
Introduction

Sweetpotato (Ipomoea batatas L. Lam., Convolvulaceae) is 
one of the world’s most important crops, with an annual 
production of 103,145,500 tons and a harvested area of 
8,087,115 hectares in 2012 (FAO; http://www.fao.org/home/
en/), and is cultivated extensively in developing countries. 
Sweetpotato is highly nutritious, containing abundant vita-
mins C and A, calcium, potassium, folate, and β-carotene. 
The plant is also used for a wide variety of purposes, includ-
ing food, processed products, animal feed, and as a source 
of alcohol, starch, flour, and pigments (β-carotene and 
anthocyanin). To fulfill these diverse use requirements, a 
number of sweetpotato cultivars and lines have been bred in 

recent years. However, sweetpotato is a highly heterozy-
gous, outcrossing polyploid species with a large number of 
chromosomes (2n = 6x = 90), which complicates its genetic 
and linkage analyses. In addition, no whole genome se-
quence for the species is available, which increases the diffi-
culty of developing molecular markers and conducting map- 
based gene cloning.

Only five papers to date have reported on the construc-
tion of linkage maps in sweetpotato, and these maps have 
been based on analyses of randomly amplified polymorphic 
DNA (RAPD), simple sequence repeat (SSR), and amplified 
fragment length polymorphism (AFLP) (Cervantes-Flores 
et al. 2008, Kriegner et al. 2003, Li et al. 2010, Ukoskit and 
Thompson 1997, Zhao et al. 2013). Sweetpotato has been 
characterized as an allohexaploid (Jones 1965, Magoon 
1970, Ting and Kehr 1953, Sinha and Sharma 1992). 
Shiotani and Kawase (1989) proposed the genome consti-
tution of sweetpotato as B1B1B2B2B2B2 based on the 

Breeding Science 65: 145–153 (2015) 
doi:10.1270/jsbbs.65.145

Research Paper

Construction of a linkage map based on retrotransposon insertion polymorphisms 
in sweetpotato via high-throughput sequencing

Yuki Monden1), Takuya Hara1), Yoshihiro Okada2), Osamu Jahana3), Akira Kobayashi4), Hiroaki Tabuchi4), 
Shoko Onaga3) and Makoto Tahara*1)

1) Graduate School of Environmental and Life Science, Okayama University, 1-1-1 Tsushimanaka, Kita-ku, Okayama, Okayama 700-
8530, Japan

2) National Agriculture and Food Research Organization, Itoman Resident Office, Kyushu Okinawa Agricultural Research Center, 820 
Makabe, Itoman, Okinawa 901-0336, Japan

3) Okinawa Prefectural Agricultural Research Center, 820 Makabe, Itoman, Okinawa 901-0336, Japan
4) National Agriculture and Food Research Organization, Kyushu Okinawa Agricultural Research Center, 6651-2 Yokoichi-machi, 

Miyakonojo, Miyazaki 885-0091, Japan

Sweetpotato (Ipomoea batatas L.) is an outcrossing hexaploid species with a large number of chromosomes 
(2n = 6x = 90). Although sweetpotato is one of the world’s most important crops, genetic analysis of the spe-
cies has been hindered by its genetic complexity combined with the lack of a whole genome sequence. In the 
present study, we constructed a genetic linkage map based on retrotransposon insertion polymorphisms using a 
mapping population derived from a cross between ‘Purple Sweet Lord’ (PSL) and ‘90IDN-47’ cultivars. 
High-throughput sequencing and subsequent data analyses identified many Rtsp-1 retrotransposon insertion 
sites, and their allele dosages (simplex, duplex, triplex, or double-simplex) were determined based on segrega-
tion ratios in the mapping population. Using a pseudo-testcross strategy, 43 and 47 linkage groups were gener-
ated for PSL and 90IDN-47, respectively. Interestingly, most of these insertions (~90%) were present in a 
simplex manner, indicating their utility for linkage map construction in polyploid species. Additionally, our 
approach led to savings of time and labor for genotyping. Although the number of markers herein was insuffi-
cient for map-based cloning, our trial analysis exhibited the utility of retrotransposon-based markers for link-
age map construction in sweetpotato.

Key Words: sweetpotato, polyploidy, linkage map, pseudo-testcross, retrotransposon, high-throughput 
sequencing.

Communicated by H. Fukuoka
Received July 18, 2014.  Accepted November 9, 2014.
*Corresponding author (e-mail:  tahara@cc.okayama-u.ac.jp)



Monden, Hara, Okada, Jahana, Kobayashi, Tabuchi, Onaga and Tahara
Breeding Science 
Vol. 65 No. 2BS

146

occurrence of frequent formation of tetravalents and hexa-
valents. However, recent reports have suggested that sweet-
potato is an autohexaploid based on the segregation ratio of 
molecular markers (RAPD, SSR, and AFLP) from a genetic 
linkage analysis (Cervantes-Flores et al. 2008, Kriegner et 
al. 2003, Ukoskit and Thompson 1997, Zhao et al. 2013). In 
addition, these reports indicated that some preferential pair-
ing occurs based on distorted segregation in some markers 
of different dosages in sweetpotato. Thus, recent studies 
have supported the hypothesis that the genome structure of 
sweetpotato is mainly autohexaploid with some preferential 
pairing. All linkage maps previously constructed in sweet-
potato have utilized a two-way pseudo-testcross method em-
ploying F1 progeny. With this method, two separate linkage 
maps for each parent are constructed based on the expected 
segregation ratios of markers in the mapping progeny. In 
hexaploid mapping progeny, several variations in segrega-
tion ratio have been detected based on allele dosage (sim-
plex, duplex, or triplex) and affected by cytological char-
acteristics (autohexaploid, tetradiploid, or allohexaploid) 
(Table 1) (Jones 1967). Of these markers, only simplex 
markers show a simple segregation ratio (1 : 1) for any cy-
tological characteristic (Table 1), indicating their utility as 
molecular markers for linkage map construction. Previous 
studies have employed simplex markers to construct a frame-
work map and then inserted duplex, triplex, and double- 
simplex markers into the map (Cervantes-Flores et al. 2008, 
Kriegner et al. 2003, Li et al. 2010, Ukoskit and Thompson 
1997, Zhao et al. 2013). Thus, obtaining a number of sim-
plex markers is important for linkage map construction.

Retrotransposons are a type of transposable element (TE) 
and represent the majority of DNA in higher plant genomes 
(Fechotte et al. 2002, Kumar and Benettzen 1999, Levin 
and Moran 2011). As many retrotransposon insertions are 
dispersed throughout the genome and are genetically inher-
ited, insertion polymorphisms among crop cultivars have 
been used to develop molecular markers for phylogenetic 

analysis and genetic diversity studies (Kalendar 2011, 
Kalendar et al. 2011, Kumar and Hirochika 2001, Poczai et 
al. 2013, Schulman et al. 2004). Several molecular markers 
based on PCR amplification of retrotransposon insertions, 
such as inter-retrotransposon amplification polymorphism 
(IRAP), retrotransposon microsatellite amplification poly-
morphism (REMAP), and sequence-specific amplified poly-
morphism (S-SAP), can be employed as dominant markers 
(Antonius-Klemola et al. 2006, Belyayev et al. 2010, 
Kalendar et al. 1999, Konovalov et al. 2010, Lou and Chen 
2007, Melnikova et al. 2012, Nasri et al. 2013, Petit et al. 
2010, Smýkal et al. 2011, Syed et al. 2005, Waugh et al. 
1997). Moreover, newly inserted copies are thought to exist 
primarily as simplex alleles in polyploid species because 
those new insertions should randomly integrate into one of 
the homologous chromosomes. Rtsp-1 has been identified as 
an active retrotransposon family in sweetpotato (Tahara et 
al. 2004) and appears to have high insertional polymor-
phism among modern sweetpotato cultivars (Monden et al. 
2013). In addition, our recent research has shown that 
high-throughput sequencing of Rtsp-1 insertion sites 
achieves efficient DNA fingerprinting even without whole 
genome sequence information (Monden et al. 2014c). Con-
structing a sequencing library through PCR amplification of 
Rtsp-1 insertion sites in a number of cultivars and subse-
quent data analyses yielded 76,912 genotyping data points 
(2,024 retrotransposon insertion loci for 38 cultivars) with 
one run of an Illumina MiSeq sequencer (Monden et al. 
2014c). Thus, high-throughput sequencing of active retro-
transposon insertions in a mapping population is considered 
to be effective for linkage map construction.

In the present study, we constructed a linkage map based 
on Rtsp-1 insertion polymorphisms in sweetpotato. High- 
throughput sequencing and subsequent data analyses re-
vealed a number of insertion sites in F1 progeny derived 
from the cultivars ‘Purple Sweet Lord’ (PSL) and 90IDN-
47. We determined the allele dosages of these insertion sites 
according to their segregation ratios in the mapping popula-
tion. Interestingly, we observed that most of the insertion 
sites (~90%) existed as simplex alleles, indicating their ap-
plicability as molecular markers for generating linkage 
maps in polyploid species.

Materials and Methods

Plant materials and sample preparation
The F1 mapping population originated from a cross be-

tween two sweetpotato cultivars, ‘Purple Sweet Lord’ (PSL) 
and ‘90IDN-47’. PSL is one of the most famous purple 
sweetpotato cultivars in Japan and possesses numerous de-
sirable characteristics, such as high yield, a high anthocy-
anin content, and good eating quality. Although PSL is 
widely grown in Japan, this cultivar is highly susceptible to 
infection by the pathogen Streptomyces ipomoeae. Showing 
resistance to this pathogen, 90IDN-47 is an Indonesian cul-
tivar. To develop the mapping population, a cross was 

Table 1. The expected segregation ratio (presence : absence) of a 
dominant marker in a testcross of hexaploid for three hypothetical 
polyploidy types (Jones 1967). A and a represent dominant and reces-
sive alleles, respectively

Marker dose Autohexaploid 
(hexasomic)

Tetradiploid  
(tetradisomic,  

tetrasomic, disomic)

Allohexaploid 
(disomic)

Simplex Aaaaaa 1 : 1 Aa aaaa 1 : 1 Aa aa aa 1 : 1
aaaa Aa 1 : 1

Duplex AAaaaa 4 : 1 AAaa aa 5 : 1a Aa Aa aa 3 : 1
Aaaa Aa 3 : 1b AA aa aa 1 : 0
aaaa AA 1 : 0c

Triplex AAAaaa 19 : 1 AAAa aa 1 : 0 Aa Aa Aa 7 : 1
AAaa Aa 11 : 1 AA Aa aa 1 : 0
Aaaa AA 1 : 0

Quadruplex AAAAaa 1 : 0 AAAA aa 1 : 0 AA Aa Aa 1 : 0
a tetrasomic inheritance.
b tetradisomic inheritance.
c disomic inheritance.
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conducted using PSL as the female parent and 90IDN-47 as 
the male parent. A total of 98 F1 plants were used for the 
construction of a genetic linkage map in the present study. 
Genomic DNA was extracted from the parental cultivars 
and F1 progeny using the DNeasy Plant Mini Kit and fol-
lowing the manufacturer’s instructions (QIAGEN Inc, 
Germany).

Construction of sequencing library
An Illumina MiSeq sequencing library was constructed 

through PCR amplification of Rtsp-1 insertion sites (Sup-
plemental Fig. 1). After the extracted DNA was fragmented 
using a g-TUBE (Covaris), forked adapters were ligated to 
the DNA fragments. The forked adapters were prepared by 
annealing two different oligos (Forked_Type1 and Forked_
Com) (Supplemental Table 1). Primary PCR amplification 
was performed with an Rtsp-1-specific (Rtsp-1_ppt) and 
adapter-specific (AP2) primer combination using the adapter- 
ligated DNA as the template. The PCR cycling program 
consisted of an initial denaturation at 94°C for 4 min, 30 cy-
cles at 94°C for 30 s, 80°C for 30 s, 58°C for 30 s, and 72°C 
for 60 s, and a final extension at 72°C for 15 min. For nested 
PCR amplification, primers were customized to contain P5 
or P7 sequences (Illumina) for hybridization on the se-
quencing flow cell and several barcodes for multiplex se-
quencing. Thus, the Rtsp-1-specific primers (D501–D510) 
consisted of a P5 sequence, one of 10 barcode sequences, 
and the Rtsp-1 end sequence, while the adapter-specific 
primers (D701–D712) consisted of a P7 sequence, one of 12 
barcode sequences, and an adapter sequence; this arrange-
ment permits a maximum of 120 samples (=10*12) for mul-
tiplex sequencing (Supplemental Table 1). The primer 
combinations of each sample are listed in Supplemental 
Table 2. Nested PCR amplification was performed with 
Rtsp-1–specific (one from D501–D510) and adapter-specific 
(one from D701–D712) primer sets using primary PCR 
products as the template (Supplemental Tables 1 and 2). 
The PCR cycling program consisted of an initial denatura-
tion at 94°C for 4 min, 30 cycles at 94°C for 30 s, 80°C for 
30 s, 65°C for 30 s, and 72°C for 60 s, and a final extension 
at 72°C for 15 min. These PCR products were size-selected 
(400–600 bp) on agarose gels and purified with a QIAquick 
Gel Extraction Kit (QIAGEN). The purified products were 
quantified with a Qubit fluorometer (Invitrogen) and the 
size selection was confirmed with an Agilent 2100 Bioana-
lyzer (Agilent). Finally, equal amounts of these products 
were pooled to prepare a MiSeq sequencing library. MiSeq 
sequencing was conducted using an MS-102-2002 MiSeq 
Reagen Kit v2 (300 cycles) (Illumina). MiSeq sequencing 
which used the Rtsp-1 and adapter end sequences as custom 
primers yielded 150 bp of paired-end reads of the Rtsp-1 in-
serted site at each end (Supplemental Fig. 1). The sequences 
of the primers and adapters are listed in Supplemental 
Table 1. The MiSeq reads obtained in the present study 
were submitted to DDBJ (http://www.ddbj.nig.ac.jp/) under 
Accession No. DRA002270.

Data analyses
The MiSeq sequence reads were classified by line or cul-

tivar based on the dual barcodes. The number of reads for 
each cultivar is shown in Supplemental Table 2. We ana-
lyzed these reads according to the procedures of our previ-
ous study (Monden et al. 2014b, 2014c) using Maser, which 
is the pipeline execution system of the Cell Innovation 
Program at the National Institute of Genetics (http://cell- 
innovation.nig.ac.jp/index_en.html). The procedures for data 
analyses are briefly described below. First, the paired-end 
reads were filtered out for invalid dual barcodes; if a read 
had an erroneous or undetermined barcode on either side, 
the entire read was discarded. The reads were then trimmed 
to 50 bp in length from the Rtsp-1 junction, and adapter re-
moval with cutadapt (https://code.google.com/p/cutadapt/) 
and quality filtering based on the quality value (QV) for all 
base calls ≥20, were conducted. After the outliers were fil-
tered by trimming them to a specific length that contained 
most of the sequences, reads shorter than this length were 
filtered out. The reads with ≥10 identical sequences were 
collapsed into a single sequence in FASTA format, and 
reads with ˂10 identical sequences were excluded from fur-
ther analyses. Clustering analyses to identify Rtsp-1 inser-
tion sites were performed with the BLAT self-alignment pro-
gram (Kent 2002) using the following parameter settings: 
-tileSize = 8, -minMatch = 1, -minScore = 10, -repMatch =  
–1, and -oneOff = 2. To investigate the similarity of the se-
quences in the FASTA file, all-to-all comparison analysis 
was conducted, and clusters were built based on sequence 
similarities with the results of the pairwise alignments. In 
each cluster, a multiple sequence alignment was performed 
to reveal sequence similarity using the ClustalW program 
(Larkin et al. 2007). Our results showed that the sequences 
to be aligned in each cluster were very similar to each other 
(identity of more than 90%). The sequence with the highest 
read number in each cluster was selected as the representa-
tive sequence. These analyses produced a number of clusters 
and non-clustered sequences with ≥10 reads, each indicat-
ing an individual insertion site where an Rtsp-1 copy was 
inserted in at least one line or cultivar. We summarized the 
total number of reads and the number of reads for each clus-
ter in all lines and cultivars. However, assigning insertion 
sites to cultivars would probably have caused some errors, 
because sequence errors in the barcode sequence may have 
allocated the reads to an incorrect cultivar. In addition, the 
reads with sequencing error might be mistakenly clustered. 
This erroneous assignment and clustering would have re-
sulted in a very small number of reads in some clusters. 
Thus, we set a critical value for determining the presence of 
Rtsp-1 insertions, i.e., if the reads for a cultivar at a specific 
insertion site comprised <0.01% of the entire reads for that 
cultivar, we assumed that the retrotransposon was absent 
from that site. We have performed retrotransposon insertion 
site analysis using the same pipeline for other sweetpotato 
groups and wheat (Monden et al. 2014b, 2014c). In these 
analyses, we set several critical values, such as 0.05%, 
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0.025%, and 0.01%, for determining the presence or ab-
sence of insertion sites, and examined the results by PCR 
targeting the insertion sites. The critical value of 0.01% was 
found to best suit the results by PCR. Thus, we used 0.01% 
as the critical value for determining the presence or absence 
of Rtsp-1 insertion sites in the present study. These processes 
produced genotyping information for the presence (1) or 
absence (0) of Rtsp-1 insertion in both parents and the 98 F1 
progeny. Insertions that were detected in either or both of 
the parents were utilized as molecular markers for linkage 
map construction.

Linkage map construction
In outcrossing heterozygous species, such as sweetpota-

to, a two-way pseudo-testcross strategy has been applied to 
construct linkage maps, as developed by Grattapaglia and 
Sederoff (1994). The dominant marker dosages in hexaploid 
sweetpotato can be determined by investigating the segrega-
tion ratio (presence to absence) in the mapping progeny for 
three hypothetical polyploidy types: (a) simplex markers, 
present in only a single copy in one parent and segregating 
in a 1 : 1 (presence : absence) ratio regardless of the poly-
ploidy type; (b) duplex markers, present in two copies in 
one parent and segregating in 4 : 1 (hexasomic), 5 : 1 (tetra-
somic), or 3 : 1 (disomic or tetradisomic) ratio; and (c) tri-
plex markers, present in three copies in one parent and seg-
regating in 19 : 1 (hexasomic), 11 : 1 (tetradisomic), or 7 : 1 
(disomic) ratio (Table 1) (Jones, 1967). In the present study, 
we assumed that sweetpotato was autohexaploid and tested 
the segregation ratio of the presence to absence of the Rtsp-
1 insertions in the progeny using χ2 goodness of fit 
(α = 0.01). We used JoinMap 4.1 software to construct a 
linkage map using a maximum likelihood (ML) mapping 
algorithm (Kyazma). Markers that were polymorphic be-
tween parents were grouped into separate sets according to 
their parental derivation and analyzed independently to con-
struct a framework map. Simplex markers behave the same 
in diploids as in polyploids and can be mapped with stan-
dard methods. At first, the simplex markers were used to 
construct a framework map for each parent, and secondly, 
the double-simplex markers, which are present in a single 
copy in both parents with a segregation ratio of 3 : 1 in the 
progeny, were introduced into the framework maps. The 
ratio of marker segregation was calculated according to χ2 
goodness of fit (α = 0.01). Markers showing significantly 

distorted segregation were excluded from the map construc-
tion. These steps were conducted using a CP population 
type with default options in the ML mapping. A LOD score 
of 5 was set as the linkage threshold for grouping and order-
ing of markers.

Results

MiSeq sequencing and data analyses
A total of 16,967,012 paired-end reads of 150 bp were 

obtained from one run of the MiSeq sequencing platform. 
Of those reads, 16,557,182 contained the correct barcodes 
on both sides (P5 and P7). The remaining reads had errone-
ous or undetermined barcodes on either side (Table 2) and 
were excluded from further data analyses. The numbers of 
reads for each cultivar are shown in Supplemental Table 2. 
After trimming and filtering (QV ≥20), 7,552,515 reads re-
mained (Table 2). Those reads were used for clustering 
analysis with the BLAT self-alignment program (Kent 
2002), which produced 792 clusters or non-clustered single 
sequences with ≥10 reads that represented Rtsp-1 insertion 
sites (Table 2). We conducted genotyping (presence or ab-
sence) for each insertion site and calculated the total num-
ber of insertion sites for each line or cultivar. To investigate 
the reliability of the insertions predicted from the data anal-
yses, several insertions were randomly selected for experi-
mental confirmation by PCR (Supplemental Fig. 2). The 
PCR polymorphic bands were completely consistent with 
the genotyping results (absence and presence) predicted 
from the data analyses in randomly selected lines, which in-
dicates the high reliability of our data analyses. We used 
two plants of PSL and 90IDN-47 cultivars for MiSeq se-
quencing and the data analyses (Supplemental Table 2). 
The numbers of Rtsp-1 insertion sites identified in our data 
analyses were 236 and 232 for PSL plants, and 238 and 237 
for 90IDN-47 plants. Thus, the numbers of Rtsp-1 insertion 
sites were almost same between PSL and 90IDN047 paren-
tal cultivars. The average number of Rtsp-1 insertion sites in 
the F1 mapping populations was 233.5, with a range from 
202 to 261. Thus, the numbers of Rtsp-1 insertion sites in the 
F1 mapping populations were close to those of parental culti-
vars. Interestingly, several new insertion sites appeared in 
the F1 mapping populations, which were not present in either 
two parental cultivars. However, an extremely few number 
of reads supported those insertion sites, which indicated that 

Table 2. Summary of reads in the data analyses

Analysis No. of reads Ratio (%) No. of collapsed reads  
(more than 10) No. of clusters

Raw data 16,967,012 – – –
Validation of barcode 16,557,182 97.6 – –
Adaptor removal 16,436,002 96.9 77,876 –
Trimming to 50 bp 16,436,002 96.9 42,864 –
QV (≥20) filtering 11,254,201 66.3 31,296 –
Outlier filtering 7,552,515 44.5 15,705 –
BLAT clustering – – – 792
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some errors of sequencing or clustering might occur at those 
putative new insertion sites (data not shown). For linkage 
map construction, we utilized the insertion sites that were 
present in the PSL and/or 90IDN-47 cultivars and were seg-
regated in the F1 mapping populations.

Marker scoring
The total number of markers scored for PSL was 154, of 

which 133 (86.4%), 17 (11%), and 2 (1.3%) were simplex, 
duplex, and triplex markers under the assumption of auto-
hexaploidy, respectively, while 158 markers were scored 
for 90IDN-47, of which 140 (88.6%), 10 (6.3%), and 1 
(0.6%) were simplex, duplex and triplex markers, respec-
tively, according to χ2 goodness of fit (α = 0.01) (Table 3). 
The results showed that only two and seven markers did not 
statistically fit the autohexaploid type segregations for PSL 
and 90IDN-47, respectively (Table 3). Those simplex mark-
ers were used to construct the framework linkage map in 
each parent. In addition, the number of markers scored for 
both parents was 75, of which 41 (54.7%) were considered 
to be double-simplex markers (Table 3). The segregation 
ratios of the remaining 34 markers were not fitted to 3 : 1, 
according to χ2 goodness of fit (α = 0.01). The marker se-
quences are listed in Supplemental Table 3.

Linkage map construction
The genetic linkage map for each parent was constructed 

at an LOD score of 5.0 using JoinMap 4.1 software 
(Kyazma). The molecular markers were grouped into 43 
and 47 linkage groups for PSL and 90IDN-47, respectively 
(Table 4, Figs. 1 and 2). In the linkage map for PSL, the 
entire length was estimated as 931.5 cM, with an average 
distance between markers of 11.6 cM and an average length 
per linkage group of 21.2 cM. The number of mapped mark-
ers totaled 124, ranging from 2 to 8 markers per linkage 
group (Table 4 and Supplemental Table 4). In the map for 
90IDN-47, the entire length was estimated as 734.3 cM, 
with an average distance between markers of 9.8 cM and an 
average length per linkage group of 15.6 cM. The number of 
mapped markers totaled 122, ranging from 2 to 5 per link-
age group (Table 4 and Supplemental Table 4). Double- 
simplex markers were used to investigate the homology of 
the linkage groups between both parent maps. A total of 
20 double-simplex markers revealed homologous relation-

ships between 10 linkage groups of PSL (P01–P10) and 10 
of 90IDN-47 (I01–I10) (Figs. 1 and 2, and Supplemental 
Fig. 3).

Discussion

In the present study, we constructed a linkage map based on 
Rtsp-1 retrotransposon insertion polymorphisms in sweet-
potato. Five studies to date have constructed genetic linkage 
maps in sweetpotato using RAPD, SSR, and AFLP markers 
(Table 5) (Cervantes-Flores et al. 2008, Kriegner et al. 
2003, Li et al. 2010, Ukoskit and Thompson 1997, Zhao et 
al. 2013); the present study is thus the first to generate a 
linkage map based on retrotransposon insertion sites. To 
identify the comprehensive Rtsp-1 insertion sites in the two 
parent cultivars and F1 progeny, we employed the Illumina 
MiSeq sequencing platform, which produced over 16 mil-
lion reads within 2–3 weeks. A large number of reads were 
obtained in one run of the MiSeq sequencer, and subsequent 
data analyses determined the Rtsp-1 insertions in the map-
ping population according to the methods of our previous 
study. Thus, our approach is considered to be time- and 
labor-efficient for developing genetic markers and linkage 
maps.

Interestingly, the Rtsp-1–based molecular markers 
showed an extremely high proportion of simplex markers 
(~90%) in comparison with other molecular marker meth-
ods used in sweetpotato (Table 5). In the hexaploid map-
ping progeny, simplex, duplex, and triplex alleles showed 

Table 3. Summary of segregation ratios of markers developed in the present study (α = 0.01)

Genotype No. of markers Allele dosage No. of markers* 
(α = 0.01) % Segregation ratio 

(presence : absence)
PSL 154 Simplex 133 86.4 1 : 1

Duplex 17 11.0 4 : 1
Triplex 2 1.3 19 : 1

90IDN-47 158 Simplex 140 88.6 1 : 1
Duplex 10 6.3 4 : 1
Triplex 1 0.6 19 : 1

Both parents  75 Double-Simplex 41 54.7 3 : 1

Table 4. Summary of linkage maps constructed in the present study
Parent cultivars PSL 90IDN-47
No. of linkage groups  43  47
Total length (cM) 931.5 734.3
Average length of linkage groups (cM)  21.2  15.6
Average distance between markers (cM)  11.6   9.8
Min. number of markers in linkage groups   2   2
Max. number of markers in linkage groups   8   5
Min. length of linkage groups (cM)   0.0*   0.0*
Max. length of linkage groups (cM)  91.7  46.4

* Although the linkage groups with minimum length contain more than 
two independent markers, recombination was not observed in our F1 
mapping populations. Thus, the markers in these linkage groups were 
considered to be closely linked.
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polymorphism (alleles with higher doses showed no poly-
morphism). Due to the simple segregation ratio of simplex 
markers regardless of polyploidy type (Table 1), this type of 
marker is the most useful for the construction of framework 
maps in polyploidy species. Thus, retrotransposon-based 
molecular markers are more effective than any other marker 
types and should facilitate the construction of linkage maps 
in polyploid species.

A large number of retrotransposon families exist in higher 
plant genomes. The present study focused on only one retro-
transposon family, Rtsp-1, which generated an average of 
200–250 insertion sites per line or cultivar. In our previous 
study, the average number of Rtsp-1 insertion sites was 
257.5 among 38 modern sweetpotato cultivars (Monden et 

al. 2014c), which indicated that the number of Rtsp-1 inser-
tion sites is considered to range from 200 to 250 in the 
genomes of most sweetpotato cultivars. Using the Rtsp-1 
insertion sites in PSL, 90IDN-47, and F1 mapping popula-
tions, we constructed linkage maps which contained 124 
and 122 mapped markers for PSL and 90IDN-47, respec-
tively (Figs. 1 and 2). Sweetpotato is a hexaploid species 
(2n = 6x = 90) with an estimated genome size of 2200–
3000 Mb. Thus, a large number of molecular markers are 
required for map-based gene cloning. So far, only five re-
ports have constructed linkage maps in sweetpotato 
(Cervantes-Flores et al. 2008, Kriegner et al. 2003, Li et al. 
2010, Ukoskit and Thompson 1997, Zhao et al. 2013). 
Kriegner et al. (2003) constructed linkage maps with a total 

Fig. 1. Linkage map of ‘PSL’ based on Rtsp-1 markers (P01–P43). The linkage groups were integrated with JoinMap 4.1 at an LOD of 5.0. The 
name of each marker is derived from the name of the insertion site (Cl* or pattern) and s (representing simplex marker) or ds (representing 
double-simplex). The number corresponding to each marker indicates the genetic distance between markers (cM). Of these linkage groups, 
P01–P10 are homologous to I01–I10.
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of 632 and 435 AFLP markers, which produced 90 and 80 
linkage groups for Tanzania Bikilamaliya parental cultivars, 
respectively. Cervantes-Flores et al. (2008) constructed 
linkage maps of Tanzania and Beauregard cultivars, which 
consisted of 86 and 90 linkage groups with 1166 and 960 
AFLP markers, respectively. More recently, Zhao et al. 
(2013) constructed the highest density linkage maps, which 
contained 2,077 and 1,954 markers for Xushu 18 and Xu 
781 parental cultivars, respectively. In their report, the link-
age map for Xushu 18 covered 8,184.5 cM and generated 90 
linkage groups, and that for Xu 781 covered 8,151.7 cM and 
generated 90 linkage groups. Thus, several thousands of 
markers are required to have 90 complete linkage groups, 

which is in agreement with the actual number of chromo-
somes in sweetpotato. Considering this, the marker numbers 
(124 and 122 markers for PSL and 90IDN-47, respectively) 
in our maps are by far insufficient for the map-based clon-
ing of genes. Indeed, our linkage maps cover only 43 and 47 
linkage groups for PSL and 90IDN-47, respectively. In ad-
dition, the genetic positions of several molecular markers 
(Cl233ds and Cl121ds) grouped on the same linkage group 
(P04) could not be determined in the PSL linkage map, and 
the markers were therefore placed on separate linkage 
groups (P04_1 and P04_2) (Fig. 1). This situation may have 
been due to the lack of closely linked markers caused by 
the small number of mapped markers in our linkage map. 

Fig. 2. Linkage map for ‘90IDN-47’ based on Rtsp-1 markers (I01–I47). The linkage groups were integrated with JoinMap 4.1 at an LOD of 5.0. 
The name of each marker is derived from the name of the insertion site (Cl* or pattern) and s (representing simplex marker) or ds (representing 
double-simplex). The number corresponding to each marker indicates the genetic distance between markers (cM). Of these linkage groups, I01–
I10 are homologous to P01–P10.
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Obviously, many additional markers are required to cover 
all 90 linkage groups for QTL mapping. However, we have 
recently screened long terminal repeat (LTR) retrotrans-
poson families showing high insertion polymorphism among 
cultivars in several crop species via an efficient, high- 
throughput sequencing platform (Monden et al. 2014a). We 
are currently identifying those families in sweetpotato; once 
those families are identified, their insertion poly morphisms 
may easily be applied as molecular markers. Thus, combin-
ing several families with high copy numbers should provide 
a large number of loci within the genome.

In conclusion, our study demonstrates the usefulness and 
efficiency of retrotransposon-based molecular markers for 
the construction of linkage maps in polyploid species: a 
higher proportion of simplex markers, and time and labor 
savings by high-throughput sequencing. We expect that a 
higher-density linkage map will be generated based on the 
insertion polymorphisms of several retrotransposon families 
combined with other molecular markers, thereby promoting 
map-based cloning of genes in sweetpotato.
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