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Abstract Kiwifruit is a perennial horticultural crop
species of the Actinidiaceae family and has high nutri-
tional value. For a species with a long generation time,
traditional breeding and genetic improvement is predict-
ed to take more than 20 years to obtain superior culti-
vars. Thus, marker-assisted selection (MAS) should be
used to accelerate the breeding process. Development of
a genetic linkage map and molecular markers are pre-
requisites for MAS of crop species. Here, we report a
genome-wide SNP-based genetic map of kiwifruit by
analysing next-generation restriction-site-associated
DNA sequencing (RADseq) reads. To construct a ge-
netic linkage map, a 102 F1 line mapping population of
Actinidia chinensis (2n = 58) was derived by combining
parents that had contrasting phenotypic traits. The ma-
ternal map contained 4112 SNP loci and spanned a
distance of 3821 cM, with an average adjacent-marker
interval length of 0.929 ¢cM. The map length of the 29
linkage groups ranged from 78.3 to 169.9 cM, with an
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average length of 131.8 cM. High levels of collinearity
between the 29 genetic maps with the kiwifruit reference
genome were found. The genetic map developed in this
study can serve as an important platform to improve
kiwifruit research, including anchoring unmapped scaf-
folds of the kiwifruit genome sequence and mapping
QTLs (quantitative trait loci) that control economically
important traits.
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Introduction

As a successful example of plant domestication in the
twentieth century, kiwifruit (Actinidia chinensis) is a
popular horticultural crop with a delicious flavour and
high nutritional value, with an annual production of 1.8
million tons (Belrose, Inc., 2015). The Actinidia genus
is the second largest genus after Saurauia Willd. in the
Actinidiaceae and comprises 54 species and 21 botani-
cal varieties (Li et al. 2007). It is widely distributed in
Asia, with a main centre of diversity in southwestern
China. Actinidia chinensis possesses economic impor-
tance, as it is the species from which most commercial
kiwifruit varieties (e.g. ‘Hayward’, ‘Hort16A’ and
‘Jintao”) have been developed (Ferguson and Huang
2007). There is increasing interest in developing new
varieties with disease resistance and superior commer-
cial traits through intraspecific or interspecific hybridi-
zation. For most fruit trees, traditional breeding is time-
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consuming and inefficient due to a long juvenile period
and high heterozygosity. In addition, dioecy and abun-
dant intraspecific ploidy variation presents great chal-
lenges in kiwifruit breeding programs (Liu et al. 2016).
Marker-assisted selection (MAS) is more efficient and
cost-effective than traditional selection. Hence, MAS
holds great promise for breeding kiwifruit cultivars by
speeding up progeny screening. To implement MAS for
traits of interest, it is necessary to first develop a genetic
linkage map. Genetic linkage maps provide an impor-
tant genomic resource for studying the genetic architec-
ture of quantitative traits (QTLs, Doganlar et al. 2002;
Wau et al. 2014). With relatively high-resolution maps, it
can also be used for map-based gene cloning (Watanabe
et al. 2011) and genome assembly (Huang et al. 2013).

The genome of kiwiftuit is relatively small (750 Mb,
Huang et al. 2013), consisting of 29 chromosomes. In
the past two decades, great efforts have been made to
construct several genetic maps for kiwifruit. Testolin
et al. (2001) reported the first genetic map of kiwifruit
based on an interspecific mapping population consisting
of 91 F1 hybrids derived from an interspecific cross
between the diploid species A. chinensis (Q) and
A. callosa var. henry (3). The map contained molecular
markers of amplified fragment length polymorphisms
(AFLPs) and simple sequence repeats (SSRs), but the
markers did not cover the predicted 29 kiwifruit chro-
mosomes. Fraser et al. (2009) constructed a map based
on an intraspecific cross population of 272 F1 individ-
uals using 644 microsatellite markers. Traditional
genotyping methods are low throughput, expensive
and labour intensive. Hence, the traditional molecular
markers cannot satisfy the needs for constructing high-
density genetic linkage maps for crop species with high
heterozygosity.

Recent advances in next-generation sequencing
technologies allow detection of thousands of single
nucleotide polymorphisms (SNPs) in a rapid and cost-
effective manner (Li et al. 2009a). Restriction-site-
associated DNA (RAD) sequencing, a genotyping-
by-sequencing (GBS) method that reduces representa-
tion of individual genomes with restriction enzymes,
can produce a large number of SNPs for the species
without reference genome sequences. RADseq has
been widely used to construct a SNP-based genetic
map (Baird et al. 2008; Wang et al. 2012; Zhang
et al. 2015) and ecological genomics (Laporte et al.
2016). To date, two high-density SNP-based linkage
maps containing more than 4000 markers were
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successfully constructed using SNP arrays in kiwifruit
(Scaglione et al. 2015; Zhang et al. 2015).

The objective of the present study was to construct a
SNP-based high-density genetic map for kiwifruit using
RADseq markers in the F1 segregating populations
crossed between two highly heterozygous diploid
A. chinensis with contrasting phenotypic traits. The
collinearity between the linkage maps and the reference
genome was evaluated. The dense and reliable linkage
map produced will be beneficial for identifying QTLs
that control economically important traits.

Materials and methods
The mapping population and DNA extraction

An intraspecific cross in the diploid species A. chinensis
was conducted to create a F1 mapping population of 102
individuals. Both parents were collected from the wild
populations. The female parent, coded ‘QS1A’, was
collected from Hunan province, Central China; the male
parent, coded ‘CG1A’, was from a seed accession from
Jiangxi province, eastern China. Intraspecific variations
in fruit attributes were observed in the female and male
parent (Fig. S1). The fruit of the female parent is short,
cylindrical, round in cross section and uniform in size
and shape. Fruits are small, with a mean weight of 45—
50 g, maximum 60 g. The mean soluble solid content
(SSC) is 17.5-19% when fruit are ripe, making it an
important breeding resource to improve kiwifruit culti-
vars. The fruit of male plants inferred from the attributes
of female siblings from the same wild population are
long and ellipsoidal, with yellow spots on the skin. Fruit
are an average of 75-85 g, maximum 116 g. The mean
soluble solids content (SSC) is 10-12%. The mapping
population was grown in the Wuhan Botanical Garden
research orchard in Dawu, Hubei, China. Unfortunately,
the male parent was dead due to damage to the root
nematodes. Thus, in this study, we only constructed a
maternal genetic linkage map.

Young leaves from each individual in the mapping
population and the female parent were collected for
DNA extraction using the DNeasy Plant Mini Kit
(Qiagen™) according to the manufacturer’s instruc-
tions. The concentration and quality of the extracted
DNA were detected using a NanoDrop™ Lite Spec-
trophotometer (Nanodrop Technologies, Wilmington,
DE, USA).
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RAD library preparation and sequencing

The RAD library was constructed following the proto-
col described by Zhang et al. (2015). Briefly, genomic
DNA from the female parent and each of 102 progenies
were digested for 15 min at 37 °C in a 50-pL reaction
with 20 units (U) of EcoR I (NEB, USA). P1 adapter, a
modified Illumina adapter, was ligated to the samples.
After adapter ligation, sample were pooled and random-
ly sheared with a Bioruptor (Diagenode, Belgium) to an
average size of 500 bp. DNA fragments of 300-500 bp
were purified using the MinElute Gel Extraction Kit
(Qiagen). The dsDNA ends were repaired using the
Quick Blunting kit Enzyme Mix (NEB). Then, a mod-
ified Solexa P2 adapter was ligated to the obtained DNA
fragments. Finally, purified and quantified DNA prod-
ucts were PCR-amplified using Phusion Master Mix
(NEB, USA). PCR amplification was performed with
the following cycle profile: 98 °C for 2 min, followed by
13 cycles at 98 °C for 30 s, 60 °C for 30 s and 72 °C for
15 s, and a final extension at 72 °C for 5 min. The
prepared DNA libraries were sequenced using Illumina
Hiseq2000 instrumentation.

SNP identification and genotyping

To ensure high-quality genotype calling, raw sequence
reads were filtered using the following criteria: (1) reads
lacking correct barcodes were discarded; (2) reads with-
out unique barcodes were removed; (3) reads containing
> 50% low-quality bases (quality value of < 5) were
filtered out. The retained reads from each individual
were mapped onto the kiwifruit repeat masked genome
(Huang et al. 2013) using software SOAP2.25 (Li et al.
2009b). RAD-based SNP detection was conducted
using SOAPsnp.26. To minimize errors in assigning
markers, consensus alignments with less than 4 or more
than 200 reads were discarded.

Genetic map construction

Due to a lack of male genotype data, male parent data
were inferred by comparing the genotype patterns of the
F1 population to that of the female parent. As the
number of putative loci on the male parent is very small,
it is difficult to form its linkage map. Thus, in the present
study, we only constructed a maternal high-density ge-
netic map. The double pseudo-test cross strategy was
used for linkage analysis. In the present study, two types

of SNP markers heterozygous in female (Im x 1l and
hk x hk) were used for the maternal map construction.
The genetic map was constructed using JoinMap 4.0
software (Van Ooijen 2006). A “CP” model was used
for data mining. Segregating markers genotyped in less
than 80% of the individuals were excluded for further
analysis. The ratio of marker segregation was calculated
using the chi-square test. Markers displaying significant
(P < 0.001) segregation distortion were excluded from
map construction, as they may affect marker order or
greatly alter linkage distance. Linkage groups were
formed using a minimum logarithm of odds (LOD)
value of 4.0 and a maximum recombination fraction of
0.4. The Kosambi mapping function (Kosambi 1944)
was used to calculate map distances (centimorgans,
cM). The collinear relationships between 29 linkage
groups and the kiwifruit reference genome were
analysed by aligning the sequence of each segregating
marker with the genome sequences using CIRCOS soft-
ware (Krzywinski et al. 2009).

Results and discussion
RADseq and SNP discovery

A total of 103 RADseq libraries for the female parent
(A. chinensis ‘MT570553”) and 102 F1 offspring were
constructed and sequenced in the two lanes of an
Illumina HiSeq 2000 sequencer. After removing low-
quality sequences, ambiguous barcodes and orphaned
paired-end reads, 1914 million clean reads remained,
representing ~ 166 GB of sequences. The average Q20
ratio was 98.4%, indicating high-quality sequence data.
The guanine-cytosine (GC) content for the female par-
ent and the progenies was almost 36% (Table S1). The
clean reads were deposited at NCBI under the bioproject
accession number PRINA391543. Approximately 54.7
million clean reads were generated for the female librar-
ies; a total of 1859.3 million filtered reads with an
average of 18.2 million reads per progeny were gener-
ated for the 102 F1 offspring. The reads were then
mapped to the reference kiwifruit genome. Among se-
quencing reads, 80% could be exactly mapped to spe-
cific chromosome regions, and unique reads accounted
for 91.6% of mapping reads.

The mean coverage of the sequenced loci was 6-fold
in the maternal parent and 3-fold in the offspring, on
average. After stringent selection, RAD tags from each
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individual were clustered and called for SNP markers. In female parent (A. rufa cv. ‘MT570001°). The female
total, 5844 high-confidence SNPs across the 102 off- and male maps published in 2015 by Scaglione et al.
spring were developed, including 4363 heterozygous (2015) contained 6371 and 6244 markers and had

SNPs in the female parent. lengths of 3276 and 3614 cM, respectively
(Table 2). The map produced in the present study
Construction of the high-density genetic maps included 4112 SNP markers with 29 linkage groups

(LGs), which corresponds to the haploid number of
Zhang et al. (2015) published a high-density genetic chromosomes in A. chinensis. The number of loci
map composed of 4214 SNP loci for the male parent mapped per LG ranged from 34 (CHRI11) to 258
(A. chinensis cv. ‘Guihai No4’) and 2426 loci for the (CHR258), with an average of 142. The marker
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Fig. 1 Maternal linkage groups for A. chinensis. Marker position shown on vertical bars with lines in each linkage group. Markers from
assembled chromosome sequences and unassembled scaffold sequences are represented by red lines and blue lines, respectively
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names and positions for all SNP loci in the 29 LGs
of the maternal genetic map are listed in Supple-
mentary Table S2.

The total length of the maternal map was 3821.7 cM;
the genetic map is 1555 c¢M larger than the previously
published map of 2266 cM (Fraser et al. 2009), similar
to the map length in other intraspecific SNP-based maps
(Scaglione et al. 2015). Given the reference genome size
of 750 Mb (Huang et al. 2013), the average ratio of
genetic-to-physical distance was approximately 1 ¢cM
per 200 KB. The average distance between adjacent
markers was 0.929 cM, very similar to the marker
density (1.09 ¢cM) in the genetic map of A. rufa
(Zhang et al. 2015). Linkage groups widely vary in size;
the map length of the 29 linkage groups ranged from
78.4 to 205 cM, with an average length of 131.8 cM
(Fig. 1 and Table 1). The largest LG was CHR3, with a
length of 205 cM and an average maker interval of
1.577 cM, while the smallest LG was CHR16, with a
length of 78.4 cM and an average distance of 0.342 cM
between adjacent markers (Table 1). Thus, the
established map in the intraspecific F1 population is of
high quality and resolution; it can serve as a reference
linkage map for QTL mapping of traits of economic
importance and MAS of Actinidia species.

Comparison of genetic and physical maps

To compare the genetic and physical maps, sequences
surrounding markers on the genetic map were aligned to
the kiwifruit reference genome. A total of 5844 SNP
markers showed a match to the kiwifruit genome. No-
tably, most of the 29 kiwifruit linkage groups were
syntenic with one of the 29 kiwifruit chromosomal
pseudomolecules from the assembly by Huang et al.
(2013). However, some markers mapped onto linkage
groups conflicted with their positon in the assembled
chromosomes of the A. chinensis cv. ‘Hongyang’ ge-
nome. For example, multiple clustered markers on Chr5
were remapped to linkage group 21 (CHR21), which
was also revealed in Zhang et al. (2015). In agreement
with Scaglione et al. (2015), several markers currently
attributed to Chr10 remapped to Chrl6. In addition, the
corresponding markers on CHR12 and CHR27 were
clustered into two chromosomal segments (CHR12/
CHR18, CHR27/CHR22) (Fig. 2). The chromosome
segment with inversion or rearrangement may result in
inconsistencies among marker positions. However, pre-
liminary synteny analyses based on the SNP-based

kiwifruit map and the reference genome sequence also
showed scaffold misplacement events (Scaglione et al.
2015; Zhang et al. 2015). Thus, the discrepancy may be
due to assembly errors in the reference genome rather
than genomic rearrangements, which are common in
draft genome assemblies (Tennessen et al. 2014). In
addition to assembly errors, mapping markers on unex-
pected linkage groups have presumably resulted from
different micro-structures on chromosomes in the vari-
ous species or mapping populations, or from genotyping
technical errors (Han et al. 2011; Zhang et al. 2015).

Table 1 The distribution and density of markers across 29 kiwi-
fruit chromosomes of the maternal map

Chromosome Number Map  Mean distance Marker on
(linkage of length between unanchored
group) marker (cM)  markers (¢cM)  scaffolds
CHRI 112 109.5 0.978 28
CHR2 119 121.7 1.023 32
CHR3 130 205.0 1.577 29
CHR4 119 102.6  0.862 15
CHR5 171 1303 0.762 58
CHR6 111 148.7 1.340 25
CHR7 177 98.9  0.559 33
CHR8 229 169.9 0.742 82
CHR9 166 1625 0979 68
CHRI10 214 1294 0.605 119
CHRI11 34 87.7  2.580 3
CHRI12 148 134.0 0.905 80
CHR13 166 1804 1.087 33
CHR14 96 1454 1515 49
CHRI15 116 909  0.784 9
CHRI16 229 784  0.342 164
CHR17 137 123.7 0903 54
CHRI8 176 166.7 0.947 80
CHR19 62 111.0  1.790 5
CHR20 111 143.8 1.340 59
CHR21 127 89.6  0.706 49
CHR22 183 129.3  0.706 101
CHR23 143 1745 1.220 1
CHR24 84 1247 1485 5
CHR25 126 132.7  1.053 47
CHR26 148 170.7 1.154 32
CHR27 258 107.5 0417 182
CHR28 137 1346 0.982 28
CHR29 83 112.6 1357 43
Total 4112 3821.7 0.929 1513
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Fig. 2 Collinearity between
maternal genetic maps and
chromosomal pseudomolecules
of the assembly by Huang et al.
(2013). Linkage groups for
maternal maps are colorized, and
LGs for reference genetic map are

in grey

Although the genome sequence of kiwifruit was re-
leased several years ago, a number of gaps and random

Table 2 Comparison of linkage maps for kiwifruit from a single population

—

P
=
O

sequences still exist in the reference genome (Huang
et al. 2013). The high-quality, high-density genetic map

Cross Population  Types Number Number Maps  Maps Groups Groups  References
combination type of of of length  length for for
markers markers markers (cM) (cM) of female male
for for of male
female male female
A. chinensis (9) F1 SSR,AFLP 203 143 1759 1104 38 31 Testolin et al.
x A. callosa 2001
var. henry (3)
A. chinensis (%) Fl1 SSR 464 365 2266 2078 29 29 Fraser et al.
X A. chinensis 2009
()]
A. chinensis (3) F1 SNP 4301 4301 5504 5504 29 29 Huang 2014
x A. eriantha
(©)
A. chinensis (9) F1 SSR, SNP 6371 6244 3614 3276 29 29 Scaglione et al.
X A. chinensis
@ 2015
A. rufa (Q) x Fl1 SNP 4214 2426 3142 2651 29 29 Zhang et al.
A. chinensis (3) 2015
A. chinensis (?) Fl1 SNP 4112 - 3822 29 - This study

X A. chinensis

(@
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allowed us to further improve the current genome as-
sembly. In the present study, 441 scaffolds were an-
chored by 1513 markers from the maternal map
(Table 2 and Table S2). Approximately 98.8 Mb previ-
ously unanchored sequences of the genome assembly
(Huang et al. 2013) will assist in the assembly of the
kiwifruit genome sequence by correcting misplaced
scaffolds and increasing new anchored scaffolds.

In conclusion, we have constructed a high-density,
high-quality genetic map of an intraspecific F1 popula-
tion using RADseq technology. Comparing the sequence
information to the reference genome, we found that the
next-generation RADseq is a powerful strategy for devel-
oping genetic maps in a fast, cost-effective way. A highly
conserved correlation between the maternal linkage map
and the reference was detected by synteny and collinear-
ity analysis. The linkage map will be useful for detecting
QTLs of growth and fruit traits and assisting in assem-
bling the kiwifruit genome sequence.
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