RESEARCH ARTICLE

W) Check for updates

ADVANCED
SCIENCE

www.advancedscience.com

Graph-Based Pangenome of Actinidia chinensis Reveals
Structural Variations Mediating Fruit Degreening

Yingzhen Wang, Pengwei Li, Yanyan Zhu, Feng Zhang, Sijia Zhang, Yan He, Ying Wu,
Yunzhi Lin, Hongtao Wang, Wangmei Ren, Lihuan Wang, Ying Yang, Runze Wang,
Pengpeng Zheng, Yongsheng Liu,* Songhu Wang,* and Junyang Yue*

Fruit ripening is associated with the degreening process (loss of chlorophyll)
that occurs in most fruit species. Kiwiftuit is one of the special species whose
fruits may maintain green flesh by accumulating a large amount of chlorophyll
even after ripening. However, little is known about the genetic variations
related to the fruit degreening process. Here, a graph-based kiwifruit
pangenome by analyzing 14 chromosome-scale haplotype-resolved genome
assemblies from seven representative cultivars or lines in Actinidia chinensis
is built. A total of 49,770 non-redundant gene families are identified, with core
genes constituting 46.6%, and dispensable genes constituting 53.4%. A total
of 84,591 non-redundant structural variations (SVs) are identified. The
pangenome graph integrating both reference genome sequences and variant
information facilitates the identification of SVs related to fruit color. The SV in
the promoter of the AcBCM gene determines its high expression in the late
developmental stage of fruits, which causes chlorophyll accumulation in the
green-flesh fruits by post-translationally regulating AcSGR2, a key enzyme of
chlorophyll catabolism. Taken together, a high-quality pangenome is
constructed, unraveled numerous genetic variations, and identified a novel SV
mediating fruit coloration and fruit quality, providing valuable information for
further investigating genome evolution and domestication, QTL genes
function, and genomics-assisted breeding.

and firmness.'! In most species, fruits
display a degreening phenomenon (loss
of chlorophyll) during the ripening pro-
cess. Chlorophyll has been proven to be
an important nutrient element.[”) Unfortu-
nately, the chlorophylls synthesized in diet
fruits are degraded during the ripening pro-
cess. Kiwifruit (Actinidia L.) is one of spe-
cial fruits that can maintain green flesh
(high contents of chlorophyll) even after
ripening.[*! The degreening process is sup-
pressed in some species or cultivars of ki-
wifruit. However, the underlying mecha-
nisms remain largely unknown.

Kiwifruit belonging to woody perennial
species is a globally popular fruit with
particularly high vitamin C content. Al-
though the genus Actinidia has 54 species,
only four species (A. chinensis, A. deliciosa,
A. eriantha, and A. arguta) have already
been bred into commercial cultivars.[*!
Fruit color is an important agronomic trait
that affects the popularity and commercial
value. Among the four commercialized
species, A. chinensis displays the richest
diversity of fruit colors including green,

1. Introduction

Fruit ripening is the final stage of fruit development that is as-
socated with the multiple alterations of fruit color, taste, aroma,

yellow, red, and the combinations.®! Generally, three main pig-
ments including chlorophyll (green), carotenoid (yellow), and
flavonoids (red) contribute to fresh coloration in kiwifruit.[>>©]
Although the previous studies revealed many genes involved in
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regulating the accumulation of these pigments, little is known
about the genetic variations, such as structural variations (SVs),
that mediate fruit coloration in kiwifruit. The identification and
application of SVs are impeded by the lack of pangenome in ki-
wifruit.

The progress of high-throughput sequencing technologies has
greatly accelerated the identification of candidate genetic vari-
ations including small insertions/deletions (InDels) and sin-
gle nucleotide polymorphisms (SNPs).”#! Recently, a number
of studies based on comparative and functional genomics of
plants have suggested that the larger structural variations (SVs)
throughout the genomes, another important source of genetic
variations, genetically control agronomic traits and play pivotal
roles in genome evolution.’! Although the longer reads gen-
erated via the cutting-edge third-generation sequencing plat-
forms allow detecting SVs with higher sensitivity and more
accuracy than short reads, there are still major limitations
in capturing the whole picture of genome-wide genetic di-
versity by using the alignments against one or a few refer-
ence genomes due to the widespread presence/absence vari-
ants (PAVs).'% Additionally, it’s a big challenge to reveal the
genotypes of different alleles at individual loci with conven-
tional linear reference genome.'!l Therefore, it is indispens-
able to construct a graph-based pangenome of a species or even
a larger taxon depending on the development of multiple rep-
resentative reference genomes. The pan genome was first es-
tablished in bacterial research, referring to a single individual
containing only a portion of the genes of its species.[!?] Re-
cently, an increasing number of pangenome studies have been
conducted on horticultural crops, such as tomato,** Bras-
sica napus,1*°! strawberry,['”] cucumber,*® citrus,[**] apple,?°] tea
plant,2!l watermelon,?2) which have uncovered tremendous ge-
nomic divergence/variation at a population scale and shed new
light on the genetic basis of evolution, domestication, and im-
provement.

Based on the reference genome of A. chinensis cv. “Hongyang”
(2n = 2x = 58),[#23-2] several research groups using Illumina
short reads have performed the systematic investigation of
genomic sequence variations such as InDels and SNPs, and
further revealed their association with gender identification,®]
fruit number and weight.[”’] In addition, natural diversity of
SNPs across 25 taxa suggested the evolutionary history and retic-
ulate speciation of kiwifruit.”®] Recently, two sex-determinant
genes SyGI®! and FrByl®! were identified to be located in the
Y-specific sequences that are only present in male genomes(2%3°l
but absent in female genomes,!**!l indicating the pivotal role
of genetic variations in determining agronomic traits. However,
the low quality and small number of genomes hampered a
complete characterization of genetic variations among different
kiwifruit accessions, especially SVs, emphasizing the necessity
of developing additional high-quality genome assemblies from
more kiwifruit accessions/varieties.[31-33]

In this study, we have de novo assembled the high-quality
chromosome-scale and haplotype-resolved genomes of six rep-
resentative A. chinensis varieties or lines and obtained a total
of 12 haplotypes. Together with two haplotypes from the T2T
reference genome of A. chinensis cv. “Hongyang”,3!l we con-
struct a graph-based pangenome of A. chinensis and disclose
millions of genetic variations that are hard to be detected by
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aligning with a single reference genome. Our pangenome facil-
itates the identification of large SVs potentially related to fruit
coloration including green flesh formation. Based on the con-
structed pangenome graph, we characterized an SV exclusively
present in the promoter of A. chinensis BALANCE of CHLORO-
PHYLL METABOLISM (AcBCM)P* in green-fleshed cultivars.
The SV leads to the high expression of AcBCM, which causes
chlorophyll accumulation via inhibiting its decomposition dur-
ing the ripening process.

2. Results

2.1. The De Novo Assembly of Chromosome-Scale and
Haplotype-Resolved Genomes of Six Kiwifruit Varieties

Based on the phylogenetic relationship, we selected seven rep-
resentative varieties from a total of 19 domesticated lines de-
rived from A. chinensis, most of which are commercially cul-
tivated varieties (Figure 1a). Briefly, they could be categorized
into three distinct groups: red-fleshed fruit (RF) group with
two lines “Hongyang” and “Zps18”, yellow-fleshed fruit (YF)
group with three lines “Hort16A”, “Huangyang” and “Jinmi”,
and green-fleshed fruit (GF) group with two lines “Biyu” and
“Jinpai’ (Figure 1b). Furthermore, our grouping information
was consistent with the hierarchical clusters based on secondary
metabolism detected in their ripe fruits, implying that the biosyn-
thesis and accumulation of metabolites are highly determined by
the genetic diversity of these varieties (Figure 1c).

In addition to the haplotype-resolved genome assembly of
“Hongyang” available,3!] we further performed PacBio HiFi se-
quencing for the other six varieties and produced 25.3—-34.0 Gb of
long reads, representing 40.9-54.9x genome coverages (Table S1,
Supporting Information). The contigs were individually de novo
assembled by hifiasm (https://github.com/chhylp123/hifiasm)
using a haplotype phasing strategy. A total of 174-777 contigs
were generated, with N50 values ranging from 15.6 to 20.4 Mb
(Table 1). Compared to the three previously existing kiwifruit
genomes,[ #4571 3 noticeably higher N50 value coupled with a
relatively fewer number of contigs was obtained. Almost the
same size between chromosome average length and contigs
N50 value indicated that the haplotype-resolved assemblies are
of high quality. The contigs with a larger size (>= 100 Kb)
were then clustered, ordered, connected, and orientated into
29 pseudo-chromosomes based on their alignments against the
T2T reference genome Hongyang v4.03! by using the quar-
TeT software (http://www.atcgn.com:8080/quarTeT/home.html).
The chromosome identifiers were also assigned and sorted by re-
ferring to Hongyang v4.0.

So far, we have acquired 14 high-quality chromosome-scale
genome assemblies with total sizes ranging from 592.7 to
606.1 Mb (Table 1). The genome BUSCO scores!** were all above
98%, and the LTR assembly index (LAI) values!*! were all above
15, indicating both high completeness and continuity in these
assemblies (Table 1; Table S2, Supporting Information). A total
of 41.3-42.5% repeat sequences were identified, with long ter-
minal repeat retrotransposons (LTR-RTs) being the richest, ac-
counting for 21.8% to 23.6%. (Table 1; Data S1, Supporting In-
formation). We also identified 326728-332523 genome-wide sim-
ple sequence repeats (SSRs) and classified them into seven types
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Figure 1. The seven representative varieties selected from a total of 19 domesticated kiwifruits in A. chinensis. a) Phylogenetic tree was constructed based
on genome-wide SNPs using A. eriantha ‘White’ as an outgroup. b) Three distinct groups categorized by fruit colors of the seven kiwifruit varieties. c)
Clustered heatmap of differential metabolites found by metabolomics analysis.

Table 1. Summary statistics of kiwifruit genome assemblies.

Assembly Variety Species  Group Genomesize No.of  Contig N50 Genome No. of genes Gene complete® TE content LAl value
[Mb] contigs [Mb] complete?) [%] [%] [%]
Biyu.hap1 Biyu A. chinensis ~ GF 602.0 777 19.6 99.4 46,073 96.5 42.5 15.88
Biyu.hap2 Biyu A. chinensis ~ GF 597.9 337 18.8 98.8 46,634 96.2 41.5 15.97
Hongyang.hap]c) Hongyang  A. chinensis RF 606.1 267 19.0 99.3 45,809 96.9 423 16.38
Hongyang.hap2°¢) Hongyang  A. chinensis ~ RF 599.6 208 18.0 99.3 45,434 96.8 413 15.98
Hort16A.hap1 Hort16A  A. chinensis ~ YF 602.7 71 19.2 99.4 44,336 97.2 422 16.27
Hort16A.hap2 Hort16A  A. chinensis ~ YF 601.3 351 19.3 99.3 46,230 96.7 42.0 16.48
Huangyang.hap1 Huangyang A. chinensis ~ YF 604.7 574 18.9 99.1 45,982 96.5 41.8 15.99
Huangyang.hap2 Huangyang A. chinensis ~ YF 601.0 255 17.6 99.3 45,004 96.8 42.0 16.18
Jinmi.hap1 Jinmi A. chinensis  YF 604.5 364 20.4 99.5 45,473 96.7 41.9 15.74
Jinmi.hap2 Jinmi A. chinensis  YF 595.6 174 18.6 99.0 45,101 95.7 41.7 16.24
Jinpai.hap1 Jinpai A. chinensis ~ GF 603.3 390 18.1 99.4 46,244 96.7 41.9 16.29
Jinpai.hap2 Jinpai A. chinensis ~ GF 592.7 264 15.6 99.1 45,675 96.4 41.4 15.93
Zps18.hapl Zps18 A. chinensis  RF 602.7 532 18.1 99.3 45,873 95.7 41.8 16.81
Zps18.hap2 Zps18 A. chinensis ~ RF 603.1 253 20.1 99.4 45,481 96.5 41.9 15.95

? Based on BUSCO assessment of the whole genome; ®) Based on BUSCO assessment of the protein-coding genes; 9 Data from the published T2T and gap-free genome of
Hongyang v4.0 (Yue et al., 2023).
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(Table S3, Supporting Information). In these assemblies, a to-
tal of 44336 to 46634 genes were identified, with gene lengths
ranging from 5234 to 5,522 bp and CDS lengths from 1161 to
1,199 bp (Table S4, Supporting Information). The gene BUSCO
scores ranging from 95.7% to 97.2% (Table 1; Table S5, Support-
ing Information), indicated that the results of gene structure an-
notation were high quality and suitable for downstream analyses.

2.2. Protein-Coding Gene-Based Pangenome of the Kiwifruit

Using OrthoFinder (https://github.com/davidemms/
OrthoFinder), we clustered 639349 genes from the 14 as-
semblies into 49770 non-redundant pan-gene clusters. Based on
the distribution of these gene clusters in all assemblies, a total
of 23217 genes (46.6%) core (genes present in all 14 assemblies)
were categorized as core gene and 26553 (53.4%) genes were
categorized as dispensable ones (genes absent in at least one
assembly) (Table S6 and Data S2, Supporting Information).
These dispensable clusters were further categorized into 6278
(12.6%) softcore (genes in those clusters present in more than
80% assemblies), 26 (0.1%) cloud (genes in those clusters
present in only one assembly), and 20249 (40.7%) shell (genes in
the rest clusters) ones based on their presence in each assembly
(Figure 2a,b). The top 20 pangenome clusters ranked by the
membership of genes from combinations of different assem-
blies were displayed, among which five were from shell clusters,
14 were from softcore clusters, and one was the core cluster
(Figure 2¢; Data S3, Supporting Information). On average, each
individual kiwifruit genome assembly consisted of 64.3% core
genes, 14.7% softcore genes, 19.5% shell genes, and 1.4% cloud
genes (Figure 2d). The results of simulating the pangenome size
indicate that when the number of assemblies exceeds eleven,
the total gene number and core gene number in the pangenome
approach stability, suggesting that the constructed pangenome
has reached saturation (Figure 2e). Besides, only two new
gene clusters were obtained when adding the 14th assembly
(Figure 2f), indicating the representation of the seven kiwifruit
varieties sampled in our study.

The length and expression levels of core genes were signif-
icantly higher than dispensable genes (Figure 2 gh; Table S7,
Supporting Information). The non-synonymous/synonymous
substitution ratio (K,/K;) of dispensable genes was higher than
core genes, indicating that the dispensable genes may be subject
to strong selective pressure (Figure 2i; Table S7, Supporting
Information). The result of gene ontology (GO) enrichment
indicated that core genes are primarily involved in the basic
biological processes such as the regulation of cell differentiation,
transcription regulatory region, transcription factor activity, and
sequence-specific DNA binding (Table S8, Supporting Infor-
mation). The dispensable genes were involved in primary and
secondary metabolism such as the sucrose metabolic process,
quercetin 3-O-glucosyltransferase activity, and anthocyanidin
3-O-glucosyltransferase activity (Table S9, Supporting Informa-
tion). Meanwhile, the KEGG analysis showed that core genes
are found to be predominantly enriched in pathways such as
other glycan degradation, amino sugar and nucleotide sugar
metabolism, and zeatin biosynthesis (Table S10, Supporting
Information), whereas dispensable genes exhibit significant
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enrichments in those pathways of steroid hormone biosynthesis,
nitrogen metabolism and isoflavonoid biosynthesis (Table S11,
Supporting Information). All these findings suggest that core
genes are comparatively conserved, whereas dispensable genes
display higher evolution rates and may acquire new functions
to adapt to various environmental conditions or selection
pressures.

2.3. Structural Variation Feature of Kiwifruit Genomes

Through global alignments of intergenomic collinear blocks
(Figure 3a,b), a thorough inspection of genetic variations includ-
ing structural variations (SVs) (in terms of large InDels that
are >50 bp in size, inversions, and translocations) (Figure 3c),
small insertions and deletions (InDels that are <50 bp in
size) (Figure 3d) and single nucleotide polymorphisms (SNPs)
(Figure 3e) were detected in seven kiwifruit accessions. A total
of 13914 to 20883 SVs were identified, and their sizes accounted
for 1.98% to 4.28% of each genome (Figure 4a). Among the four
types of SVs, the numbers of presence and absence were nearly
equal, and they were significantly greater than the numbers of
inversions or translocations (Figure 4a). In the seven kiwifruit
accessions, the number of SVs in “Zps18” or “Huangyang” was
significantly lower than in other accessions, while the green-
fruits group had the largest number of SVs (Figure 4a), indicat-
ing their differential relationship with “Hongyang”. We analyzed
the distribution frequency of SVs in seven kiwifruit accessions
and found that the majority of SVs are concentrated within in-
dividual lines (Figure 4b), suggesting that many unique SVs are
present across different accessions. In addition, we examined the
genomic locations of structural variations (SVs) and found that
the majority of SVs are located in non-coding regions, particu-
larly in intergenic (>60%) and intronic (>34%) regions, with only
a small proportion found in exonic (<4%) regions (Figure 4c). By
integrating the transcriptomic data from RF cultivar “Hongyang”
and GF “Biyu”, we found that ~11%-19% of genes with SVs in
their promoters exhibit significant changes in gene expression
levels between the two cultivars (Figure 4d).

We merged the SVs (including presence and absence) from
the seven kiwifruit accessions and obtained a total of 84591 non-
redundancy SVs using the Svimmer software (https://github.
com/DecodeGenetics/svimmer). The results showed that the
SVs were unevenly distributed on 29 chromosomes, and the SV
density on Chr16 was the lowest (Figure Sla, Supporting Infor-
mation). For each chromosome, the SV distribution is also un-
even with some hotspot regions. Using 400Kb as a window and
200KDb as a step, the SV statistics of the whole genome were car-
ried out (Figure S1b, Supporting Information), and 161 SV hot
spots were identified (Data S4, Supporting Information), indicat-
ing that multiple, independent SVs have arisen in these regions.
We found one hotspot region on Chr27 that contains 12 LRR-
RK genes (Figure S1c, Supporting Information), which play a key
role in signal recognition and in response to environmental stim-
ulus. These findings are consistent with the view that SV hotspot
regions might undergo stronger environmental selection in con-
trast to the SVs located in other genomic regions.>®!

It is well known that the pangenome provides an opportu-
nity to detect structural variations using short reads. So we
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Figure 2. Composition of kiwifruit pan-genome. a) Number of gene families represented versus number of genome assemblies. b) Composition of core,
softcore, shell and cloud genes in the kiwifruit pan-genome. c) The top 20 pan-genome clusters ranked by membership of genes. d) Composition of
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Figure 3. Collinear alignment blocks, genetic variants and graph-based pan-genome of kiwifruit. a) Pseudo-chromosomes of the kiwifruit reference
genome HY4P (Hongyang.hap1) with their centromeres marked by red pentagrams. b) Intergenomic collinear blocks of the rest genome assem-
blies against the HY4P reference, where non-synteny regions are shown by white bars. From upper to lower, the assemblies are Biyu.hap1, Biyu.hap2,
Hongyang.hap2, Hort16A.hap1, Hort16A.hap2, Huangyang.hap1, Huangyang.hap2, Jinmi.hap1, Jinmi.hap2, Jinpai.hap1, Jinpai.hap2, Zps18.hap1, and
Zps18.hap2. c) Density distribution of large InDels (Insertion outside and Deletion inside) from the pan-genome. d) Density distribution of small InDels
(Insertion outside and Deletion inside) from the pan-genome. e) Density distribution of SNPs from the pan-genome.

constructed a graph-based pangenome for kiwifruit by integrat-
ing all detected structural variations into the Hongyang.hapl
genome based on coordinates (Figure 4e). We believe it will
serve as a crucial reference genome for future population stud-
ies on kiwifruit, particularly in utilizing structural variations for

genotyping.

2.4. Overview of Structural Variations Associated with Fruit
Colors

Kiwifruit displays a rich diversity of fruit colors including green,
yellow, red, purple, and even the combinations. Fruit color
is an important agronomic trait determining its commercial
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Figure 4. Genetic Variations from seven kiwifruit Genomes. a) The number of SVs in each kiwifruit accession. b) The frequency of SVs in kiwifruit
accessions. c) Percentages of SVs sharing overlap with different genomic regions in the seven kiwifruit accessions. Each point is one accession. d)
Percentage of the genes containing SV in the promoter regions that were downregulated, upregulated and not differentially expressed between RF
cultivar ‘Hongyang’ and GF ‘Biyu’. €) Kiwifruit graph-based pan-genome that integrated sequences and positions of SVs while preserves the linear

reference coordinates.

values. Generally, three main pigments including chlorophyll,
carotenoid, and flavonoids contribute to fresh coloration in
kiwifruit.! No matter whether in RF, YF, or GF cultivars, fruits
appear to be green at the early developmental stage, result-
ing from chlorophyll accumulation. Its red/purple coloration is
due to the biosynthesis of anthocyanins at a later stage during
fruit development.l®>°-%] The display of the yellow color from
carotenoids is dependent on the degreening (chlorophyll degra-
dation) during the ripening process.!%! Several studies showed
the degradation of chlorophyll in RF and YF was partially caused
by the high expression of Staygreen 2 (SGR2) encoding a key and
rate-limiting enzyme for chlorophyll degradation in the ripening
stage of kiwifruit,1>¢>67%8] suggesting the chlorophyll degrada-
tion might play a key role in fruit coloration of kiwifruit.

In this study, we identified a total of 149 and 108 structural
variants (SVs) associated with the anthocyanin accumulation and

Adv. Sci. 2024, 2400322

chlorophyll degradation pathway, respectively (Data S4 and S5,
Supporting Information). Among the 149 SVs identified in the
anthocyanin pathway, 14 are red-fleshed group specific (presence
in the red-fleshed group but absence in other groups, and vice
versa) (Data S4 and Figure S2, Supporting Information). Specif-
ically, these unique variations involve genes such as FLS, F3H,
and F3’H, with one located upstream, two downstream, and 16
in intergenic regions of the individual functional genes. Based
on the transcriptomic analysis, most of these genes showed very
low expression levels in fruit (Data S5, Supporting Information).
Only one gene F3H (Achv4p01g000245) was substantially ex-
pressed in GF “Biyu” but was downregulated in RF “Hongyang”
(Data S5, Supporting Information), suggesting that F3H is not
the key gene affecting the anthocyanin accumulation in fruits
of RF cultivars. Unfortunately, no RF-specific SV was identified
in the characterized genes, such as AcMYB110, MYB27, and

2400322 (7 of 14) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 5. Identification of SVs related to chlorophyll degradation a) The diagram shows the metabolites and enzymes involved in chlorophyll catabolism.
b) The piechat represents the number of green-fleshed (GF) group specific SVs (highlighted in the orange) and the barplots indicated the location of GF
specific SVs in the different regions of the corresponding genes. 2 Kb up (2000bp upstream of ATG) indicates promoter. c) A SV located at the promoter
of BCM was specific in GF group. BSV-F and BSV-R indicate the location of a pair of primers for PCR verification of the SV. d) PCR verification of the SV
in promoter of BCM by using BSV-F and BSV-R. e) Genotype of the SV of BCM promoter in other 12 varieties using the graph pangenome. The colors
in the squares represent flesh color groups, and the numbers indicate genotypes.

AcMYB123, which have been demonstrated to regulate antho-
cyanin accumulation in kiwifruit.[63.6%]

Among the 108 SVs identified in the chlorophyll degradation
pathway (Figure 5a), 20 are specific in green-fleshed cultivars
(presence in the green-fleshed group but absence in other
groups, vice versa) (Figure 5b; Data S6, Supporting Informa-
tion). Some green-fleshed specific SVs were related to the key
genes of chlorophyll catabolism such as SGR, SGRL, and NYC1
(Data S6, Supporting Information). However, most SVs are
located in intergenic regions and introns (Figure 5b) and these
genes didn’t show obviously different expressions between RF
“Hongyang” and GF “Biyu” (Data S6, Supporting Information).
Only one SV (51 bp deletion, Chr24:16831185) located in the
promoter of BCM (Balance of Chlorophyll Metabolism) homolo-
gous gene (AcBCM) was detected in GF group “Biyu” (hap2) and
“Jinpai” (hap1) (Figure 5a,c) and the expression levels of AcBCM
is significantly different between Hongyang and Biyu (Data S6,
Supporting Information). Besides, we aligned the resequencing
data of the other 12 varieties from the RF and YF groups to the
graph pangenome of kiwifruit for SV detection, and the results

Adv. Sci. 2024, 2400322

revealed the absence of the SV (Chr24:16831185) across all
these 12 varieties (Figure 5e), reinforcing that this variation is
specific to the GF group. Sequence analysis revealed that this SV
is a Helitron type transposalbe element (TE). Furthermore, PCR
analysis using a pair of primers (BSV-F + BSV-R, indicated in
Figure 5c) showed that one band for RF and YF cultivars but two
bands for GF were detected, respectively (Figure 5d). The Sanger
sequencing of the two bands confirmed the existence of the tested
SV. In Arabidopsis, overexpression of BCM causes chlorophyll
accumulation by destabilizing SGR1.3* Therefore, we speculate
that the SV-induced high expression of BCM in “Biyu” and
“Jinpai” might cause chlorophyll accumulation (green-fleshed)
by inhibiting SGR in kiwifruit. The green-flesh cultivars of A.
chinensis were very limited. We also found two additional green-
flesh cultivars of A. chinensis (Cuiyu and Wuzhi No.3), which
are tetraploidy, and checked the SV by PCR. As shown in the
Figure 5d, both tetraploidy green-flesh cultivars also contain the
variation in the promoter of the BCM gene, which was confirmed
by Sanger sequencing. These results further confirmed the corre-
lation of this variation with green-flesh phenotype in A. chinensis.

2400322 (8 0f14) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 6. The SV-induced high expression of AcBCM enhances chlorophyll accumulation by destabilizing AcSGR a) The quantitative measurement of
carotenoids and chlorophyll contents in different developmental stages of ‘Hongyang (HY)’ and ‘Biyu (BY)’ fruits. DAP: Days after pollination. b) The
qRT-PCR analysis of BCM and SGR2 expression in different developmental stages of HY and BY fruits. c—e) The phenotypes c), chlorophyll contents
d), and western blot analysis €) of tobacco leaves transiently expressing AcBCM-GFP, AcSGR2-FLAG, and the combination. “*” indicates a non-specific
band. Data shown are averages+SD; n > 3. Significant differences were calculated by using two-way ANOVA and Tukey’s multiple comparison test and
indicated with (a, b and c) (p < 0.01). g) The GUS staining of Hongyang 145 DAP fruits transiently expressing Pro-HY::GUS, Pro-BYhap2+SV::GUS, Pro-
BYhap2:GUS, and no vector as control. The qRT-PCR analysis of GUS expression in the fruits injected with three vectors. Mean+SD values were calculated
from 6 biological replicates. “**” indicates significant differences at p < 0.001. h—j) The phenotypes h), qRT-PCR analysis of AcBCM i), and chlorophyll
contents j) of 140 DAP green-fleshed fruits transiently expressing AcBCM-RNAi and empty vector (as control). Mean+SD values were calculated from 6

biological replicates. “**” indicates significant differences at p < 0.001.

2.5. The SV in AcBCM Promoter in GF Cultivars Increases
AcBCM Expression and Chlorophyll Accumulation

The RF cultivar “Hongyang” (HY) and GF cultivar “Biyu” (BY)
were used to study the possible role of the SV. The carotenoid
contents showed no significant difference between HY and BY
(Figure 6a). The chlorophyll contents of 90- and 120-days-after-
pollination (-DAP) fruits also showed no difference between HY
and BY (Figure 6a). However, in 150 DAP, BY had much higher
chlorophyll contents than HY (Figure 6a), which can be consid-
ered as a “staygreen” phenotype in the ripe stage of BY. The qRT-
PCRindicated that the AcBCM expression level in 150-DAP fruits
of HY was significantly lower than thatin BY (Figure 6b). By tran-
siently expressing BY SGR2 (AcSGR2), AcBCM, and the combi-
nation of both genes in tobacco leaves, we revealed that overex-
pression of AcBCM could inhibit the AcSGR2-induced chloro-

Adv. Sci. 2024, 2400322

phyll degradation (Figure 6¢,d). Western blot analysis also con-
firmed that AcBCM overexpression could decrease the protein
abundance of AcSGR2 (Figure 6e), suggesting that AcBCM has
the same function as BCM in Arabidopsis.**] Besides, we made
the antibodies recognizing the endogenous AcSGR2 and AcBCM
proteins, respectively. The western blots confirmed that, in the
150 DAP, the BCM protein levels in BY were much higher than
that in HY (Figure 6f), which is consistent with qRT-PCR results
(Figure 6b). The SGR protein levels in BY were remarkably lower
than that in HY (Figure 6f), which might result from the BCM-
induced degradation of SGR2 because the mRNA levels of SGR2
in BY were just slightly lower than that in HY (Figure 6b). More-
over, SGR2mRNA levels in 120 DAP were much lower than that
in 150 DAP of BY (Figure 6b) but its protein levels in 120 DAP
were slightly higher than that in 150 DAP (Figure 6f), which
might be caused by higher abundance of AcBCM in 150 DAP

2400322 (9 0f14) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH
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(Figure 6f). These results indicated the AcBCM-induced AcSGR2
protein degradation occurred and caused chlorophyll accumula-
tion in the late developmental stage of BY.

To determine whether the SV affects AcBCM gene expres-
sion at the late developmental stage, we used the AcBCM pro-
moter from HY (Pro-HY) and a promoter from BY hap2 (Pro-
BYhap2) without the 51 bp fragment, to drive GUS expres-
sion. The Agrobacteria containing both vectors were injected in
145 DAP fruits of HY and GUS staining indicated that Pro-
BYhap2 has significantly higher transcription activity than Pro-
HY (Figure 6g) and qRT-PCR analysis of GUS gene also con-
firmed the results of GUS staining (Figure 6g). Moreover, we
added the SV (51 bp) to the Pro-BYhap2 to construct a mutant
promoter Pro-BYhap2+SV, which is similar to Pro-BYhapl. GUS
staining and qRT-PCR indicated that the transcription activity of
Pro-BYhap2+SV is similar to Pro-HY but much lower than Pro-
BYhap2 (Figure 6g). These results indicated that the SV (51 bp
deletion) in the BCM promoter leads to its higher expression
in the late developmental stage of BY fruits. Besides, we con-
structed an RNAi vector to silence BCM expression. The 140-DAP
fruits of the GF cultivar were infiltrated with Agrobacteria con-
taining AcBCM-RNAI vector or empty vector (as control). The
fruits injected with the AcBCM-RNAI vector showed less green
color than that with the empty vector (Figure 6h). The qRT-PCR
and quantitative measurements of chlorophyll contents indicated
that AcBCM mRNA levels (Figure 6i) and chlorophyll contents
(Figure 6j) were significantly decreased in the fruits of AcBCM-
RNAI, compared with that of empty vector. These results indi-
cated that SV-induced high expression of AcBCM contributes to
chlorophyll accumulation in BY.

3. Discussion

In this study, we have de novo assembled 12 chromosome-
scale and haploid-resolved haplotypes for 6 representative acces-
sions of A. chinensis, and then constructed a high-confidence
pangenome by using the Hongyang T2T genome (v4.0) as a
reference.®!) The pangenome is 113.4 Mb larger than the refer-
ence genome and includes 3961 genes not found in the reference
genome. Therefore, these 14 representative high-quality genome
assemblies have revealed much greater genetic diversity than a
single reference genome can represent. The pangenome makes
it possible to detect SVs using the short reads of next-generation
sequencing (NGS) at the population level in kiwifruit, which will
promote the development of kiwifruit population genomics, es-
pecially in exploring structural variations potentially associated
with key agricultural traits.

The pan-genome is expected to represent the majority of
genetic variations within a species, which depends on the quan-
tity and diversity of the samples.[® In this study, the selected
samples were sourced extensively, representing the vast majority
of commercially grown diploid kiwifruit cultivars currently avail-
able. The stabilization of the pangenome size at ~11 indicates
that we have successfully captured a significant portion of the
genetic diversity present in the tested species. Kiwifruit (A.
chinensis) exhibits a remarkably higher number of SVs compared
to other species with alike genome sizes, such as Medicago,”"!
which can be attributed to its dioecious nature and high heterozy-
gosity, leading to extensive genetic diversity. Furthermore, the
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much shorter domestication history (about 100 years) could also
contribute to the high diversity of Actinidia species. Of course,
we can’t exclude the possibility that the small sample size in
other studies would cause the undervaluation of biodiversity. The
methodology employed in this study provides clues for further
investigations aiming to discover the entire genetic diversity by
incorporating genome assemblies from a broader range of ac-
cessions in A. chinensis. Additionally, we found that dispensable
genes, especially the shell genes, exhibit a higher evolutionary
rate than core genes (Figure 2i; Table S7, Supporting Informa-
tion), suggesting that they may be subject to stronger environ-
mental selective pressures. It is worth noting that dispensable
genes are significantly enriched in the sucrose and anthocyanin
metabolic pathways (Table S9, Supporting Information), in-
dicating a rich diversity in the quality of different kiwifruit
accessions.

Fruit color is one of the key appearance features determin-
ing the commercial value. Chlorophyll accumulation in the late
developmental stage leads to green flesh in GF but its degrada-
tion results in the degreening of YF or RF. The previous stud-
ies showed that the fruit-specific AcSGR2 gene displays higher
expression in YF and RF than in GF, which contributes to the
degreening in YF fruit.36678] A transcription factor AcHZP45
suppresses chlorophyll biosynthesis and enhances chlorophyll
degradation by activating AcSGR1 and AcSGR2.1>°] Some studies
indicated that the downregulation of the SGR gene is not a suf-
ficient factor in determining the green flesh and other factors,
such as the phytohormone, are also involved.*!

Fruits of A. chinensis show the greatest diversity in colorations.
Therefore, our pangenome of A. chinensis should facilitate the
identification of SVs controlling fruit color. In this study, we dis-
covered 20 SVs associated with the structural genes involved in
chlorophyll degradation and identified an SV exclusively present
in the promoter of the AcBCM gene in GF cultivars (Biyu and
Jipai). The green-flesh cultivars of Actinidia chinensis were very
limited. We found two additional tetraploidy green-flesh cultivars
of A. chinensis (Cuiyu and Wuzhi No.3)(Figure 5d). PCR analysis
and Sanger sequencing also showed the presence of the SV in
their genomes, which further strengthened the correlation of SV
with green-flesh phenotype in A. chinensis.

This SV was demonstrated to cause the higher expression of
AcBCM in the late developmental stage of fruit (Figure 6). Si-
lencing AcBCM caused de-greening of Biyu (Figure 6). In Ara-
bidopsis, BCM overexpression caused chlorophyll accumulation
by inducing the degradation of SGR1 proteins.?*l Our work
also indicated that overexpression of AcBCM destabilized Ac-
SGR2 proteins and inhibited AcSGR2-induced chlorophyll degra-
dation (Figure 6¢,d). The Western blot analysis also confirmed
that AcBCM proteins are much higher but AcSGR2 proteins are
much lower in 150 DAP of BY, as compared with that of HY
(Figure 6e). Based on these results, we speculate that, in YF and
RF cultivars of A. chinensis, AcBCM was significantly downregu-
lated but AcSGR2 was upregulated during the ripening process,
which led to protein accumulation of AcSGR2 and chlorophyll
degradation. In GF cultivars, AcSGR2 was upregulated as well,
but the SV-mediated high expression of AcBCM destabilized Ac-
SGR2 atthe protein level, consequently inhibiting the chlorophyll
degradation. These results indicated that the AcBCM-mediated
post-translational regulation of AcSGR2, which is neglected by
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the previous studies focusing on transcriptional regulation, also
plays an important role in fruit coloration in kiwifruit.

As for the question how the SV affects BCM expression, we
discovered there are a few cis-elements existing in the dele-
tion sequence by using the plant transcription factor database
(PlantTFDB v5.0). We speculated that some transcription factor
may recognize the cis element in the variation to suppress the
BCM expression. The deletion of the 51 bp in the green-flesh
cultivar might abolish the suppression from the transcription
factor. Of course, we can’t exclude another possibility that the
deletion of 51 bp might create a novel cis-element for promoting
the BCM expression. The exact mechanisms require further
investigation.

Collectively, we have generated a graph-based pangenome
dataset for A. chinensis and other Actinidia species. Our work dis-
closed a resource of SVs for in-depth functional genomics stud-
ies. We characterized an SV in the promoter of the AcBCM gene,
which affects AcBCM expression and causes chlorophyll accumu-
lation in the green-flesh fruits by post-translationally regulating
AcSGR2. Our work discovered the first SV mediating fruit de-
greening process and revealed the previously unknown mecha-
nisms of green flesh formation in kiwifruit.

4. Experimental Section

SNP Calling and Phylogenetic Analyses: Fresh, young, and healthy
leaves were collected from 19 different kiwifruit accessions at the
Germplasm Resources Nursery of Anhui Agriculture University for
whole genome resequencing. The Illumina short reads were first aligned
to the HY4P reference genomel®'l using BWA v0.7.17.133] Next, non-
unique and unmapped reads were filtered out using SAMtools,[3¢]
and duplicated reads were removed with the Picard package (v1.87).
Finally, SNPs were identified using the Genome Analysis Toolkit (GATK)
package.[37]

Only SNPs that satisfied the conditions of a missing data rate of less
than 15% and a minor allele count higher than three were used for phyloge-
netic analyses. A phylogenetic tree of the 19 accessions was constructed
using the Phylip software (version 3.696) with the neighbor-joining (NJ)
method!38] and “White”3°] as the outgroup. The bootstrap process was
replicated 1000 times.

Sample Preparation and Sequencing: Based on the phylogenetic tree,
seven representative accessions were chosen for PacBio HiFi sequenc-
ing, including those with three distinct flesh colors: red (“Hongyang”
and “Zps18”), yellow (“Hort16A”, “Jinmi” and “Huangyang”), and green
(“Biyu” and “Jinpai”). Genomic DNAs were extracted from these samples
using the CTAB method,%] and then subjected to construct 150-bp paired-
end libraries for Illumina sequencing on an Illumina Novoseq 6000 plat-
form. In addition, a standard SMRTbell library was constructed using 50 ug
of the six genomic DNA for PacBio HiFi sequencing, following the man-
ufacturer’s instructions with the SMRTbell Express Template Prep Kit 2.0.
The final PacBio library was sequenced using a PacBio Sequel Il system
(Pacific Biosciences, CA, USA).

Genome Assembly and Annotation: Initially, the primary haplotype
(HY4P) of the T2T genome Hongyang 4.013" was selected as the refer-
ence genome. The HiFi reads from six representative accessions were
then de novo assembled into two haplotype-resolved contigs using hifasm
v0.16.1 software.l*l Subsequently, the HiFi contigs were anchored and
oriented to chromosomes using a reference-guided strategy to achieve a
chromosome-level assembly, which was performed with quarTeT software
(http://www.atcgn.com:8080/quarTeT/home.html).[4?] A comprehensive
evaluation approach to assess the quality of genome assembly was used.
First, the wholeness of genome assembly was evaluated by the BUSCO
assessment,[*3] which included 1614 genes in the Embryophyta OrthoDB
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v10 dataset (https://www.orthodb.org). Second, the continuity of genome
assembly was accessed by the contigs N50 values and the LAl scores.[“4]
Third, the accuracy of genome assembly was estimated with mapping the
short reads were to calculate the mapping rate using BWA v0.7.17.13%]

In this study, the braker2 pipelines!*’! were used to predict protein-
coding genes for each genome assembly, and 36 RNA-seq datasets used
for Hongyang v4.0 annotation!*" were also employed to aid in the gene
prediction process. Only those genes that contained both start and stop
codons and were at least 100 amino acids (aa) in length were reserved.
The predicted genes were annotated by conducting BLASTP (version 2.6)
and diamond (version 0.9.23) searches of the encoded protein sequences
against several protein databases, including NCBI, Swiss-Prot, KIR (http:
//kiratcgn.com/), TAIR (https://www.arabidopsis.org/), and KGD (http:
//kiwifruitgenome.org/), using an E-value threshold of 1le-5. Then, the
Blast2GO local pipeline (version 3.2) to analyze gene ontology (GO) terms
to each protein-coding gene was used. To identify domains or motifs
within the protein sequences, an InterProScan softwarel#®] and searched
against the Pfam database were utilized.

Pan-Genome Construction:  To construct the family-based pangenome,
a gene family clustering to estimate the core and dispensable gene sets
was used. First, the OrthoFinderl*’] was used to cluster genes into fam-
ilies, and then the gene families that were shared by all 14 assemblies
were extracted as the core gene clusters. Gene families that were miss-
ing in one or more kiwifruit accessions were defined as dispensable gene
clusters. The dispensable gene clusters were further categorized into soft-
core (genes in those clusters present in more than 80% assemblies), cloud
(genes in those clusters present in only one assembly), and shell (genes
in the rest clusters) clusters.

Detection of Genomic Variations: The genome sequences of other 13
haplotype assemblies were aligned to the HY4P reference genome using
the minimap2 softwarel*3] with the default parameters. And then the
aligned results were parsed using SyRI softwarel*’! to identify genomic
variations, including presence/absence variations (PAVs) (in terms of
large InDels that are >50 bp in size), inversions, and translocations. Sub-
sequently, SVs (including presence/absence variations) from 13 assem-
blies were merged into a non-redundant set of structural variations using
swimmer with parameters '—ids —max_distance 50 —-max_size_difference
20". The variation effect of all SVs was annotated using the snpEFF soft-
ware. To identify structural variation (SV) hotspots, a statistical analysis
of SVs on the chromosome using a window size of 400 kb and a step
size of 200 kb was conducted. Subsequently, an intervals with SV number
exceeding 80 and merged contiguous widows as hotspot regions were
extracted.

RNA Sequencing and Data Analysis: Total RNA was extracted from
fruit samples of “Hongyang” and “Biyu” collected at 100, 120, and 150
days after pollination. Each sample comprised three biological replicates.
Subsequently, mRNA libraries were constructed and sequenced using
the NovoSeq 600 platform. The clean reads were then mapped to the
HY4P[31] reference genome using HISAT2[5% software with default pa-
rameters. Transcripts per million (TPM) values were calculated using
featureCounts.>l The differential expression analysis was performed us-
ing the DESeq2 packagel>?] in R and the the screening criteria were set as
'|log, (fold change)| >1 and the p value<0.05".

Structural Variation Analysis of Anthocyanin and Chlorophyll Pathways:
To identify members of the gene family involved in anthocyanin biosyn-
thesis and chlorophyll degradation metabolic pathways, BLASTP searches
were performed against the HY4P protein sequences using the full-length
protein sequences related to these pathways in Arabidopsis, sweet orange,
apple, tomato, and wine grape downloaded from NCBI as queries. Only
these with E-values < 1x10710 and with a high alignment score were se-
lected as candidate genes. And then, SVs related to these genes were ex-
tracted based on their positions for further analysis.

Analysis of Genome Synteny:  The MUMmer4 tool was used to perform
genome-wide comparisons between the 14 assemblies, with the parame-
ters (-maxmatch, -c 500, -b 200, and -| 100).[°3] The resulting alignments
were then screened by using a delta-filter with the parameters (-m, -i 90,
and -l 100). Finally, dot plot representations were generated to visualize
the genome synteny using Mummerplot.
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Resolution of Metabolite Profiling: Metabolome profiles were gener-
ated using a widely targeted metabolomics method. Initially, the fruit sam-
ples used for metabolomics analysis of these seven kiwifruit accessions
were all harvested at 140 days after pollination (DAP) and stored at room
temperature for 10 days. Then, the flesh samples were freeze—dried and
homogenized through a mixer mill (MM 400, Retsch) with a zirconia bead
for 1.5 min at 30 Hz. Then, 100 mg of tissue powders were mixed with
1.2 mL of 70% methanol solution at 4 °C overnight, followed by centrifu-
gation at 12000 rpm for 10 min. The resulting supernatants were collected,
filtered through a 0.22 um pore size membrane (SCAA-104, ANPEL, Shang-
hai, China), and analyzed by UPLC-MS/MS (UPLC, SHIMADZU Nexera
X2; MS, Applied Biosystems 4500 Q TRAP). Metabolite quantification was
performed by multiple reaction monitoring (MRM) methods.

Transient Expression, GUS Staining, and RNA Interference: The tran-
sient expression in fruit was performed under the improvement of the
protocol.’*] The construct-carrying A. tumefaciens was suspended in
MMA solution (1/2 MS, 10 mm MES, 150 um Acetosyringone), infiltrated
into the pulp around the fruit, and infiltrated into the core from the end.
Then it was placed on wet filter paper to moisturize and stored in a 25 °C
tissue incubator for 3 days. The fruits were sectioned and immersed in
the GUS staining solution, kept in a vacuum pump at 0.8 MPa for 10 min,
and then placed in a 37 °C incubator for staining and decolorization. For
RNA interference, 140 DAP fruits of GF cultivars were injected as described
previouslyl>*l with A. tumefaciens EHA105 containing AcBCB-RNAi vector
or empty vector. The phenotype observation, gRT-PCR, and chlorophyll
content measurements were performed 6 days after infiltration.

Western Blot Analysis:  The tobacco leaves transiently expressing
AcBCM-GFP and AcSGR2-FLAG or fruit samples of Hongyang and Biyu
were frozen and fully ground in a mortar with liquid nitrogen. After weigh-
ing in the EP tube, the total proteins were dissolved with four volumes of
2xloading sample buffer (8 m Urea, 100 mm Tris-HC| pH = 6.8, 4%SDS,
0.2%BPB, 20%Glycerol, 2% TritonX-100, 5%/-Me). Total proteins were de-
natured at 100 °C for 10 min and separated by SDS-PAGE, transferred to a
PVDF (0.22 pum for AcSGR and 0.45 pum for AcBCM) blotting membrane for
immunization and detection. For making Anti-AcBCM and Anti-SGR2 an-
tibodies, two peptides from AcBCM and AcSGR, respectively, were synthe-
sized and injected into rabbits for producing polyclonal antibodies, which
were performed by GenScript Biotech Corporation. Anti-FLAG antibodies
(ABT2010) were purchased from Abbkine Scientific Co.,Ltd. The antibod-
ies against GFP (300 943) and HRP-conjugated goat anti-rabibit secondary
antibodies (ZB-5301) were purchased from ZEN BIO and ZSGB-BIO, re-
spectively.

Chlorophyll and Carotenoid Measurement: Extraction and measure-
ment of chlorophyll and carotenoid was conducted according to previously
reported methods.[3%] All steps were performed at 4 °C in the dark. ~0.6 g
of kiwifruit flesh powder was weighed and extracted with 2 mL 80% ace-
tone (v/v) for 1 h. The mixture was then centrifuged at 12 000 g for 10 mi
and the supernatants were transferred to a new tube stored in ice. The ex-
traction process was repeated three times until the powder was completely
whitened. Then, the supernatant of the three extractions was mixed and
centrifuged at 12 000 g for 10 min and involved measuring the absorbance
at 663, 645, and 470 nm using UV-1000 Spectrophotometer (AOE Lab).

Quantitative RT-PCR: Total RNA was isolated using Universal Plant
Total RNA Isolation Kit (Vazyme), and cDNA synthesis was performed
with 1st Strand cDNA Synthesis Kit (Yeasen). Before running Real-time
quantitative PCR, the PCR products were separated on 2% agarose gel
and sequenced to confirm the specificity and accuracy of the PCR reaction.
The quantitative PCR was conducted using qPCR SYBR Green Master Mix
(Yeasen). All PCR reactions were performed on the Bio-Rad CFX96 Real-
time PCR System with at least three biological replicates. The transcript
expression levels were quantified by the 2722CT method!%¢] using AcUBI
as the endogenous control.
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