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Abstract Pummelo (Citrus grandis) is one of the most im-
portant gene pools for citrus breeding programmes. A high-
density linkage map is a valuable tool for functional genomics
and genetic breeding studies. A newly developed genome
sequence-based marker technology, restriction site-
associated DNA (RAD) sequencing, has proven to be power-
ful for the rapid discovery and genotyping of genome-wide
SNP markers and for the high-density genetic map construc-
tion. We present the construction of a high-density genetic
map of pummelo using RAD sequencing. An F1 population
of 124 individuals and its parents (‘Pingshan’ pummelo and
‘Guanxi’ pummelo) were applied to the map construction.
One thousand five hundred forty three high-quality single
nucleotide polymorphism (SNP) markers were developed
and mapped to nine linkage groups. In addition, 20 simple
sequence repeat (SSR) markers were included and showed
general consistency with the SNP markers. These 1563
markers constituted a total genetic length of 976.58 cM and
an average of 0.62 cM between adjacent loci. The number of
markers within each linkage group (LG) ranged from 81 (for
LG4) to 285 (for LG2). A comparison of the genetic maps to
the published sweet orange (Citrus sinensis) genome revealed
both conservation and variations. The alignment of the LGs
from this map was also shown in comparison with a previous-
ly genetic linkage map from pummelo. This study showed that
the RAD sequencing allowed the rapid discovery of a large

number of SNPs in the pummelo. The SNP-based high-den-
sity genetic map for pummelo was successfully generated by
using these designed SNP markers. The completed genetic
map is a valuable resource for further pummelo genetic stud-
ies and provides useful information for gene positional clon-
ing, MAS breeding and C. grandis genome assembly.
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Introduction

Citrus (2n=18), part of the Rutaceae family, comprise some of
the most economically important fruit crops in the world,
hence the importance developing new improved varieties.
Conventional breeding of citrus is difficult due to the long
juvenile periods, large plant size, male sterility, incompatibil-
ity and the many generations necessary to carry out selections
and introgression (Soost and Cameron 1975). Molecular
breeding is an efficient strategy to overcome such limitations.
High-density genetic maps are necessary tools for efficient
molecular breeding including quantitative trait locus (QTL)
mapping and marker-assisted selection (MAS). Citrus is suit-
able for genetic linkage mapping studies because of the low
haploid chromosome number (2n=18) and genome size (1C=
0.62 pg) (Ollitrault et al. 1994). However, most citrus varieties
are polyembryonic, and hybrids from crosses between them
are usually difficult to acquire (Corazza-Nunes et al. 2002;
Grosser et al. 2004). Thus, this biological characteristic has
hindered the development of citrus genetic maps.

Pummelo (Citrus grandis Osbeck), one of the three basic
species of citrus, has unique biological characteristics

Communicated by W.-W. Guo

Electronic supplementary material The online version of this article
(doi:10.1007/s11295-014-0831-0) contains supplementary material,
which is available to authorized users.

F. Guo :H. Yu : Z. Tang :X. Jiang : L. Wang :X. Wang :Q. Xu :
X. Deng (*)
Key Laboratory of Horticultural Plant Biology (Ministry of
Education), Huazhong Agricultural University, Wuhan 430070,
China
e-mail: xxdeng@mail.hzau.edu.cn

Tree Genetics & Genomes (2015) 11: 2
DOI 10.1007/s11295-014-0831-0

http://dx.doi.org/10.1007/s11295-014-0831-0


compared with other types of citrus (except for citron), such as
monoembryony. It is native to tropical and subtropical regions
in Asia and widely cultivated in China and other Southeast
Asian countries (Corazza-Nunes et al. 2002). The long history
and diversified climates enable these areas to harbour high
genetic diversity of pummelo (Ye 1997; Liu and Deng 2007;
Gmitter et al. 2009). This genetic diversity provides valuable
genetic resources (resistance to Citrus tristeza virus (CTV)
and diversity of colour, sugar and sourness) for the citrus
breeding programmes (Garnsey et al. 1996; Ramón-Laca
2003). In the past, the pummelo gene pool contributed to the
genesis of many important species and cultivars including
sweet and sour oranges (Wu et al. 2014a), grapefruit, tangelos
and other hybrids (Nicolosi et al. 2000; Barkley et al. 2006;
García-Lor et al. 2012). For these reasons, the construction of
pummelo genetic map is essential for further genetic studies.
Over the last 25 years, several genetic maps have been con-
structed in pummelo using many types of markers, including
isozyme, restriction fragment length polymorphism (RFLP),
randomly amplified polymorphic DNA (RAPD), amplified
fragment length polymorphisms (AFLP), simple sequence re-
peats (SSRs) and cleaved amplified polymorphic sequences
(CAPSs) (Cai et al. 1994; Luro et al. 1996; Bernet et al. 2010;
Ollitrault et al. 2012). There is a growing need for generating a
high-density genetic map for pummelo. Construction of a
high-density genetic map requires a large number of markers.
Until now, the genetic maps of pummelo have been construct-
ed mainly by hybridization-based DNA markers. The number
of these markers was limited because the traditional molecular
marker technologies are highly time-, labour- and cost-
intensive (Ahmad et al. 2003).

In recent years, SNP markers have gained popularity in
genetic mapping due to their stability, heritability, low cost,
high-throughput efficiency and abundant genetic variation.
With the development of next-generation sequencing (NGS)
technologies, whole genome sequencing (WGS) (Shulaev
et al. 2010; Argout et al. 2011; Wu et al. 2013) and restriction
site-associated DNA (RAD) sequencing approaches have
been used successfully for numerous SNP discoveries inmany
crops (Baird et al. 2008; Barchi et al. 2011; Chutimanitsakun
et al. 2011; Gaur et al. 2012; Scaglione et al. 2012; Hirakawa
et al. 2013). In these 2 years, the WGS strategy was also suc-
cessfully used for the SNP detection in the pummelos (Xu et al.
2013; Wu et al. 2014a). Over hundreds of thousands of SNPs
were identified by the re-sequencing data of several pummelos.
Compared to theWGS strategy, theRAD sequencing approach
can reduce the genome complexity by restricting sequencing to
the flanks of DNA adjacent to recognition sites of a chosen
restriction endonuclease (Varshney et al. 2009). The overall
sequencing costs are reduced while still identifying a large
number of SNP markers. In the last 2 years, RAD sequencing
has been used successfully for high-density genetic map con-
struction in many fruit crops including pear, grape and

pineapple (Wang et al. 2012a; Wai 2013; Wu et al. 2014b).
Wang et al. (2012a) successfully constructed a high-density
genetic map with 1814 high-quality RAD markers for grape.
By using the RAD sequencing approach, Wai (2013) success-
fully mapped 1240 high-quality SNP markers into 30 linkage
groups (LGs) with a combined length of 2227 cM in pineapple.
Recently, the high-density genetic maps of pear comprising
2005 SNP markers were also successfully constructed (Wu
et al. 2014b). These results showed that RAD sequencing is a
powerful high-throughput approach for the construction of
high-density genetic maps in many fruit crops. We speculated
that the RAD sequencing approach could also be used success-
fully to construct a genetic linkage map in citrus.

In this study, we generated an F1 segregating population
derived from two pummelo cultivars: ‘Guanxi’ pummelo and
‘Pingshan’ pummelo. A high-density genetic linkagemapwas
constructed using the RAD sequencing approach. Not only
does this genetic map make it possible to facilitate future
QTL analysis and early marker-assisted selection within pum-
melo breeding programmes, but it also provides a genetic
framework for the C. grandis reference genome assembly.

Materials and methods

Development of a mapping population and DNA extraction

An F1 population of 124 progeny derived from the Guanxi
pummelo and Pingshan pummelo cross was used to generate
the linkage map. Pingshan pummelo was employed as the
male parent. The seedlings of the F1 progeny were planted
in the National Center for Citrus Breeding at Huazhong Ag-
ricultural University (HZAU), Wuhan.

Young leaf samples were harvested from each individual F1
plant and the two parents. These samples were immediately
frozen in liquid nitrogen and kept at −80 °C. Genomic DNA
was extracted by a modified CTAB method (Cheng et al.
2003).

RAD library preparation and Illumina sequencing

Genomic DNA from each sample (both parents and 124 F1
progeny) was digested with the restriction endonuclease Eco-
RI (recognition site 5′G^AATTC3′) and processed into RAD
libraries according to a previously described protocol (Baird
et al. 2008). In brief, 300 ng of genomic DNAwas digested for
60 min at 37 °C with 20 units (U) of EcoRI (New England
Biolabs [NEB]) in a 50 μL reaction. Samples were heat
inactivated for 20 min at 65 °C followed by addition of
2.0 μL of 100 nM P1 Adapter(s), a modified Solexa© adapter
(2006 Illumina, Inc.). The EcoRI P1 adapters each contained a
unique multiplex sequence index (barcode), which is found in
the first four nucleotides of the Illumina sequence read. P1
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adaptors (100 nM) were added to each sample along with
1 μL of 10 mM rATP (Promega), 1 μL 10× NEB Buffer 4,
1.0 μL (1000 U) T4 DNA Ligase (high concentration, Enzy-
matics, Inc.) and 5 μL H2O. The reaction was incubated at
room temperature for 20 min and then heat inactivated for
20 min at 65 °C. The samples were pooled and randomly
sheared with a Bioruptor (Diagenode) to an average size of
500 bp. DNA fragments ranging in size from 300 to 700 bp
were separated on a 1.5 % agarose gel (Sigma) and isolated
using a MinElute Gel Extraction Kit (Qiagen). The dsDNA
ends were polished by end blunting enzymes (Enzymatics,
Inc.), and the samples were then purified using a MinElute
column (Qiagen). Fifteen units of Klenow exo- (Enzymatics)
was used to add adenine (Fermentas) overhangs to the 3′end
of the DNA by incubating at 37 °C for 10 min. After subse-
quent purification, 1 μL of 10 μM P2 adapter, a divergent
modified Solexa© adapter (Illumina, Inc.), was ligated to the
obtained DNA fragments at 18 °C. The samples were then
purified as above and eluted in a volume of 50 μL. Following
quantification using a Qubit fluorimeter, 20 ng was used in a
PCR amplification reaction containing 2 μL Phusion Master
Mix (NEB), 5 μL 10 μM modified Solexa© Amplification
primer mix (Illumina, Inc.) and sterile water to 100 μL.
Phusion PCR settings followed product guidelines for a total
of 18 cycles. Samples were gel purified, excising DNA from a
size range of 300 to 700 bp and diluted to 1 nM. The con-
structed RAD libraries were sequenced on the NGS Illumina
platform HiSeq2000 at the BGI, China, following the manu-
facturer’s protocol.

Sequence analysis and SNP discovery

Raw Illumina reads with more than five bases showing a qual-
ity score below 30were discarded. Sequences with ambiguous
barcode sequences were also eliminated. Reads were separat-
ed by individuals using the barcodes. These filtered reads were
aligned to the sweet orange genome (http://citrus.hzau.edu.cn/
orange/) by SOAP2 software (Li et al. 2009b). Then, the SNP
markers were determined by SOAPsnp (http://soap.genomics.
org.cn/soapsnp.html) in all the F1 population (Li et al. 2009a).
Four strict criteria were used for filtering individuals and
mapping SNP markers: (1) individuals with reads number
more than 3.5 M; (2) minimum depth of 5 for descendants
and minimum depth of 7 for parents; (3) expected segregation
ratios (1:2:1 or 1:1) using a chi-square test (P value ≤0.01) and
(4) markers with ≤20 % missing value. SNPs with missing
genotype calls in one parent were also excluded from further
analysis.

SSR genotyping

Sequence information of SSR markers were obtained from
previous published paper (Ollitrault et al. 2012). The

segregation data for SSRmarkers in the same population were
detected, and 20 of them were used for constructing an inte-
grated map. PCR amplification was carried out in 10 μL re-
actions, each containing 1.5 mmol/L MgCl2, 0.2 mmol/L
dNTPs, 1.0 U Taq DNA polymerase (Fermentas), correspond-
ing 1× reaction buffer, 0.1 μmol/L of each primer pair and
50 ng of genomic DNA. PCR amplification was conducted
using the following program: 94 °C for 5 min, 32 cycles of
94 °C for 30 s, 55 °C for 30 s, 72 °C for 45 s, followed by a
final step at 72 °C for 10 min. The success of amplification
was monitored by analysis of the reaction product with 2 %
agarose gel electrophoresis. The successful amplification
products were separated by 6 % polyacrylamide gel electro-
phoresis (PAGE) and visualized by a simplified silver staining
method previously described by Ruiz et al. (2000).

Genetic linkage map construction

The ‘two-way pseudo-testcross’ approach (Grattapaglia and
Sederoff 1994) was applied to construct the genetic linkage
map. The ratios of marker segregation were calculated by chi-
square test, and only markers that satisfied with the expected
Mendelian segregation ratio were included for mapping. The
filtered markers contained different segregation types, includ-
ing <hk×hk>, <lm×ll> and <nn×np>. Linkage analysis was
performed by JoinMap® 4.0 software (Van 2006). After the
SNP marker genetyping data had been imported, the cross-
pollination (CP) population option was used for data mining.
On the basis of a LOD threshold of 8.0, 1563 SNP markers
were grouped into nine LGs, and the maps were constructed
using the default maximum likelihood parameters. The
Kosambi mapping function was used to calculate the genetic
distance between markers.

Results

RAD sequencing

Based on the stringent filtering criteria described in M&M,
~56.8 G of high-quality sequencing data was filtered. The
average high-quality data in parents and individuals were
~0.82 and ~0.45 G, respectively. The Q20 ratio was 95.6 %,
and the guanine-cytosine (GC) content was 36.8 %. Of these
high-quality data, ~886 Mb were from Pingshan with 10,108,
354 reads and ~793 Mb from Guanxi with 9,678,764 reads.
Obtained from the libraries for the 124 individuals were
~628.48 million reads. The number of reads for the individ-
uals ranged from 2.53 to 8.00 M, with an average of 5.07 M
reads (Fig. 1). Removing individuals with poor reads number
(reads number fewer than 3.5M) resulted in the removal of six
individuals.
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SNP marker discovery and genotyping

The high-quality Illumina sequences were used for identifica-
tion of SNPs. A total of 194,231 putative SNPs were deter-
mined by SOAP2 and SOAPsnp in all the 120 F1 population
level (two parents and 118 individuals). After filtering (mini-
mum read depth of 7, no missing), 63,760 (32.83 %) SNP loci
were retained between the parents. Most of the SNPs were
transition-type SNPs, with the C/T and A/G types accounting
for 27.9 and 27.7 % of the SNPs, respectively. The other four
SNP types were transversions and included A/C, G/T, A/Tand
C/G, ranging in percentages from 7.6 to 13.6% (Table 1). Five
hundred twenty homozygous SNPs have been removed be-
cause of no segregation in progeny. Stringent filtering criteria
(see ‘Methods’) were applied to identify and remove SNPs
with a high level of missing data and/or Mendelian errors.
With the miss rate 20 % in all the 118 individuals, 7992
(12.53 %) SNP markers have been retained. After the chi-
square test, 1543 (19.53 %) SNP markers were used to con-
struct the genetic map in the final. The SNP location informa-
tion is listed in Supplementary material 1. The marker codes
‘lm×ll’ and ‘nn×np’ represent markers with one parent hetero-
zygous (providing 1:1 segregation ratios), and ‘hk×hk’ repre-
sents markers with both parents heterozygous (providing
1:2:1 segregation ratios). Of these 1543 SNP markers, 498

were present in the parental configuration lm×ll (i.e. hetero-
zygous only in Pingshan), 520 in the configuration nn×np (i.e.
heterozygous only in Guanxi) and the remaining 525 in the
configuration hk×hk (i.e. heterozygous in both parents).

Linkage map construction

To anchor and align the current map with previously pub-
lished maps for pummelo, 30 previously published SSR
markers distributed among the nine linkage groups of the ge-
netic map, which came from Ollitrault et al. (2012), were
screened on the parental genotypes. As a result, 20 polymor-
phic markers were identified. A total of 20 markers were
mapped to the eight LGs of the current map (Fig. 2; Supple-
mentary material 2). Using JoinMap 4.0 to construct the ge-
netic map, 1543 SNP markers and 20 SSRs were assigned to
nine linkage groups (LG1–LG9) for the integrated map with a
grouping LOD value of 8 (Fig. 2). Moreover, 500 (31.99 %)
markers fell into nine LGs for Pingshan (male) and 511
(32.69 %) markers for Guanxi (female), with a grouping
LOD value of 7 and 8, respectively (Supplementary material
3). A complete list of all marker information used in this study
is provided in Supplementary material 1. Taking into account
the size of all LGs, marker coverage amounted to 641.01 cM
for Pingshan (male), 602.07 cM for Guanxi (female) and
976.58 cM for the integrated map (Table 2). On average, the
intervals between two adjacent mapped markers were 1.28,
1.18 and 0.62 cM for the Pingshan, Guanxi and integrated
maps, respectively. The pummelo genome size is approxi-
mately 383 Mb (Ollitrault et al. 2012), making the average
marker site density of physical intervals in the integrated
map at 245.04 Kbp per marker.

The maximum number of markers was 151 for the female
(LG5), 148 for the male (LG2) and 285 for the integrated map
(LG2). The minimum number of markers was 6 for the female
(LG6), 5 for the male (LG8) and 81 for the integrated map
(LG4). The length per LG also varied widely. The longest LGs
were 120.65 cM for the female (LG9), 145.77 cM for the male
(LG9) and 139.26 cM for the integrated map (LG9). The
shortest LGs were 12.05 cM for the female (LG8), 8.22 cM
for the male (LG8) and 75.42 cM for the integrated map
(LG6). The average distance between adjacent markers ranged
from 0.43 cM (LG2 and LG3) to 1.25 cM (LG4) for the
integrated map (Table 3). A high-quality linkage map should
have short distances between adjacent markers and evenly
distributed markers (Wang et al. 2012b). Our results showed
that most of the SNP markers were evenly mapped in nine
linkage groups (Table 3). Among the 1572 intervals in 9
different linkage groups, 1301 intervals were smaller than
1 cM (83.84 %), and only 15 intervals (0.95 %) were larger
than 5 cM. Thirteen (0.83 %) gaps with a distance >5 cM
between adjacent markers occurred in nine of the linkage
groups: LG1 (1), LG2 (1), LG3 (1), LG4 (2), LG5 (2), LG6

Fig. 1 Distribution of reads number for F1 individuals. The x-axis
indicates the interval of reads number; the y-axis indicates the number
of individuals

Table 1 Statistics for the identified SNP marker types

Type of variation Number Proportion of type

A/G 17,666 27.7 %

C/T 17,802 27.9 %

A/T 8680 13.6 %

C/G 4865 7.6 %

A/C 7389 11.6 %

G/T 7358 11.5 %

Total 63,760 100 %
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(1), LG7 (1), LG8 (3) and LG9 (1). Only two (0.13 %) gaps
with a distance >10 cM between adjacent markers occurred in

LG4 and LG8 (Table 3, Fig. 3). These results indicated that
this genetic map is of high quality and high resolution.

Fig. 2 Integrated linkage group for ‘Guanxi’ pummelo × ‘Pingshan’ pummelo

Table 2 Genetic map for nine linkage groups (LGs)

Number of markers Genetic size (cM)

Female (Guanxi) Male (Pingshan) Integrated map Female (Guanxi) Male (Pingshan) Integrated map

LG1 54 54 166 (2) 70.28 42.42 98.08

LG2 84 (2) 148 (4) 285 (6) 95.44 126.36 123.21

LG3 79 109 (2) 248 (2) 22.05 104.84 105.87

LG4 26 20 (1) 81 (3) 51.89 46.34 101.27

LG5 151 (2) 25 (1) 231 (3) 118.13 97.62 118.57

LG6 6 8 83 (1) 13.15 9.47 75.42

LG7 58 40 121 98.43 59.97 95.86

LG8 7 5 98 (1) 12.05 8.22 119.04

LG9 46 (1) 91 (2) 250 (2) 120.65 145.77 139.26

Total 511 (5) 500 (10) 1563 (20) 602.07 641.01 976.58

The number in parentheses represents the number of SSR anchor loci in the linkage group
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The sweet orange is an inter-specific hybrid between pum-
melo and mandarin. The genome of pummelo had a high

similarity with the sweet orange genome. In order to assess
the quality of this genetic map, a dot-plot diagram was used to
evaluate the physical distances of the mapped SNPmarkers on
the sweet orange genome sequence (Xu et al. 2013) plotted
against their genetic positions on the pummelo genetic map
(Fig. 4). According to our results, most of the markers showed
good linear agreement between the physical and genetic maps.
However, there were also chromosomes showing discrepancy
of some regions. Among the nine LGs, signifying high and
low discrepancy could be observed in the some regions of
LG2 and LG7.

Comparison with published maps of pummelo

The linkage map constructed in this study was also aligned to
the two pummelo genetic maps developed by Ollitrault et al.
(2012). In 20 single-locus SSR loci of the SNP-based linkage
map, 20 were identified as having corresponding loci in the 8
chromosomes of the ‘Chandler’map. All LGs except for LG7
consisted of at least one SSR, which was used for locating the
corresponding chromosome number for each LG and is

Table 3 Distribution of SNP markers on the pummelo high-density
genetic map

Chromosome Average distance between
two markers (cM)

Number of gaps—Da (cM)

0 < D
< 1

1 < D
< 5

5 < D
< 10

10
< D

LG1 0.59 137 27 1 0

LG2 0.43 264 19 1 0

LG3 0.43 226 20 1 0

LG4 1.25 52 25 2 1

LG5 0.51 204 24 2 0

LG6 0.91 55 26 1 0

LG7 0.79 87 32 1 0

LG8 1.21 66 27 3 1

LG9 0.56 210 38 1 0

Total 0.62 1301 238 13 2

aD, gap distance between adjacent markers

Fig. 3 The x-axis indicates the position in each linkage group in 1 cM intervals, and the y-axis indicates the number of markers within 1 cM bin
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convenient for map comparison. The comparison showed that
the corresponding LGs were collinear, except LG2 (Supple-
mentary material 2). For collinear LGs, all the markers were
comparative, with the same order and similar genetic distance.
For example, CX2019, JI-GA01 and MEST080 located at 0,
80.554 and 96.76 cM of LG4 in our map, respectively, and
were located at 0, 83.6 and 101.8 cM, respectively, on LG01
in Chandler. For LG2, some of the conserved loci had a re-
versed order. As we can see, mCrCIR04B06, CF-TTC02,
mCrCIR05A05, mCrCIR06B07 and MEST525 located at
8.9, 77.5, 104, 105.3 and 123.2 cM of LG2 in our map, re-
spectively, but were located at 7.8, 52.2, 79.1, 109.4 and
94.2 cM, respectively, on LG02 in Chandler. The order of
two markers (mCrCIR06B07 and MEST525) in our map
was reverse to the Chandler map. But in the ‘pink’map, these
two markers were showed the same order with our maps, with
the location of 94.7 and 99.5 cM, respectively. In addition, the
marker numbers between these SSRs were significantly in-
creased in our map. For example, there were five markers
between CX0118 and CF-CA14 and one marker between
CF-CA14 and CX0029 in ‘pummelo’ map, respectively, but

there were 155 SNP markers between CX0118 and CF-CA14
and 27 SNPs between CF-CA14 and CX0029 in our map.
These markers provided us additional information about these
loci for future research.

Discussion

Constructing a high-density linkage map is a vital prerequisite
for both sophisticated genetic analysis such as QTL mapping
and efficient molecular breeding such as MAS aiming at im-
portant agronomic traits. One of the challenges of high-
density genetic map construction was to identify enough mo-
lecular markers. In previous research of citrus genetic maps,
limited mapping markers were identified using traditional
marker technologies such as RFLP, RAPD, SSRs and EST-
based markers (Chen et al. 2008). SNP markers have been
recognized as important candidate markers due to their high
abundance and relatively even distribution across the genome
(Brookes 1999; Chagné et al. 2007). SNP discovery in citrus

Fig. 4 Collinear analysis of the consensus between integrated pummelo genetic maps and sweet orange genome. The x-axis indicates the genetic
position of each SNP marker; the y-axis indicates the physical position of each SNP marker
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using traditional methods has been shown to be a difficult and
tedious process. The RAD sequencing approach used in this
study enabled the identification and mapping of an unprece-
dented number of SNP markers. Moreover, the methods
employed here are more cost-effective than the array-based
methods of SNP detection and scoring (Ward et al. 2013).
These results also demonstrate the value of RAD sequencing
for the development of large numbers of mapping SNP
markers and for the production of the most saturated linkage
maps.

Before RAD sequencing technique was developed, a num-
ber of other platforms were available for the SNP identifica-
tion, such as high-resolution melt (HRM) analysis and high-
throughput SNP arrays. The HRM analysis is a closed-tube
method for rapid identification of SNPwithin PCR amplicons.
The advantage of HRM analysis is the dosage sensitivity and
ability to detect high levels of heterozygosity (Han et al.
2012). But, the throughput of the SNP identification is much
lower than the NGS-based techniques. The cost of SNP
genotyping using HRM analysis was much higher than
NGS-based techniques in a large population. The high-
throughput SNP arrays were effective and cost-efficient to
discover and genotype the predetermined set of SNPs (Yan
et al. 2010). By using the high-throughput SNP arrays, a large
numbers of SNPs were successful called in a hybrid popula-
tion of 88 progeny and 103 citrus accessions (Fujii et al.
2013). Therefore, the production of a high-quality SNP array
requires a substantial investment of resources. Additionally,
these predetermined markers are specific to the population in
which they were developed; hence, the heterozygous SNPs
between species will be hardly transferred. The sequencing-
based techniques has been proved to be an efficient method
for the simultaneous discovery and genotyping of large num-
bers of SNPs in large amount of individuals (Davey et al.
2011). Genotyping of the same markers in new populations
can be achieved with further sequencing runs. Terol et al.
(2008) successfully identified 6617 putative SNPs through
the BAC end sequencing in citrus. With the developing of
the NGS-based techniques, the WGS became an important

strategy for the SNP mining. By using the WGS strategy,
hundreds of thousands of SNPs have been successfully iden-
tified in several important pummelos (Xu et al. 2013;Wu et al.
2014a). The identified SNPs in these two studies provided us
important molecular marker information for the future re-
search in pummelo. Despite the attractiveness of this ap-
proach, the NGS-based techniques still have a very serious
disadvantage in its high probability of sequence error. To over-
come this problem, high coverage of a specific sequence must
be obtained. By using the restriction enzymes, the RAD se-
quencing approach can reduce the genome size and complex-
ity, resulting in the requirement of very little data to achieve
high coverage. Moreover, the diversity of restriction enzymes
available makes them an extremely versatile assay tool. This
method can greatly improve the throughput of SNP identifi-
cation and genotyping.

The distribution of these 1543 SNP markers over the phys-
ical sequence was provided in the Supplementary material 1.
Ollitrault et al. (2012) claimed that pummelo harbours a se-
quence that is ~387 Mb. By using the RAD seq, we manipu-
lated ~95,439 restriction sites and each contained an ~82-bp
sequence in parents and 124 individuals. We totally obtained
~15.65 Mb genome sequence, which resulted in a 4.04 %
coverage of the pummelo genome. The number of SNP
markers identified in the two parents was crucial for construc-
tion of the high-density genetic map. Tomaximize the chances
of detecting segregating SNPs in the parents, the parents were
sequenced at twice the depth of the individuals. The greater
sequencing depth in the parents made it possible to maximize
the determination of all polymorphic loci and also highly im-
proved the marker numbers in the genetic linkage map. By
using the RAD seq, a comprehensive integrated genetic link-
age map with 1543 SNP markers was constructed covering 9
linkage groups. To date, a total of seven genetic linkage maps
of pummelo have been developed over the past decade
(Table 4). The earliest pummelo linkage map consisted of 52
markers, encompassing 553 cM and distributed on seven link-
age groups with an average distance of 10.6 cM between
markers (Durham et al. 1992). Since then, many efforts have

Table 4 Comparison of the newly constructed map with previously published genetic linkage maps of C. grandis

Population Types of markers Number of markers Map length (cM) Average distance (cM) Linkages References

1 BC1 Isozymes, RFLP 52 553 10.6 11 Durham et al. 1992

2 BC1 RAPD, RFLP, isozymes 189 1192 6.31 9 Cai et al. 1994

3 F1 − 34 600 17.6 7 Luro et al. 1996

4 BC1 ISSR, RAPD, RFLP, isozymes 310 874 2.82 9 Sankar and Moore 2001

5 F1 RAPD, SCAR, STS, CAPS 117 704 6.02 9 Weber and Moore 2003

6 F1 SSRs, SNPs, indels 151 828.6 5.49 9 Ollitrault et al. 2012

7 F1 SSRs, SNPs, indels 81 633.9 7.83 9 Ollitrault et al. 2012

8 F1 SNPs, SSRs 1563 976.58 0.62 9 This study
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been made to construct genetic linkage maps of pummelo.
However, these genetic maps were mainly constructed with
dominant, non-transferable RAPD or AFLP. With the devel-
opment of molecular markers, SSRs have been widely used
for genetic map construction due to their transferability, ease
of assay and co-dominance. Recently, two inter-specific F1
segregating populations between Citrus clementina and
C. grandis (Chandler pummelo× ‘Nules’ Clementine and
Nules Clementine× ‘Pink’ pummelo) were used to establish
the pummelo genetic map mainly based on SSRs (Ollitrault
et al. 2012). The Chandler pummelo genetic map consisted of
151 markers (141 SSRs, 5 SNPs and 5 Indels) covering
828.6 cM and spread among nine linkage groups with a mark-
er density of 5.5 cM/marker. The Pink pummelo genetic map
consisted of 81 markers (67 SSRs, 7 SNPs and 7 Indels) cov-
ering 633.9 cM and spread among nine linkage groups with a
marker density of 7.8 cM/marker. To our knowledge, our ge-
netic linkage map has the shortest average genetic intervals
(0.62 cM/marker), and the number of transferable markers on
the map is more than on the previously published genetic
maps of pummelo (Table 4). Furthermore, all 1563 markers
could be attributed unequivocally to the nine linkage groups,
indicating that the map should cover the entire pummelo ge-
nome. The size of the population (118 individuals) used in this
study was a little smaller for the high saturated map construc-
tion. The total size of this F1 population is more than 500; we
can improve the density of this genetic map by genotyping
more individuals further. We added 20 SSR loci from previ-
ously published maps of pummelo to our genetic map. Then,
we can compare these markers’ orders and genetic distances to
the previously published reported SSR pummelo maps. Most
of the markers showed the good collinear with previous pub-
lished pummelo maps. We also observed that the order of two
markers (mCrCIR06B07 and MEST525) in our map was re-
verse to the Chandler map. The reason why these two markers
are located differently might be due to genome structure dif-
ferences between the different pummelo cultivars.

High-density genetic linkage maps are valuable and impor-
tant resources that provide a framework for many genomic
analyses (Yagi et al. 2013): (1) This high-density genetic
map can be used in genomic platforms to anchor and orient
scaffolds onto pseudo-chromosomes for the comparative anal-
ysis of mandarin, pummelo and orange. The high-density ge-
netic map constructed in Clementine (Ollitrault et al. 2012)
with almost 1000 markers had been successfully used for the
Clementine reference genome assemble (Wu et al. 2014a). (2)
The genetic map can enhance the efficiency of citrus molecu-
lar breeding programmes with MAS. The female parent of the
F1 population Guanxi pummelo is an important cultivar in
China. There are high demands for the improvement of this
cultivar. Efficiency of MAS breeding depends on the degree
of saturation of genetic maps. This map represents a signifi-
cant improvement over existing marker resources. It will be

beneficial for the molecular breeding programmes of pumme-
lo. (3) The genetic map can be used for QTL analysis of key
agronomic traits in pummelo. A principal problem with many
QTL mapping efforts is the limited size of the mapping pop-
ulation (Li et al. 2006; Zhao et al. 2007). The total size of this
F1 population is more than 500. We can further extend these
markers to a larger population, providing an important re-
source for QTL analysis in future work.

In conclusion, we have constructed a high-density linkage
map of a cross between Guanxi pummelo and Pingshan pum-
melo cultivars using SNP markers derived from the next-
generation RAD sequencing. The genetic linkage map is com-
prised of 1543 SNP loci and 20 SSR loci covering 976.58 cM
with an average distance of 0.62 cM between loci. It signifi-
cantly improves the marker density compared with previously
published pummelo genetic maps. Our study provides a valu-
able genetic resource for QTL analysis, MAS, map-based
gene cloning and the sequence assembly of the pummelo ref-
erence genome.
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