
Introduction

Sweetpotato (Ipomoea batatas L. Lam.) ranks as 
the world’s seventh most important food crop—after 
wheat, rice, maize, potato, barley and cassava. More 
than 129 million tons of sweetpotato are produced per 
year, mainly in Asia and Africa (FAO, 2007). While field 
evaluation and consecutive line selection on important 
agronomic traits have been the main methods adopted 
in sweetpotato breeding programs (Kumagai, 2001), 
molecular genetic studies on traits of interest such as 
nematode and virus resistance or starch content have 
recently been conducted to facilitate future marker-
assisted selection (Ukoskit et al., 1997; Mcharo et al., 
2005a, 2005b; Cervantes-Flores, 2006).

Along with the development of trait-linked DNA 
markers, the genetic linkage map covering the whole ge-
nome is an essential tool for analyzing genomic positions 
and allelic relationships. Sweetpotato is considered to 
be autohexaploid with a large number of chromosomes 
(2n=6x=90; Watanabe, 1939). Due to the complexity 
in inheritance of DNA markers, the construction of a 
genetic linkage map of autopolyploids, including sweet-
potato, involves different steps from those for diploids 
(da Silva and Sorrells, 1996; Kriegner et al., 2003; 

Cervantes-Flores, 2006): including (1) determination 
of the dosage of each polymorphic marker detected, 
(2) mapping of the single-dose markers to construct a 
framework map, (3) placement of the double-dose and 
triple-dose markers on the framework map in step 2, and 
(4) identification of the homologous groups, according 
to the co-localization of double-dose and triple-dose 
markers among linkage groups.

For the autopolyploids, an extremely large number 
of DNA markers is required for constructing a genetic 
linkage map, because the genome region to be covered 
is duplicated due to polyploidy, and because the analysis 
of single-dose markers does not enable to detect link-
ages in repulsion, which results in the 2n number of 
linkage groups (da Silva and Sorrells, 1996). Moreover, 
identification of the homologous groups (step 4) is 
another inherent challenge in genome mapping in 
autopolyploids, since the frequency of double-dose and 
triple-dose markers is relatively low, and their locations 
are occasional. Owing to these limitations, a complete 
genetic linkage map of sweetpotato has not yet been 
constructed, in spite of continuing and extensive studies 
(Mwanga et al., 2002; Kriegner et al., 2003; Cervantes-
Flores, 2006).

To address the above problems derived from the 
complexity in inheritance of DNA markers of highly 
polyploid crops, construction of linkage maps for diploid 
relatives has several advantages (Sorrells, 1992; da Silva 
and Sorrells, 1996), since it could be developed with a 
much smaller number of DNA markers and does not 
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require the identification of homologous linkage groups. 
Based on the expected co-linearity in the order of loci 
between diploids and polyploids, a diploid linkage map 
could provide an initial reference for further synteny and 
mapping studies of highly polyploid crops (Bonierbale 
et al., 1988; Li et al., 1998; Diwan et al., 2000; Sargent et 
al., 2004). 

Ipomoea trifida (H.B.K.) G. Don. is a wild relative of 
sweetpotato characterized by a polyploidy complex rang-
ing from diploid (2n=2x=30) to hexaploid (2n=6x=90) 
forms, which are cross-compatible with one another 
and also with sweetpotato (Shiotani and Kawase, 1989). 
Cytological and genetic studies using a series of inter-
specific hybrids have also revealed that I. trifida and 
sweetpotato share the same genome and can produce 
fertile progenies, among which genes can be freely ex-
changed through crossing (Shiotani et al., 1970; Shiotani 
and Kawase, 1989). 

The present study deals with the construction of a 
genetic linkage map of diploid I. trifida, a wild relative 
of sweetpotato, using AFLP markers. The map is the 
first step to construct a diploid-level reference map of 
sweetpotato, which could reveal the genomic loci of 
gene(s) of interest as well as their allelic relationships to 
one another, and in turn could be used to enhance future 
breeding programs.

Materials and Methods

Plant material and DNA extraction
An F1 population consisting of 92 individuals was 

established from an artificial cross between the two lines 
of diploid Ipomoea trifida: ‘0431-1’, a self-incompatible 
experimental line, and ‘Mx23-4’, an introduced germ-
plasm from Mexico which is self-compatible. The latter 
parent had separately been used to develop a series of 
inbred lines, and was used here since the expected link-
age map could be readily used to monitor their advance 
in homozygosity. Total DNA of each F1 individual and 
their parents was isolated from air-dried leaf tissues, as 
described by Tanaka et al. (2007).

AFLP analysis
The amplified fragment length polymorphism 

(AFLP) analysis was performed as described by Vos et 
al. (1995), with some modifications. Both the EcoRI and 
the MseI primers had three nucleotide extensions for se-
lective amplification and the EcoRI primers were labeled 
with one of three different fluorescent dyes (6-FAM, 
NED, VIC). In total, seventy-two primer combinations 
were used for selective amplification (Table 1).

Products of selective amplification with different 
fluorescent dyes and GeneScan 500 ROX Size Standard 
(product no. 401734; Applied Biosystems, Foster City, 
CA) were mixed and simultaneously analyzed on the 
ABI310 Genetic Analyzer (Applied Biosystems) using 
Genescan3.1.2 software (Applied Biosystems). Polymor-
phic DNA fragments ranging from 35 to 500 bp were 
visually examined and recorded as AFLP markers. Each 
marker was designated by the combination of the second 
and third selective nucleotides used in EcoRI and MseI 
primers, followed by the estimated size of the fragment 
(e.g., CATT355 = EcoRI+ACA / MseI+CTT, 355bp).

Linkage analysis of AFLP markers and map con-
struction

All the markers were subjected to a chi-square test 
for the expected ratio of 1:1 or 3:1, based on their segre-
gation type, and distorted markers were excluded from 
further analysis. The genotype data were then analyzed 
according to the double pseudo-testcross design (Grat-
tapaglia and Sederoff, 1994), and a linkage map for each 
parent was constructed separately using the computer 
software package JoinMap 4 (Van Ooijen, 2006). As a 
population type CP (outbreeder full-sib family), lm × 
ll, nn × np, and hk × hk genotype codes were used to 
score the segregation types of heterozygous loci in the 
female parent, male parent, and in both parents (hereaf-
ter referred to as “bi-parental”), respectively. Since the 
linkage phase of each marker was not originally known 
in the CP population, it was automatically determined by 
JoinMap 4 during the estimation of the recombination 
frequencies. 

The linkage groups were established at a LOD 8.0 
score, and the order of the markers in each linkage group 
was estimated using a “regression mapping algorithm” 
with a threshold of 1.0 for the minimum LOD score and 
of 0.4 for the maximum recombination frequency. The 
maternal and paternal linkage groups were denoted by 
“M” (maternal) or “P” (paternal) with the numbers cor-
responding to the order of the map length in a descend-
ing manner, respectively (Fig. 1).

Results

Detection and characterization of AFLP markers
Using seventy-two combinations of EcoRI and MseI 

selective primers, a total of 1418 AFLP markers were 
generated (Table 1). Of these, 880 and 476 were present 
only in the maternal or paternal parent, while the remain-
ing 62 polymorphic markers were bi-parental. Average 
numbers of scored markers per primer combination were 
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12.2, 6.6 and 0.9 for the maternal, paternal and bi-parental 
markers, respectively. Two hundred forty-four maternal, 
303 paternal and 10 bi-parental markers showed a signifi-
cant deviation from the respective expected ratios (1:1 
or 3:1) and were excluded from further analysis. Among 
those, some which did not segregate “absent” genotypes 
in the F1 progeny (i.e., the marker DNA fragments were 
detected in all F1 individuals) but showed polymorphism 
between parents, were considered to be dominantly 
homozygous in the relevant parental line.

Linkage analysis and map construction
Linkage analysis based on 618 maternal and 163 

paternal markers resulted in 17 and 15 linkage groups, 
respectively (Fig. 1). Meanwhile, a total of eighteen 
maternal and ten paternal markers could not be grouped 
or were further removed due to large chi-square values 
or suspected map positions in the distal end. The total 
length of the maternal maps spanned 910.0 cM, while 
that of the paternal markers covered 503.3 cM. The 
number of markers included in each linkage group 
varied considerably among both maternal (2 to 79) and 
paternal (2 to 30) maps (Fig. 1). In the maternal maps, 
apparent clustering of the markers was observed in 11 
out of 17 linkage groups (except for linkage groups M06, 
M09, M12, M14, M16, and M17), while clustering was 

Table 1   Primer combinations used and number of AFLP markers scored

Primer extension AFLP markers scored Primer extension AFLP markers scored
Eco RI / Mse I ‘0431-1’‘Mx23-4’ Bi-parental Eco RI / Mse I ‘0431-1’‘Mx23-4’ Bi-parental

AAA
AAA
AAA
AAA
AAA
AAA
AAA
AAA
AAC
AAC
AAC
AAC
AAC
AAC
AAC
AAC
AAG
AAG
AAG
AAG
AAG
AAG
AAG
AAG
ACA
ACA
ACA
ACA
ACA
ACA
ACA
ACA
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC

CAA
CAC
CAG
CAT
CTA
CTC 
CTG
CTT
CAA
CAC
CAG
CAT
CTA
CTC
CTG
CTT
CAA
CAC
CAG
CAT
CTA
CTC
CTG
CTT
CAA
CAC 
CAG 
CAT
CTA
CTC
CTG
CTT
CAA
CAC
CAG
CAT
CTA
CTC
CTG
CTT

23
16
25
20
15
18
21
23
9
9

12
7

14
11
10
11
17
17
11
19
21
13
12
17
20
13
13
12
15
11
11
10
6
5

12
8
3
5
5
4

16
7

12
16
14
4
2

10
2
7
9
7

10
2
2

11
12
7

19
10
7
1
2

13
7
8

13
11
10
2
1
8
1
5
3
1
1
0
1
8

0
2
0
1
1
2
2
1
1
1
0
3
1
1
2
0
1
0
1
0
4
1
1
1
1
1
1
0
3
0
3
1
0
0
1
0
0
0
1
0

ACG
ACG
ACG
ACG
ACG
ACG
ACG
ACG
ACT
ACT
ACT
ACT
ACT
ACT
ACT
ACT
AGC
AGC
AGC
AGC
AGC
AGC
AGC
AGC
AGG
AGG
AGG
AGG
AGG
AGG
AGG
AGG

Sub-total
Total

CAA
CAC
CAG
CAT
CTA
CTC
CTG
CTT
CAA
CAC
CAG
CAT
CTA
CTC
CTG
CTT
CAA
CAC
CAG
CAT
CTA
CTC
CTG
CTT
CAA
CAC
CAG
CAT
CTA
CTC
CTG
CTT

6
11
8
2

15
15
7
7

16
23
15
16
15
12
14
21
7
4
9

10
9

10
8

10
10
11
14
5

12
10
10
14

880

9
8
7
1
4
1
1
9

10
7
9

15
6
5
6

20
4
6
3
8
3
0
4
9
9
3

11
1
1
0
3

11

476

0
1
1
2
0
1
0
0
0
0
0
2
1
0
0
1
0
0
1
2
0
1
1
1
0
0
1
1
2
2
1
1

62
1418
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Fig. 1  Genetic linkage map of diploid Ipomoea trifida using the F1 population from the cross between the maternal line (‘0431-1’) 
× paternal line (‘Mx23-4’). 

  a) and b) are the maternal and paternal maps, respectively. Each linkage group is denoted by “M” (maternal) or “P” 
(paternal), followed by the number of the group corresponding to its map length in descending order. The cumulative map 
distances in centiMorgans (cM) are shown on the left side and the names of the loci on the right side of each linkage group. 
The number of markers which co-segregate to the marker at the locus is indicated in parenthesis after the locus name.



Trop. Agr. Develop. 54（1）201014

not apparent in the paternal maps except for P11. In these 
clusters of markers, several groups of co-segregated 
markers, showing totally identical genotypes, such as 
AGAC121 (with 6 other markers) on the linkage group 
M01, CCAG283 (with 9 markers) and AGAC119 (with 
10 markers) on M03, and AGAC127 (with 4 markers) on 
M13 were also located.

Discussion

Using the F1 population derived from a cross be-
tween two diploid I. trifida lines, maternal and paternal 
genetic linkage maps consisting of 17 and 15 linkage 
groups, respectively, were constructed. The number of 
linkage groups for each parent apparently covered the 
basic chromosome number of fifteen in diploid I. trifida 
(Shiotani et al., 1970). The total map lengths of the mater-
nal and paternal maps were 910.0 cM and 503.3 cM, re-
spectively, which differed significantly from one another 
and were highly correlated with the number of AFLP 
markers initially detected in the maternal and paternal 
lines (880 and 476, respectively; Table 1). Although the 
heterozygosity in ‘Mx23-4’, one of the parental lines, was 
previously verified by preliminary RAPD analysis (data 
not shown), its self-compatibility could possibly lead to 
frequent selfing and to the fixation in a large proportion 
of marker loci. 

The genetic linkage maps presented here are con-
sidered to be the first ones for diploid I. trifida to cover 
the whole genome, while the highly comprehensive 
AFLP-based linkage map of sweetpotato, consisting of 
86 maternal and 90 paternal linkage groups, has been 
recently reported, with total map lengths of 5792 cM and 
5276 cM for the maternal and paternal parents, respec-
tively (Cervantes-Flores, 2006). In constructing hexaploid 
sweetpotato linkage maps, only coupling linkage among 
the relevant markers was considered, resulting in a map 
with 2n linkage groups (i.e. 90 at a maximum) (Kriegner 
et al., 2003; Cervantes-Flores, 2006). By contrast, for dip-
loid outcrossing species including I. trifida, the genome-
wide linkage map developed by JoinMap 4 is expected 
to correspond to the haploid chromosomes (Maliepaard 
et al., 1998; Inoue et al., 2004; Wu et al., 2004), since the 
unknown linkage phase of adjacent markers was firstly 
determined and the recombination in both phases be-
tween homologous parental chromosomes was equally 
considered (Van Ooijen, 2006). Since the total lengths 
of the latest sweetpotato linkage map (5792 cM and 5276 
cM for the maternal and paternal maps, respectively; 
Cervantes-Flores, 2006) are nearly equal to six times 
the total length of maternal linkage map in the present 

study (5460 cM; namely 910 cM multiplied by 6 of the 
number of homologous linkage groups in sweetpotato), 
the current results might represent a likely estimate for 
the haploid genome length of diploid I. trifida. 

Clustering of the markers observed in several link-
age groups of the maternal map in the present study was 
in accordance with the AFLP linkage map of sweetpotato 
described by Cervantes-Flores (2006). In addition, this 
phenomenon was commonly observed in the AFLP-
based linkage maps of many plant species including 
potato (Van Eck et al., 1995), soybean (Keim et al., 1997) 
and Arabidopsis (Alonso-Blanco et al., 1998). In each of 
these studies, the number of observed clusters of AFLP 
markers per linkage group ranged from one to three. 
Based on the comparative linkage analyses of AFLP 
markers generated by EcoRI/MseI and those by PstI/
MseI (Young et al., 1999), and the sequence analyses 
of EcoRI/MseI-generated AFLP markers from clustered 
and non-clustered regions (Poncet et al., 2005), the 
clustering of EcoRI/MseI-derived AFLP markers is con-
sidered to reflect the lower recombination rate around 
the relevant hypermethylated regions of the genome 
such as the centromere.

Due to the high degree of polyploidy with a large 
number of chromosomes, the construction of a genetic 
linkage map of sweetpotato is considered to require an 
extremely large number of DNA markers. Through a 
series of genome mapping studies of sweetpotato, the 
total length of the AFLP linkage map for cv “Tanzania” 
increased from 1860 cM to 3656 cM and to 5792 cM in 
proportion to the number of the single-dose markers 
used ranging from 330 to 485 and to 947 (Mwanga et 
al., 2002; Kriegner et al., 2003; Cervantes-Flores, 2006). 
Although the linkage map presented here was developed 
with only seventy-two primer combinations, which was 
about one-fifth of those used for the latest linkage map of 
sweetpotato (i.e., 342 primer combinations; Cervantes-
Flores, 2006), genome coverage appears to be highly 
comparable. Therefore, it is considered that the use 
of diploid I. trifida could enable to construct a genetic 
linkage map representing the sweetpotato genome with 
a much reduced number of DNA markers.

In the construction of genetic linkage maps using 
diploid relative(s) of polyploid crops, since the identifi-
cation of homologous linkage groups is inherently not 
necessary, the homologous loci could be accurately 
identified. This provides another notable advantage, 
especially for studies on the traits controlled by multiple 
quantitative trait loci (QTLs). In sweetpotato, two QTLs 
with positive effects on and two QTLs with negative ef-
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fects on resistance to the southern root-knot nematode 
were detected on four linkage groups belonging to the 
same homologous group of cv “Tanzania” (i.e. T07.37, 
T07.38, T07.39 and T07.41), separately (Cervantes-
Flores, 2006). However, the allelism and relative position 
of these QTLs could not be determined, which would 
be important for further genetic dissection and utiliza-
tion, because these homologous linkage groups were 
connected with only one or two double-dose markers 
and their alignment remained incomplete. The diploid 
linkage map constructed in the present study could 
be used as a powerful tool to address this issue if the 
AFLP markers linked to these QTLs were converted into 
relevant STS markers and mapped onto it, and if their 
relative map positions could be accurately determined.

In autopolyploid crop species such as potato, sugar-
cane and strawberry (Li et al., 1998; Asnaghi et al., 2004; 
Lerceteau-Köhler et al., 2005), several DNA markers 
tightly linked to traits of interest have been successfully 
identified through bulked segregant analysis (Michel-
more et al., 1991). This procedure is also suitable for 
sweetpotato, since it does not initially require laborious 
genome-wide linkage analysis. For further studies on 
the inheritance of the relevant marker(s) identified 
thereby, the use of a diploid linkage map as the “refer-
ence” might be a time-and-cost-efficient alternative. As 
a first step to construct the diploid “reference” linkage 
map of sweetpotato, the map presented here might be 
considered as the frame map for further incorporation 
of locus-specific co-dominant DNA markers, including 
SSR and CAPS, so that it could be applied to diverse 
sweetpotato genotypes.
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