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Abstract

Actinidia eriantha is a characteristic fruit tree featuring with great potential for its abundant vitamin C and strong
disease resistance. It has been used in a wide range of breeding programs and functional genomics studies. Previ-
ously published genome assemblies of A. eriantha are quite fragmented and not highly contiguous. Using multiple
sequencing strategies, we get the haplotype-resolved and gap-free genomes of an elite breeding line “Midao 31"
(MD), termed MDHAPA and MDHAPB. The new assemblies anchored to 29 pseudochromosome pairs with a length of
619.3 Mb and 611.7 Mb, as well as resolved 27 and 28 gap-close chromosomes in a telomere-to-telomere (T2T) man-
ner. Based on the haplotype-resolved genome, we found that most alleles experienced purifying selection and coor-
dinately expressed. Owing to the high continuity of assemblies, we defined the centromeric regions of A. eriantha,
and identified the major repeating monomer, which is designated as Ae-CEN153. This resource lays a solid foundation
for further functional genomics study and horticultural traits improvement in kiwifruit.
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Core

e telomere-to-telomere and haplotype-resolved genome
of A. eriantha filled most gaps and greatly improved the
assembled genome quality, for the first time revealing
the structure of centromeres and telomeres, laying the
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foundation for a better understanding of the structure and
function of the kiwifruit genome.

Gene and accession numbers

e genome sequencing data and transcriptome
sequencing data have been deposited at Sequence Read
Archive database in NCBI and the accession numbers is
PRIJNA905539.

Introduction

Since the first draft genome of “Hongyang” kiwifruit
was published in 2013 (Huang et al. 2013), several
genomes have also been released, including A. chinen-
sis (Pilkington et al., 2018, (Wu et al. 2019), A. eriantha
(Tang et al., 2019, (Yao et al. 2022), which provided a
valuable resource for facilitating kKiwifruit breeding and
studies of kiwifruit biology. However, due to the limita-
tions of past technologies, these genomes still contain
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a large number of gaps, leaving centromeres, telom-
eres, and other highly repetitive regions unfinished,
even though these regions contain a lot of important
information. Telomeres are highly repetitive DNA
sequences at the ends of chromosomes that protect
them from degeneration during cell division (Shay
et al. 2019). It is essential for the structure and stabil-
ity of chromosomes and involves important biological
processes, such as flowering time (Choi et al. 2021) and
aging (Chakravarti et al. 2021). In addition, the cen-
tromere is another distinct chromosomal domain that
serves as the docking site for the assembly of the kine-
tochore for chromosome segregation (Wu et al. 2011).
Plant centromeric DNA is mainly composed of tandem
repeats, retrotransposons, and low-copy sequences. A
recent study showed that few active genes exist in the
centromeric region (Ma et al. 2007). With the develop-
ment of sequencing technology, both ultra-long Oxford
Nanopore Technologies (ONT) and Pacific Biosciences
(PacBio) high-fidelity (HiFi) data were used to resolve
the gaps in plant and animal genomes. Using the third-
generation DNA sequencing technique in combina-
tion with second-generation Hi-C data, it is possible to
completely assemble an accurate, gap-free genome of
kiwifruit.

Recently, the T2T genome of A. chinensis (Hong-
yang v4.0) have been released (Yue et al. 2022), which
filled most gaps in the previously released genome, and
reveals the structural characteristics of telomeres and
centromeres in kiwifruit for the first time. As another
important cultivated species in the Actinidia genus, A.
eriantha has drawn the attention of scientists in recent
years, because of its higher content of vitamins, s hori-
zontal disease resistance, high e ciency in genetic trans-
formation, and relatively short juvenile phase (Wang
et al. 2006). A series of new cultivars, such as “White”
(Wu et al. 2009) and “Ganmi 6” (Xu et al., 2015), have
been bred, greatly enriching the varieties of kiwifruit.
Although two versions of the A. eriantha genomes were
previously published, they still contained numerous gaps
and assembly errors. Neither of the two previous versions
of the A. eriantha genome reached T2T levels, limiting
our understanding of the structure and function of A. eri-
antha genomes.

Here, we reported a gap-free genome of A. eriantha by
using an elite breeding line (namely Midao 31) derived
from the hybrid progenies between “White” and “MHX-
1 which has the advantages of large fruit and high yield
(Supplementary Fig. 1). e genome was assembled with
high-coverage and accurate long read sequence data
using multiple assembly strategies. For the first time,
this version of the genome reveals the structure of highly
repetitive regions of A. eriantha such as centromeres
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and telomeres, laying the groundwork for a better under-
standing of the structure and function of the kiwifruit
genome.

Results

Genome sequencing and assembly

In order to obtain the T2T A. eriantha genome, we intro-
duced multiple sequencing technologies to generate
high-quality sequences (Supplementary Table 1). PacBio
sequencing yielded 29.7 Gb of HiFi clean reads (~49
X genome coverages) with an N50 of 17.1 Kb; Oxford
Nanopore Technologies yielded 20.6 Gb (~34X genome
coverages) with an N50 of 100.4 Kb; A total of 105.5 Gb
of clean reads (~175X genome coverages) were gener-
ated from Hi-C libraries; e Illumina short-reads data
(~8X genome coverages) from “Midao31” were used to
polish ONT long-reads.

First, the HiFi reads were used for primary assembly
of A. eriantha by hifiasm, generating two preliminary
assemblies with a size of 633 Mb and 622 Mb. e two
preliminary assemblies include 237 contigs with the N50
length of 21 Mb and 185 contigs with the N50 length
of 18 Mb respectively, which are greatly larger than the
previous two versions of A. eriantha (Table 1). en the
contigs of two haplotypes were anchored to 29 sca olds
by juicer (Durand et al. 2016) and 3D de novo assembly
(3D-DNA) pipeline (Dudchenko et al. 2017) using Hi-C
reads. It was worth noting that the 29 sca olds still con-
tain a lot of gaps and incorrect joins because the HiFi

Table 1 Summary of genome assembly and annotation of A.
eriantha

Genomic feature MDHAPA MDHAPB White Wild

Total size of assembled contigs 633 622 6904 655
(Mb)

Number of contigs 237 185 4076  /
N50 value of contigs length 21 18 054 2
(Mb)

Total size of assembled 619.3 6117 6906 657.1
genomes (Mb)

Number of gaps 2 1 2341 709
Number of gap-close chromo- 27 28 0 0
somes

Number of telomeres (pairs) 24 25 / /
Number of definite centromeres 29 29 / /

TE size (%) 4092 4111 4332 4129
GC content (%) 35.67 35.68 / /
Genome BUSCOs (%) 99 99.2 938 932
LTR assembly index score 2152 2045 / /
Number of genes 46,008 47,184 42,988 41521
Gene BUSCOs (%) 92 915 / /

Qv 59.60 50.93 / /
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contigs were optionally split in regions lacking Hi-C cov-
erage. en we re-mapped the HiFi contigs of two haplo-
types against the corresponding 29 Hi-C sca olds for de
novo genome assembly with a reference-guided strategy
by using a custom Perl script (https://github.com/aaran
yue/CTGA). We consequently obtained two preliminary
chromosome-level genomes that contain 8 gaps and 17
gaps, respectively. Meanwhile, the polished ONT reads
were used to fill gaps using the TGS-GapCloser (Xu
et al., 2019). Finally, we get two final haplotype A. eri-
antha genomes, termed MDHAPA and MDHAPB, with
a size of 619.3 Mb and 611.7 Mb, respectively, includ-
ing 27 and 28 gap-close chromosomes (Table 1). e
remaining three gaps were distributed on chrl3, chr21
of MDHAPA, and chr21 of MDHAPB (Supplementary
Table 2). Our two haplotype assemblies, with greatly
improved contiguity and completeness, showed high syn-
teny with the four published genomes of “White’, “wild”,
“Hongyangv4.0” and “Red5” (Supplementary Fig. 2).

Genome annotation and assembly assessment

Within the two haplotype assemblies, 253.46 Mb
(40.92%) and 251.48 Mb (41.11%) of repetitive sequences
were found (Table 1), similar to those in the genomes
of “White” (43.32%) and “wild” (41.29%). Among them,
25.45% and 24.67% were long terminal repeats (LTRS),
and 15.24% and 12.45% were terminal inverted repeats
(TIRs) in MDHAPA and MDHAPB, respectively (Sup-
plementary Table 3). We predicted a total of 46,008
and 47,184 high-confidence protein-coding genes from
MDHAPA and MDHAPB, respectively, which were close
to the 45,809 genes predicted in the HY4P genome and
the 45,434 predicted in the HY4A genome (Yue et al.
2022) and showing 93.8% and 93.2% BUSCO complete-
ness (Table 1). e total lengths of the MDHAPA and
MDHAPB genes were 249.73 Mb and 252.05 Mb, respec-
tively. Of these protein-coding genes, 39,836 (86.58%)
and 40,328 (85.47%) could be functionally annotated to
a comprehensive database of eggNOG. Compared to
the “White” genome, more than 4000 genes were newly
predicted in the two assemblies. And a large number of
genomic variations between MDHAPs and White were
discovered to be associated with these new predicted
genes (Supplementary Table 4). KEGG analysis revealed
that these genes functionally enrich in multiple pathways,
including RNA degradation, plant-pathogen interaction,
pentose glycosylation, and so on (Supplementary Fig. 3a
and 4a). GO analysis showed that the newly predicted
genes were mainly enriched in the biological process and
molecular function categories (Supplementary Fig. 3b
and Fig. 4b). Among them, a lot of genes were related to
cold acclimation and GTPase activity. So, these newly
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predicted genes may involve important biological func-
tions in kiwifruit.

Multiple evaluative approaches were used to confirm
the high quality of haplotype assemblies: (i) e assem-
bly spectrum copy number plots plotted by the KAT
program (Mapleson et al. 2017) clearly demonstrated
that the phasing of the assembled haplotypes is correct
(Supplementary Fig. 5), (i) e 97.25% lllumina reads,
the 99.49% HiFi reads, and the 99.99% were successfully
aligned to the two assemblies (Supplementary Table 5),
suggesting that the A. eriantha genome was su ciently
covered by the assembly; (iii) Hi-C interaction matrices
displayed a diagonal pattern for the intra-chromosomal
interactions in all pseudochromosomes, indicating the
right ordering and orientation (Fig. 1b and 1d); (iv) A
total of 1597 (99.0%) and 1601 (99.2%) complete BUSCO
genes were identified in the two haplotype genomes,
respectively, which was superior to the genome of the
“White” and “wild” (Supplementary Fig. 6); (v) e high
LAI scores ( 21.52 and 20.45) were observed in two hap-
lotype genomes (Table 1). (vi) e consensus quality
value (QV) of MDHAPs was 59.60 and 50.93, indicating
the high accuracy of our assemblies (Table 1).

Haplotypic variations and spatiotemporal expression
pattern of alleles
Syntenic analysis revealed highly consistent sequence
orders between the two haplotypes (Fig. 2a). Genomic
collinearity analysis between MDHAPA and MDHAPB
revealed that 45,295 transcripts matched 540 syntenic
blocks (Fig. 2b). We also identified substantial variations
between the two haplotypes by using SyRI, including
2,574,323 SNPs, 457,407 insertions/deletions, 289 inver-
sions, and 167 translocations (Supplementary Table 6).
ese variations spanned approximately 35.7 Mb, repre-
senting 5.6% and 5.7% of the assembled MDHAPA and
MDHAPB genomes, respectively.

Correlated or di erential expression of alleles could
have profound e ects on growth and evolution. Using
MCscanX, we separated 35,395 pairs of alleles in the
haplotype-resolved genome (Fig. 2c).  ese alleles are
relatively evenly distributed across the 29 chromosomes
of kiwifruit. Most allelic genes maintained high levels of
coding sequence similarity (mean=98.13%) (Fig. 2d). To
evaluate the natural selection pattern of alleles, we cal-
culated the K /K, value between allelic gene pairs. e
results revealed that the majority of allelic genes had
clearly experienced purifying selection (K,/K;<1), with
only a small number of allelic pairs showing possible pos-
itive selection (K,/K;>1) (Fig. 2e).

en we investigated the allele-specific expression
(ASE) across di erent tissues (fruit at di erent develop-
ment stages, leaf and stem). A total of 2904 allelic genes
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showed di erent expression patterns (log2 fold change>1,
p value<0.05) (Fig. 2f), while others did not show a more
than two-fold di erence in expression, indicating that
most alleles in the A. eriantha genome were coordinately
expressed.  ese genes showed functional enrichment in
biological processes such as regulation of lipids, activation
of protein kinase activity, and cellular components includ-
ing polysomal and vesicle tethering complexes based
on the gene ontology (GO) annotation (Supplementary
Fig. 7a). e result of KEGG pathway annotation revealed
that the ASEs had functional enrichment in multiple bio-
logical processes, including endocytosis, cellular senes-
cence, and circadian rhythm (Supplementary Fig. 7b),
suggesting that a potential mechanism to overcome del-
eterious mutations occurred in important genes related to
basic biological functions.

Among the 2904 ASEs, 786 genes showed expression
biased toward one allele across six samples, which were
defined as consistent ASE genes (Supplementary Fig. 8a).
Genes with expression biased toward one parental allele
in some samples but shifted to another allele in other
samples were defined as inconsistent ASE genes, which
indicate an overdominance e ect. A total of 103 inconsist-
ent ASE genes were found in the A. eriantha “Midao31”
genome (Supplementary Fig. 8b), which was less than the
number of consistent ASE genes.  en we investigated the
functional impact of the allelic variations and found that
29.97% of SNPs and 30.88% of InDels caused changes in
the upstream sequence (+2 kb) (Supplementary Table 7),
indicating that the promoter sequence variation may be an
important cause of allelic di erential expression.

Detection of the telomere and centromere locations

at chromosomes

Telomeres are nucleoprotein structures at the ends of
chromosomes and function to maintain genome stabil-
ity and consist of a tandem repeat of TG-rich microsatel-
lite sequence (Turner et al. 2019). e telomeric repeat
sequenece is TTTAGGG in most plants (Fajkus et al.
2005). Using the seven-base telomeric repeat (CCCATTT
at the 5’ end and TTTAGGG at the 3’ end) as a query, we
identified 54 telomeres, resulting in 25 T2T pseudomol-
ecules both in MDHAPA and MDHAPB assemblies
(Supplementary Table 8 and Supplementary Table 9). e
total counts of telomere repeats ranged in 176 ~3140 and
111~2760, with a mean value of 1318 and 1063.

e centromere is an important part of chromosomes and
plays a crucial role in the proper segregation of chromo-
somes. Unfortunately, information about the centromeres of
kiwifruit is limited. One of the main reasons is that the cen-
tromere region contains highly repetitive sequences, which
impede assembly from short DNA sequencing reads (Nurk
et al. 2022). Nevertheless, the development of sequencing

Page 6 of 11

technology allow us to have the opportunity to assemble
centromere regions. To identify the location and sequence
features, we used the Tandem Repeats Finder (TRF) tool
to search tandem repeats in our assemblies, and only the
repeat monomers with lengths ranging from 100 to 200 bp
were retained. And then CD-HIT (Fu et al. 2012) was used
for clustering these monomers to reduce sequence redun-
dancy and improve the precision of centromere localization
based on sequence similarity search, the continuous and
high-frequency regions were thought to be approximate
centromeric sequences. Finally, we determined the location
of the centromeres of all chromosomes in two haplotype
assemblies. e result showed that the centromere bounda-
ries of the two haplotype genomes had similar positions on
the chromosome, and the length of the centromere region
ranged from 217,369 bp to 1,893,971 bp in MDHAPA and
from 112,182 bp to 1,168,845 bp in MDHAPB (Supplemen-
tary Table 10). Aside from that, there are 147 and 151 new
genes predicted in the centromere region of MDHAPA and
MDHAPB, respectively (Supplementary Table 11 and 12).
To verify the accuracy of the centromere region, we ana-
lyzed the gene density, repeat distribution, and sequence
similarity on the chromosome (Fig. 3a). e distribu-
tion of repeats revealed that the class | retrotransposons
are more common in centromeres, while the class Il
retrotransposons were more evenly distributed across
the genome, which was similar to other species such as
Brassica (Perumal et al. 2020) and A. chinensis (Yue et al.
2022). In addition, the centromere region has low gene
density and low similarity compared with other regions
on the chromosome (Fig. 3a). Finally, the Hi-C heatmap
also showed that the location of centromere region was
correct(Fig. 3b).

Based on the analysis of tandem repeats in the cen-
tromere region, we found that the repetition types in the
centromere region of kiwifruit are quite complex, con-
taining one major repeating monomer and several minor
repeating monomers. e length of the major repeating
monomer ranged from 102 to 192 bp (Supplementary
Table 13 and 14), and most of the major repeating mono-
mer’s length was 153 bp (named Ae-CEN153) (Fig. 3c),
which was consistent with A. chinensis. Alignment of the
Ach-CEN153 and Ae-CEN153 sequences from A. chinen-
sis and A. eriantha. Alignment of the Ach-CEN153 and
Ae-CEN153 sequences from A. chinensis and A. eriantha
revealed that they retain strong similarities (Supplemen-
tary Fig. 9).  ese results indicated that the centromere
repeat unit sequences were relatively conserved in the
two species. e phylogenetic analysis of the representa-
tive monomers of rice, Arabidopsis, A. chinensis and all
monomers of A. eriantha revealed that all monomers
could divided into four groups, the kiwifruit monomers
were separated from Arabidopsis and rice (Fig. 3d),
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implying that the Kkiwifruit centromere tandem repeats
have little homology with rice and Arabidopsis.

Discussion

Over the past few years, the complete telomere to tel-
omere (T2T) assembly of Arabidopsis (Naish et al.,
2021), rice (Song et al. 2021), banana (Belser et al. 2021),
and watermelon (Deng et al. 2022) has been reported.
As an important fruit crop worldwide, kiwifruit plays an
important role in the world agricultural economy. How-
ever, the genome of kiwifruit has remained fragmented
and contains a lot of gaps, which impede functional
genomics and genetic improvement in Kiwifruit. As an
important resource for kiwifruit breeding and genetic
studies, A. eriantha was well known for its remark-
able vitamin C content and great nutritional value. In
this study, we successfully assembled a T2T gap-free
genome using a combination of multiple sequencing
platforms. e PacBio HiFi sequencing provided the
highly accurate reads and generated two high quality
assemblies with contig N50 sizes of 21 Mb and 18 Mb,
respectively. e ONT sequencing provides long reads
(N50>100 kb), which contribute to the assembly of
highly repetitive regions. Using Hi-C sca olding, short-
read polishing, and manual curation, we elevated the
reference genome of A. eriantha to a higher quality
level. anks to the highly continuous genome, we have
predicted more genes than “White” and “wild", and a lot
of these extra genes correlate with some important bio-
logical processes. e result showed the integrity and
accuracy of two haplotypes were superior to other A.
eriantha reference genomes.

As we all know, parental alleles are randomly selected
or collapsed during genome assembly (Shi et al. 2019),
and those genomes with high levels of heterozygosity
potentially, such as the kiwifruit genome, contain many
mosaic sequences. Haplotype assemblies can be a good
solution to this problem and facilitate genetic studies,
especially in linkage analysis, population genetics, and
functional studies. In this study, the long-read sequenc-
ing technology and haplotype assembly techniques were
adopted to achieve two haplotype assemblies. Due to
the mosaic sequences being split into di erent haploid
genomes, the size of the two haplotype genomes was
lower than the “White” genome. We also find abundant
structural variations between the two haplotypes, these
variations may be a major contributor to genetic diversity
and adaptive evolution. e information about ASE in
the kiwifruit genome was limited, because the haplotype-
resolved genomes are lacking. In this study, we found that
most ASEs tend toward consistently expressing, but only
a small number of ASEs displayed consistent expression,
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indicating that the dominant e ect may play a major role
in the A. eriantha genome. Based on the new haplotype
genomes, we first defined the locations of centromeres
in A. eriantha. Although centromeric regions are highly
repetitive and have a relatively low gene density as com-
pared to other parts of the chromosome, there are still
some new genes found in these regions. We found that
the repeat type of centromeric regions in kiwifruit was
relatively complex, but the main centromeric monomer
in A. eriantha and A. chinensis was relatively conserva-
tive.  ese results laid the foundation for the sequence
identity and functional analysis of centromere regions in
kiwifruit.

In conclusion, we present a high-quality haplotype-
resolved reference genome of A. eriantha in this study,
and it provides useful resources for the comparative
genomics, molecular biology, molecular breeding, genet-
ics, and evolutionary studies of kiwifruit.

Methods

Plant materials and sequencing

“Midao 31 a hybrid between A. eriantha “White”
(female) and A. eriantha “MHX-1" (male), was used in
this study. High-quality genomic DNA was extracted
from fresh young leaf tissue from “Midao 31", growing in
Hefei, Anhui Province, China, and separately packaged
for PacBio HiFi, ONT ultra-long, and Hi-C sequencing.
Tissue materials from leaves, stems, and fruits were used
for RNA-seq and genomic annotation.

e kiwifruit genomic DNA (Allen et al. 2006) was
prepared using a modified CTAB method and evalu-
ated using an Agilent 2100 Bioanalyzer (Agilent Tech-
nologies, Santa Clara, CA, USA) and Qubit fluorometer
instrument ( ermo Fisher Scientific, MA, USA). e
library for ONT sequencing was constructed using the
1D ligation sequencing kit (SQK-LSK108, ONT, UK)
and sequenced on the ONT PromethlON platform. e
Hi-C libraries were then constructed as a standard proce-
dure, including chromatin extraction and digestion, DNA
ligation, and purification. For PacBio HiFi sequencing, a
standard SMRThbell library was prepared with 50 pg of
gDNA by using the SMRTbell Express Template Prep Kit
2.0, according to the manufacturer’s instructions. SMRT-
bell libraries were then sequenced on a PacBio Sequel 1l
system (Pacific Biosciences, CA, USA).

Genome assembly and assessment

e HiFi reads were de novo assembled into two hap-
lotype contigs using the hifiasm v0.16.1 software with
default parameters (Cheng et al. 2021). And then the two
haplotype contigs were corrected, grouped, sorted, and
anchored to pseudochromosomes with Hi-C reads using
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juicer (Durand et al. 2016) and 3D-DNA software (Dud-
chenko et al. 2017).  en, a custom Perl script was used
to remap the HiFi contigs against the Hi-C pseudochro-
mosomes using a reference-guided strategy (https://
github.com/aaranyue/CTGA). e ONT reads were pol-
ished by Pilon (Walker et al., 2014) and then used to fill
gaps in the ref-guided pseudochromosomes by the TGS-
GapCloser (Xu et al., 2019). To evaluate the reliability of
our assembly, the HiFi reads and the Illumina reads were
remapped to the two assembled haplotypes genomes
using minimap2 (Li et al., 2018). e completeness of
two assemblies was evaluated by mapping the Bench-
marking Universal Single-Copy Orthologs (BUSCO) to
the genomes using BUSCO v3.0.2 (Manni et al. 2021)
with the Embryophyta odb10 dataset. e continuity was
assessed using the LTR Assembly Index (LAI) (Ou et al.,
2018). e consensus quality (QV) value was assessed
using Mequery (v1.3) (Rhie et al. 2020).

Gene and repeat annotations

Gene structure annotation was performed by the braker
software (Ho et al. 2019) using a combination of de
novo prediction and transcript evidence from ten RNA-
seq datasets (Supplementary Table 15). Only genes that
met the criteria of having start and stop codons and
being longer than 100 nucleotides were reserved. Gene
function was annotated by eggmapper against a series of
protein sequence databases. GO and KEGG enrichment
analyses were performed using the R package clusterPro-
filer (Yu, 2012). Transposable elements (TEs) in the A.
eriantha genome were identified using the Extensive de
novo TE Annotator (EDTA) with default parameters (Ou
et al. 2019). e tandem repeats (TRs) were identified by
the TRF software (Benson 1999) with parameters (2 7 7
80 10 50 500 -f -d -m).

Genome comparison and synteny analysis

e genomic sequences of “White” and “wild” were
downloaded from the KGD database (http://kiwifruitg
enome.org/) (Yue et al. 2020) and the NCBI database. e
MUMmer software (Marcais et al., 2018) was used for
the alignment comparison analysis between MDHAPA,
MDHAPB, and the “White” and “wild” genomes with
parameters (—maxmatch -c 500 -b 200 -l 100). e align-
ment was filtered using the delta-filter implemented in
Mummer with the parameters (-m -i 90 -1 2000).  en,
the filtered result was visualized by mummerplot. e
collinearity, structural variations, and sequence di er-
ences analysis was performed between MDHAPA and
MDHAPB using the Synteny and Rearrangement Identi-
fier (SyRI) (Goel et al. 2019).
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Allelic gene identi cation and expression analysis
MCScanX (Wang et al., 2012) was used to identify syn-
teny blocks between a pair of allelic chromosomes,
paired genes within each synteny block with high simi-
larity were considered alleles A and B. e K. /K value
was calculated using KaKs_Calculator V2.0 (Wang et al.,
2010). e RNA-seq data from 6 samples (fruit DAF
20, fruit DAF 40, fruit DAF 60, fruit DAF 120, leaf, and
stem) were aligned to the MDHAPA and MDHAPB using
HISAT2 v2.0.0 (Kim et al. 2015). e FPKM values were
estimated using featureCounts v1.5.3 (Liao et al. 2014).

e di erentially expressed genes were identified using
DESeqg2 (Love Ml et al., 2014) and edgeR (Robinson MD
et al., 2010). ASE was determined if the log,(fold change)
values of FPKM between two alleles were greater than 1
and the P value<0.05. e ASE patterns (consistent and
inconsistent expression pattern) was identified using the
same methods as the tea plant Camellia sinensis genomes
project (Zhang et al. 2021).

Telomere detection and centromere localization

e telomere was identified by the Telomere Identifi-
cation toolKit (tidk) using the normalized and unified
sequence “AAACCCT” for search. A pipline containing
TRF tools, and CD-HIT tools was used for the identifica-
tion of the centromere region. e TRF tools were used
to identify whole-genome tandem repeats and mono-
mers. e CD-HIT was used to cluster these monomers
to reduce sequence redundancy. ose continuous and
high-frequency regions were regarded as candidate cen-
tromere regions. At last, combine the result of gene den-
sity, TE number with candidate regions to predict the
most likely centromere location.

Phylogenetic tree construction and sequence alignment
of centromeric monomers

e representative centromeric monomer sequences of
Arabidopsis (Wang et al. 2022), rice (Song et al. 2021),
A. chinensis and A. eriantha were then aligned by mus-
cle (Edgar 2004), and phylogenetic analysis was per-
formed by the Maximum Likelihood method with default
parameters and then visualized with iTOL (Letunic et al.,
2007). e Ach-CEN153 and Ae-CEN153 sequences were
aligned and visualized using DNAman V9.0.

Abbreviations
A eriantha Actinidia eriantha
A. chinensis Actinidia chinensis

T2T Telomere-to-telomere

GO Gene Ontology

KEGG Kyoto Encyclopedia of Genes and Genome
ASE Allele-specific expression
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Additional le 1: Supplementary Fig. 1. Tree and fruit of A. eriantha
‘Midao 31 The average soluble solid content is 19.6 %, the average

fruit weight is 76.2 g, the average acidity is 0.88%, and the average ASA
content is 695.76 mg/100g. Supplementary Fig. 2. Squence alignment
between MDHAPs and other genomes. Supplementary Fig. 3. KEGG(a)
and GO(b) enrichment of newly predicted genes in MDHAPA. Sup-
plementary Fig. 4. KEGG(a) and GO(b) enrichment of newly predicted
genes in MDHAPB. Supplementary Fig. 5. K-mer spectrum analysis. The
plots are colored to illustrate how many times of special K-mers from

the hifi reads appearing in the assembly. Supplementary Fig. 6. BUSCO
assessment of A.eriantha genome assemblies. Supplementary Fig. 7.
GO(a) and KEGG(b) enrichment of ASES. Supplementary Fig. 8. Consist-
entand in consistent allele-specific expression (ASE) pattern across six
sample. (a) Consistent ASEs. (b) inconsistent ASEs. The color bar represents
log2(FC) values. FC indicates fold change of FPKM values between allele A
and allele B. Red color suggests that expression in allele A is significantly
higher than allele B and blue color means that expression in allele B is
significantly higher than allele A. DAF means day after fruiting. Sup-
plementary Fig. 9. Sequence alignment of A. eriantha and A.chinensis
representative centromere (153bp) monomers.

Additional le 2: Supplementary Table 1. Summary of the data sequenced
by multiple technologies. Supplementary Table 2. The remaining gaps in
MDHAPA and MDHAPB. Supplementary Table 3. Comparison of repetitive
elements between MDHAPA and MDHAPB. Supplementary Table 4. Statistics
of genomic variation releated to new predicted genes between MDHAPs

and White. Supplementary Table 5. Mapping rate of lllumina,HICHIFILONT
reads for MDHAPA and MDHAPB. Supplementary Table 6. Statistics of
genomic variation between MDHAPA and MDHAPB. Supplementary Table 7.
Functional impact of the identified SNPs and InDels between MDHAPA and
MDHAPB. Supplementary Table 8. The identified telomeres in MDHAPA. Sup-
plementary Table 9. The identified telomeres in MDHAPB. Supplementary
Table 10. The identified centromeres in MDHAPA and MDHAPB. Supplemen-
tary Table 11. New predicted genes in the centromere region of MDHAPA.
Supplementary Table 12. New predicted genes in the centromere region of
MDHAPB. Supplementary Table 13. The identified monomers in MDHAPA.
Supplementary Table 14. The identified monomers in MDHAPB. Supple-
mentary Table 15. The 10 RNA-seq reads used in this study.

Acknowledgements
We acknowledge valuable discussions in the Liu and Yue groups.

Authors’ contributions

Y.Wang. J.Y. and Y.Liu. conceived and designed this project. Y.Liu.,
YWang.prepared the materials. YWang., M.D, YWu,, FZ, Y.Lin, WR, Q.C. and
S.Z. analyzed the data. YWang. and M.D. wrote the manuscript. J.Y. and Y.Liu.
edited the paper. All authors approved the final manuscript.

Funding

Open access funding provided by Shanghai Jiao Tong University. This work
was supported by funds from the National Natural Science Foundation of
China (31972474, 31471157).

Availability of data and materials
All data generated or analyzed during this study are included in this published article.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors hereby consent to publication of the work.

Page 10 of 11

Competing interests
The authors declare no competing financial interests.

Received: 29 November 2022 Accepted: 30 January 2023
Published online: 17 February 2023

References

Allen GC, Flores-Vergara MA, Krasynanski S, Kumar S, Thompson WF. A modi-
fied protocol for rapid DNA isolation from plant tissues using cetyltri-
methylammonium bromide. Nat Protoc. 2006;1(5):2320-5. https://doi.
0rg/10.1038/nprot.2006.384.

Belser C, Baurens FC, Noel B, Martin G, Cruaud C, Istace B, et al. Telomere-to-
telomere gapless chromosomes of banana using nanopore sequenc-
ing. Communications Biology. 2021;4(1):1047. https://doi.org/10.1038/
542003-021-02559-3.

Benson G. Tandem repeats finder: a program to analyze DNA sequences. Nucleic
Acids Res. 1999;27(2):573-80. https.//doi.org/10.1093/nar/27.2.573.

Chakravarti D, LaBella KA, DePinho RA. Telomeres: history, health, and hall-
marks of aging. Cell. 2021;184(2):306-22. https://doi.org/10.1016/j.cell.
2020.12.028.

Cheng H, Concepcion GT, Feng X, Zhang H, Li H. Haplotype-resolved de novo
assembly using phased assembly graphs with hifiasm. Nat Methods.
2021;18(2):170-5. https://doi.org/10.1038/s41592-020-01056-5.

Choi JY, Abdulkina LR, Yin J, Chastukhina IB, Lovell JT, Agabekian IA, et al. Natu-
ral variation in plant telomere length is associated with flowering time.
Plant Cell. 2021;33(4):1118-34. https://doi.org/10.1093/plcell/koab022.

DengY, Liu S, Zhang Y, Tan J, Li X, Chu X, et al. A telomere-to-telomere
gap-free reference genome of watermelon and its mutation library
provide important resources for gene discovery and breeding. Mol Plant.
2022;15(8):1268-84. https://doi.org/10.1016/j.molp.2022.06.010.

Dudchenko O, Batra SS, Omer AD, Nyquist SK, Hoeger M, Durand NC, et al.

De novo assembly of the Aedes aegypti genome using Hi-C yields
chromosome-length sca olds. Science. 2017;356(6333):92-5. https://doi.
0rg/10.1126/science.aal3327.

Durand NC, Shamim MS, Machol |, Rao SS, Huntley MH, Lander ES, et al. Juicer
Provides a One-Click System for Analyzing Loop-Resolution Hi-C Experi-
ments. Cell Syst. 2016;3(1):95-8. https://doi.org/10.1016/j.cels.2016.07.00.2.

Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and high
throughput. Nucleic Acids Res. 2004;32(5):1792-7. https://doi.org/10.
1093/nar/gkh340.

Fajkus J, Sykorova E, Leitch AR. Telomeres in evolution and evolution of
telomeres. Chromosome Res. 2005;13(5):469-79. https://doi.org/10.1007/
510577-005-0997-2.

Fu L, Niu B, Zhu Z, Wu S, Li W. CD-HIT: accelerated for clustering the next-
generation sequencing data. Bioinformatics. 2012;28(23):3150-2. https://
doi.org/10.1093/bioinformatics/bts565.

Goel M, Sun H, Jiao WB, Schneeberger K. SyRI: finding genomic rearrange-
ments and local sequence di erences from whole-genome assemblies.
Genome Biol. 2019;20(1):277. https.//doi.org/10.1186/513059-019-1911-0.

Ho KJ, Lomsadze A, Borodovsky M, Stanke M. Whole-Genome Annotation
with BRAKER. Methods Mol Biol. 2019;1962:65-95. https://doi.org/10.
1007/978-1-4939-9173-0_5.

Huang S, Ding J, Deng D, Tang W, Sun H, Liu D, et al. Draft genome of the
kiwifruit Actinidia chinensis. Nat Commun. 2013;4:2640. https://doi.org/10.
1038/ncomms3640.

Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with low memory
requirements. Nat Methods. 2015;12(4):357-60. https://doi.org/10.1038/
nmeth.3317.

Letunic |, Bork P Interactive Tree Of Life (iTOL): an online tool for phylogenetic
tree display and annotation. Bioinformatics. 2007;23(1):127-8. https://doi.
0rg/10.1093/bioinformatics/btl529.

Li H. Minimap2: pairwise alignment for nucleotide sequences. Bioinformatics.
2018;34(18):3094-100. https://doi.org/10.1093/bioinformatics/bty191.

Liao 'Y, Smyth GK, Shi W. featureCounts: an e cient general purpose program
for assigning sequence reads to genomic features. Bioinformatics.
2014;30(7):.923-30. https://doi.org/10.1093/bioinformatics/btt656.


https://doi.org/10.1186/s43897-023-00052-5
https://doi.org/10.1186/s43897-023-00052-5
https://doi.org/10.1038/nprot.2006.384
https://doi.org/10.1038/nprot.2006.384
https://doi.org/10.1038/s42003-021-02559-3
https://doi.org/10.1038/s42003-021-02559-3
https://doi.org/10.1093/nar/27.2.573
https://doi.org/10.1016/j.cell.2020.12.028
https://doi.org/10.1016/j.cell.2020.12.028
https://doi.org/10.1038/s41592-020-01056-5
https://doi.org/10.1093/plcell/koab022
https://doi.org/10.1016/j.molp.2022.06.010
https://doi.org/10.1126/science.aal3327
https://doi.org/10.1126/science.aal3327
https://doi.org/10.1016/j.cels.2016.07.00.2
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1007/s10577-005-0997-2
https://doi.org/10.1007/s10577-005-0997-2
https://doi.org/10.1093/bioinformatics/bts565
https://doi.org/10.1093/bioinformatics/bts565
https://doi.org/10.1186/s13059-019-1911-0
https://doi.org/10.1007/978-1-4939-9173-0_5
https://doi.org/10.1007/978-1-4939-9173-0_5
https://doi.org/10.1038/ncomms3640
https://doi.org/10.1038/ncomms3640
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1093/bioinformatics/btl529
https://doi.org/10.1093/bioinformatics/btl529
https://doi.org/10.1093/bioinformatics/bty191
https://doi.org/10.1093/bioinformatics/btt656

Wang et al. Molecular Horticulture (2023) 3:4

Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15(12):550.
https://doi.org/10.1186/s13059-014-0550-8.

Ma J, Wing RA, Bennetzen JL, Jackson SA. Plant centromere organiza-
tion: a dynamic structure with conserved functions. Trends Genet.
2007;23(3):134-9. https://doi.org/10.1016/.tig.2007.01.004.

Manni M, Berkeley MR, Seppey M, Simao FA, Zdobnov EM. BUSCO Update:
Novel and Streamlined Workflows along with Broader and Deeper
Phylogenetic Coverage for Scoring of Eukaryotic, Prokaryotic, and Viral
Genomes. Mol Biol Evol. 2021;38(10):4647-54. https://doi.org/10.1093/
molbev/msab199.

Mapleson D, Accinelli GG, Kettleborough G, Wright J, Clavijo BJ. KAT. a K-mer
analysis toolkit to quality control NGS datasets and genome assemblies.
Bioinformatics. 2017;33(4):574-6. https://doi.org/10.1093/bioinformatics/
btw663.

Marcais G, Delcher AL, Phillippy AM, Coston R, Salzberg SL, Zimin A. MUM-
mer4: A fast and versatile genome alignment system. PLoS Comput Biol.
2018;14(1):21005944. https://doi.org/10.1371/journal.pcbi.1005944.

Naish M, Alonge M, Wlodzimierz P, Tock AJ, Abramson BW, Schmiicker A, et al.
The genetic and epigenetic landscape of the Arabidopsis centromeres. Sci-
ence. 2021;374(eabi6569):7489. https://doi.org/10.1126/science.abi7489.

Nurk S, Koren S, Rhie A, Rautiainen M, Bzikadze AV, Mikheenko A, et al. The
complete sequence of a human genome. Science. 2022,;376(6588):44-53.
https://doi.org/10.1126/science.abj6987.

Ou S, Chen J, Jiang N. Assessing genome assembly quality using the LTR
Assembly Index (LAI). Nucleic Acids Res. 2018;46(21):126. https://doi.org/
10.1093/nar/gky730.

Ou S, SuW, Liao Y, Chougule K, Agda JRA, Hellinga AJ, et al. Benchmarking
transposable element annotation methods for creation of a streamlined,
comprehensive pipeline. Genome Biol. 2019;20(1):275. https://doi.org/10.
1186/513059-019-1905-y.

Perumal S, Koh CS, Jin L, Buchwaldt M, Higgins EE, Zheng C, et al. A high-conti-
guity Brassica nigra genome localizes active centromeres and defines the
ancestral Brassica genome. Nat Plants. 2020;6(8):929-41. https://doi.org/
10.1038/s41477-020-0735-y.

Pilkington SM, Crowhurst R, Hilario E, Nardozza S, Fraser L, Peng Y, et al. A
manually annotated Actinidia chinensis var chinensis (kiwifruit) genome
highlights the challenges associated with draft genomes and gene
prediction in plants. BMC Genomics. 2018;19(1):257.

Rhie A, Walenz BP, Koren S, Phillippy AM. Merqury: reference-free quality, com-
pleteness, and phasing assessment for genome assemblies. Genome Biol.
2020;21(1):245. https://doi.org/10.1186/513059-020-02134-9.

Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for dif-
ferential expression analysis of digital gene expression data. Bioinformat-
ics. 2010;26(1):139-40. https://doi.org/10.1093/bioinformatics/btp616.

Shay JW, Wright WE. Telomeres and telomerase: three decades of pro-
gress. Nat Rev Genet. 2019;20(5):299-309. https://doi.org/10.1038/
$41576-019-0099-1.

Shi D, Wu J, Tang H, Yin H, Wang H, Wang R, et al. Single-pollen-cell sequencing
for gamete-based phased diploid genome assembly in plants. Genome
Res. 2019;29(11):1889-99. https://doi.org/10.1101/gr.251033.119.

Song J, Xie W, Wang S, Guo Y, Koo DH, Kudrna D, et al. Two gap-free reference
genomes and a global view of the centromere architecture in rice. Mol
Plant. 2021;14(10):1757-67. https://doi.org/10.1016/j.molp.2021.06.018.

Tang W, Sun X, Yue J, Tang X, Jiao C, Yang Y, et al. Chromosome-scale
genome assembly of kiwifruit Actinidia eriantha with single-molecule
sequencing and chromatin interaction mapping. Gigascience.
2019;8(4):027. https://doi.org/10.1093/gigascience/giz027.

Turner KJ,Vasu V, Gri n DK. Telomere Biology and Human Phenotype Cells.
2019;8(1):73. https://doi.org/10.3390/cells8010073.

Walker BJ, Abeel T, Shea T, Priest M, Abouelliel A, Sakthikumar S, et al. Pilon:

An integrated tool for comprehensive microbial variant detection and
genome assembly improvement. PLoS One. 2014;9(11):112963. https://doi.
0rg/10.1371/journal pone.0112963.

Wang T, Ran Y, Atkinson RG, Gleave AP, Cohen D. Transformation of Acti-
nidia eriantha: a potential species for functional genomics studies in
Actinidia. Plant Cell Rep. 2006;25(5):425-31. https://doi.org/10.1007/
500299-005-0080-7.

Wang D, Zhang Y, Zhang Z, Zhu J, Yu J. KaKs_Calculator 2.0: a toolkit incorpo-
rating gamma-series methods and sliding window strategies Genomics.

Page 11 of 11

Proteomics & Bioinformatics. 2010;8(1):77-80. https://doi.org/10.1016/
$1672-0229(10)60008-3.

Wang Y, Tang H, Debarry JD, Tan X, Li J, Wang X, et al. MCScanX: a toolkit for
detection and evolutionary analysis of gene synteny and collinearity.
Nucleic Acids Res. 2012;40(7):49. https://doi.org/10.1093/nar/gkr1293.

Wang B, Yang X, JiaY, Xu Y, Jia P, Dang N, et al. High-quality Arabidopsis thaliana
Genome Assembly with Nanopore and HiFi Long Reads. Genomics
Proteomics Bioinformatics. 2022;20(1):4-13. https://doi.org/10.1016/j.gpb.
2021.08.003.

WuY, Xie M, Zhang Q, Jiang G, Zhang H, Long Q, et al. Characteristics of ‘White':
a new easy-peel cultivar of Actinidia eriantha. N Z J Crop Hortic Sci.
2009;37(4):369-73. https://doi.org/10.1080/01140671.2009.9687592.

Wu Y, Kikuchi S, Yan H, Zhang W, Rosenbaum H, Iniguez AL, et al. Euchromatic
subdomains in rice centromeres are associated with genes and transcrip-
tion. Plant Cell. 2011;23(11):4054-64. https://doi.org/10.1105/tpc.111.
090043.

Wu H, MaT, Kang M, Ai F, Zhang J, Dong G, et al. A high-quality Actinidia chin-
ensis (kiwifruit) genome. Hortic Res. 2019;6:117. https://doi.org/10.1038/
541438-019-0202-y.

Xu X, Huang C, Qu X, Chen M, Zhong M, Lang B, et al. A new easy peel-
ing Actinidia eriantha cultivar‘Ganmi 6. Acta Horticulturae Sinica.
2015;42(12):2539-40.

Xu M, Guo L, Gu S, Wang O, Zhang R, Fan G, et al. TGS-GapCloser: fast and
accurately passing through the Bermuda in large genome using error-
prone third-generation long reads. bioRxiv. 2019:831248. https://doi.org/
10.1101/831248.

Yao X, Wang S, Wang Z, Li D, Jiang Q, Zhang Q, et al. The genome sequencing
and comparative analysis of a wild kiwifruit Actinidia eriantha. Molecular
Horticulture. 2022;2:13. https://doi.org/10.1186/s43897-022-00034-z.

Yu G, Wang L, Han Y, He Q. clusterProfiler: an R package for comparing biologi-
cal themes among gene clusters. OMICS. 2012;16(5):284-7. https://doi.
0rg/10.1089/0mi.2011.0118.

Yue J, Liu J, Tang W, Wu Y, Tang X, Li W, et al. Kiwifruit Genome Database (KGD):
a comprehensive resource for kiwifruit genomics. Hortic Res. 2020;7:117.
https://doi.org/10.1038/s41438-020-0338-9.

Yue J, Chen Q,Wang Y, Ye C, Wang X, Cao S, et al. Telomere-to-telomere and
gap-free reference genome assembly of the kiwifruit Actinidia chinensis.
Hortic Res. 2022:uhac264. (In press). https://doi.org/10.1093/hr/uhac264.

Zhang X, Chen S, ShiL, Gong D, Zhang S, Zhao Q, et al. Haplotype-resolved
genome assembly provides insights into evolutionary history of the tea
plant Camellia sinensis. Nat Genet. 2021;53(8):1250-9. https://doi.org/10.
1038/541588-021-00895-y.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional a liations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1016/j.tig.2007.01.004
https://doi.org/10.1093/molbev/msab199
https://doi.org/10.1093/molbev/msab199
https://doi.org/10.1093/bioinformatics/btw663
https://doi.org/10.1093/bioinformatics/btw663
https://doi.org/10.1371/journal.pcbi.1005944
https://doi.org/10.1126/science.abi7489
https://doi.org/10.1126/science.abj6987
https://doi.org/10.1093/nar/gky730
https://doi.org/10.1093/nar/gky730
https://doi.org/10.1186/s13059-019-1905-y
https://doi.org/10.1186/s13059-019-1905-y
https://doi.org/10.1038/s41477-020-0735-y
https://doi.org/10.1038/s41477-020-0735-y
https://doi.org/10.1186/s13059-020-02134-9
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1038/s41576-019-0099-1
https://doi.org/10.1038/s41576-019-0099-1
https://doi.org/10.1101/gr.251033.119
https://doi.org/10.1016/j.molp.2021.06.018
https://doi.org/10.1093/gigascience/giz027
https://doi.org/10.3390/cells8010073
https://doi.org/10.1371/journal.pone.0112963
https://doi.org/10.1371/journal.pone.0112963
https://doi.org/10.1007/s00299-005-0080-7
https://doi.org/10.1007/s00299-005-0080-7
https://doi.org/10.1016/S1672-0229(10)60008-3
https://doi.org/10.1016/S1672-0229(10)60008-3
https://doi.org/10.1093/nar/gkr1293
https://doi.org/10.1016/j.gpb.2021.08.003
https://doi.org/10.1016/j.gpb.2021.08.003
https://doi.org/10.1080/01140671.2009.9687592
https://doi.org/10.1105/tpc.111.090043
https://doi.org/10.1105/tpc.111.090043
https://doi.org/10.1038/s41438-019-0202-y
https://doi.org/10.1038/s41438-019-0202-y
https://doi.org/10.1101/831248
https://doi.org/10.1101/831248
https://doi.org/10.1186/s43897-022-00034-z
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1038/s41438-020-0338-9
https://doi.org/10.1093/hr/uhac264
https://doi.org/10.1038/s41588-021-00895-y
https://doi.org/10.1038/s41588-021-00895-y

