of wild-type (left)
and transgenic (right) Arabidopsis plants photographed at 23 days after sowing.

full functionality of the external loop, is also found in To assess whether YFT could alter the flowering time,
YFT, suggesting a conserved activation mechanism we have explored the effects of ectopically expressed A.
(Figure 5a). eriantha YFT (AerYFT) in transgenic Arabidopsis plants.
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The coding sequence of AerYFT driven by the CaMV 35S
promoter (35S::AerYFT) was introduced into wild-type Col-
0 and its presence was checked by PCR amplification for a
couple of independent lines (Figure 5b). The ectopic
expression of AerYFT protein in each T1 transgenic line
was confirmed by Western immunoblotting with a mono-
clonal HA antibody (Figure 5c). The first three lines show-
ing high expression of AerYFT protein were monitored for
flowering time.

As expected, we could clearly observe the accelerated
flowering in all T2 transgenic Arabidopsis plants. The flow-
ering time of transgenic lines was recorded at 23 days, on
average, which was significantly shorter than the 30 days
determined for wild-type lines through continuous obser-
vation of their entire growth cycle (Figure 5d). Together,
these results demonstrate that the constitutive expression
of AerYFT promotes early flowering in Arabidopsis, con-
firming that AerYFT acts as a functionally conserved floral
activator, similar to the previously characterized kiwifruit
FT proteins, FT1 and FT2. Furthermore, the endogenous
role of YFT is supported by its high expression levels in
both floral buds and leaves of male kiwifruit during the
flowering period (Figure S1). This expression pattern is
characteristic of a canonical florigen gene involved in flow-
ering regulation.

DISCUSSION

Plants have built-in mechanisms to precisely control the
flowering time by integrating developmental and environ-
mental cues (Yang et al., 2018). The FT gene family is well
known as a master flowering regulator and has emerged
with the evolution of flowering plants (Wickland & Han-
zawa, 2015; Yu et al.,, 2025). Among angiosperms, FT
homologs exhibit a universally conserved function of pro-
moting the transition to reproductive development and
flowering. However, identification of multiple FT paralogs
in a number of annual and perennial species has sug-
gested their functional diversification in plant growth and
development (Blackman et al., 2010; Jiang et al., 2022;
Navarro et al., 2011; Zheng et al., 2023). In kiwifruit, a total
of three FT genes were previously identified, which are
able to promote flowering when ectopically expressed in
Arabidopsis and kiwifruit (Moss et al., 2018; Varkonyi-Gasic
et al., 2013; Voogd et al., 2017). Among them, FT7and FT2
showed a much higher degree of sequence similarity than
FT-like, which can also be seen in our gene-based pan-
genome: FT1 and FT2 were clustered into the same
orthogroup, whereas FT-like represented a separate
orthogroup due to the relatively lower sequence identity
(Table S11). These results demonstrate that the construc-
tion of super pan-genome is a powerful approach for
resolving broad-scale genetic diversity in more detail than
a single reference genome. Through comparative analysis,
we have identified a male-specific, SDR-located YFT gene,

which is clustered with FT7 and FT2 in the same
orthogroup, as a key factor underlying the earlier flowering
phenotype in male kiwifruit plants.

It is well known that WGD is the major driving force
for gene family expansion in both plants and animals. Our
analyses demonstrate that the expansion of the FT gene
family was entirely attributed to three successive WGD
events, including one ancient hexaploidization event (y)
and two recent diploidization events (o and ) (Huang
et al., 2013). Phylogenetically, the duplication of FT7 and
FT-like most likely occurred following the y event shared
by core eudicots, which could also be consolidated in
grape (Jaillon et al., 2007), sunflower (Mota et al., 2016),
lettuce (Reyes-Chin-Wo et al., 2017), and Asteraceae (Kong
et al., 2023). Furthermore, kiwifruit has undergone two
additional independent WGD events after the divergence
from plant lineages that include sequenced genomes such
as tomato and potato (Huang et al., 2013). These duplica-
tions could give rise to the neofunctionalization of genes
responsible for key kiwifruit traits. Here, we present evi-
dence that FT2 and YFT were derived from the recent f
and the most recent o events, respectively. After duplica-
tion, FT-like may well maintain the ancestral flowering con-
trol function due to its highly conserved sequence among
the genus Actinidia. On the other hand, FT7 was free to
accumulate genetic variations toward a potentially new
function, which has also become the starting point for
gene sequence evolution of FT2 and YFT. Although the
molecular functions of FT1, FT2, and YFT were nearly iden-
tical, their biological roles were divergent by acquiring dif-
ferent patterns of gene expression and/or hemizygous
variations in kiwifruit (Akagi et al., 2018; Voogd et al., 2017;
Yue et al., 2024). Taken together, we propose a working
hypothesis that the basic flowering framework for Actinidia
is primarily established by FT7 and FT2, while the flower-
ing time differential between males and females is fine-
tuned by YFT.

The development of unisexual floral organs is almost
synchronous, but still shows a slight difference in flower-
ing time between males and females. In theory, the occur-
rence and maintenance of sexual dimorphism are
generally subjected to SA selection and genetically con-
trolled by SA genes during evolution (Kaufmann
et al., 2023). Here, we have focused on YFT and its poten-
tial role in mediating sexual dimorphism of flowering time
in kiwifruit. Notably, YFT clustered together with FT7 and
FT2 to form a closely linked clade, suggesting their con-
served functions on the molecular control of kiwifruit floral
induction. Moreover, YFT isolated from A. eriantha was
ectopically expressed in Arabidopsis and induced early
flowering, consistent with prior studies across diverse
plant species (Abdulla et al., 2024; Song et al., 2019; Sun
et al., 2017; Wan et al., 2024). These data are consistent
with the functionality of YFT in the control of flowering
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time. Specifically, the male-specific presence and
development-specific expression of YFT could lead to a
sex-dependent biological role in kiwifruit, with males exhi-
biting an extended flowering period compared with
females (Figure 1). Therefore, it is possible that YFT con-
tributes to the observed sexual dimorphism in flowering
time within the genus Actinidia.

The difference of male-female synchrony occurring in
nature could be of great significance, for it has been pro-
posed that an extended flowering window can enhance
male reproductive success by increasing pollen output and
dispersal opportunity. Another reproductive strategy to
enhance pollen export efficiency is the increase of flower
number per male vine, which is attributed to the pleiotro-
pic effects of SyGl in kiwifruit (Akagi et al., 2023). Unlike
SyGl, a primary sex-determining gene suppressing gynoe-
cium development, YFT may be specifically involved in the
regulation of male flowering time. This distinction high-
lights the presence of dedicated SA genes within the SDR,
providing important new evidence that expands upon pub-
lished findings (Akagi et al., 2023). Perhaps, SyGl and YFT
have achieved spatiotemporal coordination to optimize
male reproductive fitness: SyG/ determines flower number
in the spatial term, while YFT controls flowering time in
the temporal term.

Furthermore, early flowering confers male fitness
advantages through competitive precedence in pollination
according to Bateman’s principle (Brown et al., 2009).
Although male pollen contributes nothing to female fit-
ness, it has to compete with each other for fertilization
opportunities, especially if hermaphrodite pollen is avail-
able (Spencer & Rieseberg, 1995; Wang et al., 2021). From
the perspective of females, early male flowering can
ensure continuous pollen availability. Even with some pol-
len loss, the mechanism achieves markedly higher fertiliza-
tion efficiency for the much more precious female ovules.
Consequently, the different reproductive requirements of
males and females provide an explanation for why female
individuals do not need YFT to flower earlier but evolve
this kind of sexually dimorphic trait in the ancestral evolu-
tionary process of kiwifruit. On the other hand, flowering
time between males and females cannot differ too much to
avoid unsuccessful mating (Janzen, 1977). Thus, the
slightly asynchronous flower development in kiwifruit
should be a balancing act that has been carefully shaped
through the adaptive evolution of increased both male and
female fitness.

It is worth noting that the rise of sexual dimorphism
and SA selection coincides with the evolution of sex chro-
mosomes. In kiwifruit, sex chromosomes are determined
by the SDR that carries two sex-determining genes, SyG/
and FrBy (Akagi et al., 2018, 2019). Our analyses show that
the duplication time of YFT was almost the same as SyG/
and FrBy, suggesting the antagonistic selection on

flowering time has been completed soon after the forma-
tion of the initial SDR in kiwifruit ancestor. Remarkably,
YFT embedded into the SDR of the Y chromosome can be
beneficial to its spread and fixation in natural populations.
Beyond this, our comparative pan-genome analysis
revealed a high frequency of inter-chromosomal transloca-
tions involving the sex chromosomes, consistent with
models positing that recombination suppression creates a
permissive environment for structural variation accumula-
tion. Moreover, we also identified multiple candidate SA
genes on autosomes, indicating their potential contribu-
tions to sexually dimorphic traits beyond the sex chromo-
somes. One explanation for this finding is that there is
likely to be a coordinated set of interactions between the
autosomal genes and SDR-encoding genes (Kaufmann
et al., 2021; Zheng & Xia, 2022). But in the long-run evolu-
tion, autosomal genes under SA selection would facilitate
the linkage to the existing sex-determining genes or the
development of novel sex-determining genes, thus leading
to the expansion of SDRs or the turnover of sex chromo-
somes in kiwifruit.

Nevertheless, we cannot empirically reconstruct the
ancestral genetic architecture of sexual dimorphism, as sex
chromosomes evolved rapidly following kiwifruit species
divergence. Alternatively, we make an exploratory attempt
by utilizing the advantage of synteny-based super pan-
genome in evolutionary studies. At the genus level, com-
parative analyses of gene PAVs and CNVs could identify
sex-specific and sex-biased syntenic gene sets shared by
the extant kiwifruit species, representing the ancestral
characters responsible for sexual dimorphism that have
undergone positive selection during evolution. Our
attempts demonstrate that synteny-based anchoring and
pan-genomic clustering could complement each other due
to their respective advantages, providing a robust
approach for tracing inter-group divergence. The SynPan-
Scan pipeline is capable of analyzing both sexual dimor-
phism and any other significantly divergent traits across
species. As an increasing number of genomes and pan-
genomes are released, SynPanScan can represent a signifi-
cant advance over previous works that rely on massive
resequencing of population samples through in-depth min-
ing of publicly available data (Delph et al., 2022; Svensson
et al., 2018). Furthermore, to enhance user accessibility, we
have developed both a standalone local application and a
web service for SynPanScan.

CONCLUSION

This study deciphers the genetic architecture of plant sex-
ual dimorphism by using synteny-based comparative
super pan-genome analysis. Within the FT gene family, we
have identified YFT as a key regulator of both sexual
dimorphism and SA selection in flowering time during
kiwifruit evolution. The location of YFT in the SDR not only
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facilitates its spread in natural populations but also pro-
motes the expansion of SDR on the Y chromosome. More-
over, our findings also cast new light on the mystery of
why sex chromosome turnover frequently occurs in
kiwifruit.

EXPERIMENTAL PROCEDURES
Plant materials and growth conditions

For gene clone of the YFT sequence, fresh young healthy leaves
were collected from a male cultivar, A. eriantha ‘Blank’. For phe-
notypic observation of the flowering time, an intraspecific hybrid
population of A. eriantha over 4-year periods was constructed
and assessed. All kiwifruit vines were grown in the orchard
under natural conditions and standard practice. On the other
hand, the ecotype Columbia-0 (Col-0) of Arabidopsis thaliana
(Arabidopsis) was used as wild-type plants in our transgenic
study. Arabidopsis plants were grown in a chamber at 23°C
under long-day condition (16-h light/8-h dark cycles) with 40-60%
humidity.

Monitoring of flowering phenology

Flowering phenology was monitored and recorded for each indi-
vidual vine throughout the entire flowering season. To ensure that
transient flowering events were accurately captured and not over-
looked, observations were conducted daily. On each day of
assessment, monitoring was performed during a fixed time win-
dow (between 9:00 and 11:00) to standardize observations and
coincide with the peak floral activity. This daily, timed protocol
allowed for the reliable documentation of key flowering statistics,
including the date of first bloom, full bloom, and the end of bloom
for every vine in the population.

Construction of gene-based pan-genome

To construct the gene-based pan-genome, we used OrthoFinder
(Emms & Kelly, 2019) to cluster the protein-coding genes from A.
chinensis ‘Donghong’ (DonghongV1) (Han et al., 2023), A. chinen-
sis 'H0809" (HO809V1) (Yue et al., 2024), A. chinensis 'Hongyang’
(HongyangV4) (Yue et al., 2023), A. eriantha ‘Blank’ (BlankV1) (Yue
et al., 2024), A. eriantha wild material (MaohuaW1) (Yao et al.,
2022), and A. eriantha ‘Midao’ (MidaoV1) (Wang et al., 2023). All
the data were downloaded from the KPGD database (Li
et al., 2025). Among them, H0809V1 and BlankV1 were sequenced
from the male kiwifruit plants. Gene families shared by all the 10
assemblies are defined as the core pan-gene orthogroups,
whereas the ones that are missing in one or more assemblies are
considered to be the dispensable pan-gene orthogroups. The dis-
pensable pan-gene orthogroups are further categorized into the
softcore (genes in those orthogroups present in more than 80%
assemblies), cloud (genes in those orthogroups with two or more
members of a given gene family present in only one assembly),
unassigned (genes in those orthogroups with a sole member pre-
sent in only one assembly), and shell (genes in the rest
orthogroups) orthogroups. To estimate the sizes of pan-genome
and core-genome, the expected dataset was generated by 1000
simulations for every number from 1 to 10.

Development of the SynPanScan pipeline

The SynPanScan pipeline consists of the following five steps
(Figure S2A): (1) extraction of the longest protein isoforms
from each genome assembly; (2) construction of gene-based pan-

genome through OrthoFinder (Emms & Kelly, 2019); (3) detection
of synteny blocks using MCScanX (Wang et al., 2012); (4) achieve-
ment of synteny-based pan-genome by integrating collinear geno-
mic regions from the constructed pan-genome; and (5)
identification of significant inter-group variations using the Mann-
Whitney U test. Collectively, these steps are all implemented in
our Perl-based SynPanScan pipeline, which is publicly available at
https://synpanscan.atcgn.com/download. For enhanced usability,
we have also developed a user-friendly web server, freely accessi-
ble at https://synpanscan.atcgn.com/ (Figure S2B). Both the
command-line and web-based interfaces require only three input
files to execute the analysis (Additional implementation details
are documented in the online manual). Once completed, users can
efficiently retrieve detailed results using sortable tables and
exportable reports (Figure S2C).

Availability and implementation of SynPanScan

SynPanScan is accessible through an intuitive online web server
and is also available as a local version for offline, high-
performance computing. It was developed in Perl (v5.22.2) with
dependencies including BLAST+ (v2.6.0), DIAMOND (v0.9.23),
MCScanX (v1.0.0), and OrthoFinder (v2.2.7). The required input
files are genome sequences and their corresponding annotations
in PEP (protein) and GFF formats. The SynPanScan online web
server, local software, detailed tutorials, and usage examples are
all accessible at: https://synpanscan.atcgn.com/. Notably, the local
version is lightweight and can be run on standard computers with-
out special server requirements.

Analysis of gene synteny

First, the comparisons between genome assemblies were per-
formed by DIAMOND (Buchfink et al., 2021). Then, MCScanX
(Wang et al., 2012) was introduced to identify syntenic blocks by
using the aligned results of DIAMOND. Any genes within those
groups of OrthoFinder and syntenic blocks of MCScanX at the
same time were supposed to be syntenic gene sets. Finally, a cus-
tom Perl script integrated in the SynPanScan pipeline was used to
extract the syntelogous genes.

Construction of phylogenetic tree

All the protein sequences of FT1, FT2 and YFT were aligned by the
ClustalW tool (version 2.1) (Larkin et al., 2007) and the maximum
likelihood phylogenetic tree was constructed by the MEGA tool
(version 11) (Tamura et al., 2021) using the neighbor-joining
method. The bootstrap process was replicated 1000 times. The
protein sequences of FT-like from A. eriantha ‘Blank’ (Yue
et al., 2024) and A. chinensis ‘Hongyang’ (Yue et al., 2023) were
used as an outgroup in our evolutionary tree. Their pairwise
sequence alignments were performed by using the EMBOSS Nee-
dle program (v6.6.0.0) with parameters (-gapopen 10 -gapextend
0.5) (Madeira et al., 2024).

Calculation of divergence time

The values of Ks, Ka, and Ka/Ks for each gene pair were calculated
based on the NG (Nei & Gojoberi) method implemented in the
PAML program (version 4.9) (Yang, 2007). By using the obtained
paralogous gene pairs, we aimed to detect the WGD events
according to their Ks distribution. The peak Ks value was further
converted to the divergence time by using the equation T = Ks/2/,
where 1 is the substitution rate of 6.5 x 10~° mutations per site
per year (Yang et al., 2008). The divergence time between A. chi-
nensis and A. eriantha was calculated by using orthologous gene
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pairs between H0809V1.hap1 and BlankV1.hap1 with the same
methods.

Comparative transcriptomic analysis

Expression profile analysis of YFT was conducted by mapping 20
public RNA-seq datasets against the Blank.hap1 assembly with
only the best match retained. In brief, the raw reads were first pro-
cessed to remove adaptor bases and low-quality sequences by
Trimmomatic (https://github.com/timflutre/trimmomatic), and sub-
sequently aligned to the reference using Subread (https://github.
com/ShiLab-Bioinformatics/subread). Then, the read counts were
estimated by featureCounts embedded in Subread and finally nor-
malized to fragments per kilobase of transcripts per million
mapped fragments. Specifically, these RNA-seq datasets were
sequenced from male leaves, male flowers, male anther, female
flowers, and fruits in three transcriptomic studies (Table S12).

Vector construction and plant transformation

Firstly, the full-length cDNA sequence of AerYFT, which has the
accession number Aerbkv1a12g170990 in the KPGD database (Li
et al., 2025), was cloned using reverse transcriptase-polymerase
chain reaction (RT-PCR) and verified by Sanger sequencing. Sub-
sequently, the coding region of AerYFT was inserted into the
pBI121 at the Xbal and Xhol restriction sites. Then, the con-
structed pBI121-35S-AerYFT vector was introduced into the Agro-
bacterium GV3101. Finally, the Agrobacterium-mediated stable
transformation of Arabidopsis was performed according to the flo-
ral dipping method (Clough & Bent, 1998). The homozygous lines
of T2 generation were used for phenotypic observation.

Protein extraction and immunoblot analysis

Proteins in the leaves of transgenic Arabidopsis plants were
extracted and isolated according to the procedure described previ-
ously (Huang et al., 2013). Firstly, protein extraction was boiled in 5x
SDS loading buffer for 5 min and then resolved by SDS-PAGE. After
transferring to polyvinylidene fluoride membranes, the boiled sam-
ples were blocked in blocking buffer (1x TTBS with 5% dried non-fat
milk) for 2 h at room temperature. Subsequently, the blocked mem-
branes were incubated with anti-HA-HRP (Roche, Basel, Basel-Stadt,
Switzerland) and anti-HA (Sigma-Aldrich, Saint Louis, MO, USA) for
another 1-2 h, respectively. Then, these membranes were washed
with 1x TTBS buffer for 10 min, which required three times repeti-
tion. Finally, they were incubated with the appropriate secondary
antibody for another 1 h in blocking buffer.

Visualization of statistics data

Generally, we used the R language to analyze and present our sta-
tistical results. In particular, the ‘barplot’ package was used to dis-
play histograms, the ‘ggplots’ package was used to display pie
charts, scatter charts, and violin plots, and the ‘ggcorrplot’ pack-
age was used to display heatmaps of sequence similarity.

ACCESSION NUMBERS

All the gene and protein sequences of FT homologs can be
found in the KPGD database (Li et al., 2025) under their
respective accession numbers.
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