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Abstract Simple sequence repeat (SSR) markers provide

a powerful tool for genetic linkage map construction that

can be applied for identification of quantitative trait loci

(QTL). In this study, a total of 640 new SSR markers were

developed from an enriched genomic DNA library of the

cassava variety ‘Huay Bong 60’ and 1,500 novel expressed

sequence tag-simple sequence repeat (EST-SSR) loci were

developed from the Genbank database. To construct a

genetic linkage map of cassava, a 100 F1 line mapping

population was developed from the cross Huay Bong 60 by

‘Hanatee’. Polymorphism screening between the parental

lines revealed that 199 SSRs and 168 EST-SSRs were

identified as novel polymorphic markers. Combining with

previously developed SSRs, we report a linkage map

consisted of 510 markers encompassing 1,420.3 cM, dis-

tributed on 23 linkage groups with a mean distance

between markers of 4.54 cM. Comparison analysis of the

SSR order on the cassava linkage map and the cassava

genome sequences allowed us to locate 284 scaffolds on

the genetic map. Although the number of linkage groups

reported here revealed that this F1 genetic linkage map is

not yet a saturated map, it encompassed around 88% of the

cassava genome indicating that the map was almost com-

plete. Therefore, sufficient markers now exist to encompass

most of the genomes and efficiently map traits in cassava.

Introduction

Cassava (Manihot esculenta Crantz) is an important crop

that is commonly grown in tropical and subtropical areas. It

is used as a major source of carbohydrate for over 500

million people (El-Sharkawy 2004). Cassava crop is also

used to produce chip/pellets for starch production, animal

feed and used as a raw material for ethanol fermentation.

Cassava has an allopolyploid genome, with 2n = 36

chromosomes with the estimated size of the haploid gen-

ome of about 772 mega base pairs (Bennett et al. 1982). It

has DNA content of 1.67 pg per cell nucleus (Awoleye

et al. 1994).

Molecular markers are powerful tools for marker-assis-

ted selection (MAS) in plant breeding (Collard and Mackill

2008; Ribaut and Hoisington 1998). MAS is more efficient,
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effective, reliable and cost-effective than conventional

selection for many traits during plant breeding (Collard

et al. 2005). Microsatellite or SSR markers are widely used

to construct genetic maps, associate traits with underlying

genomic regions and for MAS (Varshney et al. 2005).

Microsatellites are found in all eukaryotic genomes. They

consist of 1–6 bp of nucleotide motifs repeated in 5–20

copies (Field and Wills 1996) distributed throughout the

genome both in coding and non-coding regions (Kashi

et al. 1997). Moreover, SSRs are co-dominant in inheri-

tance, reproducible, highly polymorphic, simple and cheap

to use (Gupta and Varshney 2000; Song et al. 2004). The

use of genomic DNA enriched for satellites to produce

libraries for DNA sequencing was a common and reliable

technique to develop markers in many plant species,

including wheat (Song et al. 2005), maize (Sharopova et al.

2002), peanut (He et al. 2003), onion (Tsukazaki et al.

2007) and red clover (Sato et al. 2005). Alternatively, SSRs

have been developed from published sequence databases of

ESTs (Feng et al. 2009; Raji et al. 2009; Tangphatsornru-

ang et al. 2008; Yu et al. 2004a, b) and/or BAC end

sequence databases (La Rota et al. 2005; McCouch et al.

2002; Shultz et al. 2007; Temnykh et al. 2001). Although

EST derived SSRs showed less polymorphism than geno-

mic SSRs, they are directly linked to expressed genes (Cho

et al. 2000; La Rota et al. 2005; Shultz et al. 2007).

Therefore, direct association can be made between geno-

type and phenotype leading to identification of QTL

underlying the traits of interest using EST linkage map

(Rudd 2003).

For cassava, SSRs have been developed and used in

genetic linkage map construction (Fregene et al. 1997). The

first genetic linkage map of cassava was constructed from

F1 intra-specific cross using SSR, RFLPs, RAPDs and

isoenzymes (Fregene et al. 1997). Later, more SSRs

(Chavarriaga-Aguirre et al. 1998) and EST-SSRs (Raji

et al. 2009; Tangphatsornruang et al. 2008) were developed

for germplasm evaluation in cassava and its related species.

In addition, 172 SSR markers were developed from geno-

mic DNA-derived satellite-enriched library and mapped in

an F1 population (Mba et al. 2001). In 2006, a genetic map

of an F2 population was developed using SSR markers

(Okogbenin et al. 2006). Kunkeaw et al. (2010a, b) pre-

sented a composite map of an F1 population that consisted

of AFLP, SSR and EST markers. However, none of these

maps could completely encompass the genome of cassava.

A recent genetic map of cassava was constructed using F1

population (Chen et al. 2010). The map consisted of 18

linkage groups with a total length of 1,707.9 cM, however,

the map was mostly based on AFLPs (65%) and SSRs,

EST-SSRs and sequence-related amplified polymorphisms

(SRAPs).

Here, the aim was to develop additional SSR markers

from genomic DNA enriched for SSRs and the Genbank

EST database from cassava and to construct genetic map

using a F1 mapping population.

Methods

Plant materials

Huay Bong 60 is a commercial cassava variety for

Thailand that was developed by a cross between ‘Rayong

5’ and ‘Kasetsart 50’. Huay Bong 60 is widely grown due

to its high starch content and biomass yield. However, it is

a bitter type with high-cyanide content. ‘Hanatee’ is a local

variety with low levels of starch content, biomass and

yield. It is classified as a sweet type due to low cyanide

content. An F1 population consisting of 100 individuals

derived from crosses of Huay Bong 60 by Hanatee was

developed in 2006 and used for linkage map analysis. All F1

plant samples were propagated by stem cutting and grown at

the Rayong Field Crops Research Center, Thailand. The dis-

tance between planting row was 1.5 and 1 m between indi-

vidual plants. Fertilizer (15:15:15), 312.5 kg/ha, and chicken

manure, 3,100 kg/ha was be applied at 1 month after planting.

Pest management was applied as necessary.

SSR-enriched genomic libraries construction

An enriched genomic DNA library was constructed from

Huay Bong 60 as described by Nunome et al. (2006) with

some modifications. Leaf tissue was collected for DNA

extraction using DNeasy Plant Mini Kit (QIAGEN, Hilden

Germany). Four libraries were constructed. For the first

library, 20 lg of genomic DNA was digested with two

different restriction enzymes; AluI (Fermentas, Hanover,

MD, USA), HaeIII (TaKaRa Bio Inc., Ohtsu-shi, Japan).

The other three libraries were each made from DNA

digested with three different restriction enzymes; AluI

(Fermentas), HaeIII (TaKaRa Bio Inc.) and AfaI (TaKaRa

Bio Inc.). Each digested DNA was purified using Wizard

SV Gel and PCR Clean-Up System (Promega, Madison

WI, USA) and ligated with double stranded DNA linkers

(linker 1: 50-GTTTAGCCTTGTAGCAGAAGC-30 and

linker 2: 50-pGCTTCTGCTACAAGGCTAAACAAAA-30).
Ligation reactions were performed in 60 ll reactions con-

taining 10 lM DNA linkers, 19 rapid ligation buffer, 24 U

of T4 DNA ligase (Promega), 20 U XmnI (Promega), 10 U

of each restriction enzyme in individual reaction: AluI,

HaeIII and AfaI. Ligation reactions were accomplished by

25 cycles of 30 min at 16�C, and 10 min at 37�C, and

incubated at 16�C overnight.
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For the first library, 5 ll of linker-ligated DNA of AluI

and HaeIII was pooled and hybridized with 1.5 lM of a

biotinylated oligo probe of (AC)12/(CT)12. Libraries 2, 3

and 4, three different linker-ligated DNAs of AluI, HaeIII

and AfaI, were pooled and hybridized with (AT)12/(CTT)8,

(ACC)8/(AGC)8 and (GC)12/(GGC)8 probes, respectively.

All hybridized reactions were incubated at 95�C for

15 min followed by incubating overnight at different

temperatures; 42�C for libraries 1 and 2, 50�C for library 3

and 58�C for library 4. 150 ll (1,500 lg) of Dynabeads

(Dynabeads M-280 Streptavidine-DYNAL; Invitrogen

Dynal AS. Smestad, Norway) was washed with B&W

buffer (10 mM Tris–HCl pH 7.5, 1 mM EDTA, 2 M NaCl)

followed by centrifugation and collection of magnetic

beads (repeated 3 times). After adding hybridized-biotin-

ylated oligo DNA into Dynabeads, the mixture was incu-

bated at 43�C for 2 h, and the supernatant was removed by

placing on a magnetic separation stand. The captured

complexes were washed with 400 ll of 29 SSC/0.1% (w/

v) SDS, twice for 5 min at room temperature followed by

twice at each hybridization temperature for 5 min with 19

SSC/0.1%. After the supernatant was discarded, 120 ll of

pre-heated TE buffer (at 95�C) was added and incubated

for 10 min at 95�C to elute the captured DNA.

The eluted DNA was used for PCR amplifications with

linker 1 primer. The PCR reactions were set-up using 19

PCR Buffer (Mg2? plus), 0.2 mM dNTPs, 1.5 mM MgCl2,

0.8 lM linker, and 5 U Ex-Taq polymerase (TaKaRa Bio

Inc.). The PCR profile was 94�C for 30 s, followed by 30

cycles of 94�C for 30 s, 60�C for 1 min, 68�C for 1 min,

then 68�C for 7 min. PCR products derived from the cap-

tured DNA were separated by electrophoresis on 1% Sea-

kem GTG agarose gel (FMC, Bioproducts, Rockland,

USA) at 20 V overnight and stained with ethidium bro-

mide. The expected DNA bands of sizes between 750 bp

and 2.5 kbp was excised in a block and embedded by

converting the large size of DNA fragment on the top of

0.8% Sea Plaque GTG agarose gel (FMC Bioproduct).

After which, the agarose was cut into 50 ml tube and

weighed to determine the appropriate volume of 19 aga-

rose buffer (1 g of gel equal to 10 ml 19 agarose buffer).

The gel was melted at 70�C for 15 min and cooled down to

45�C before b agarose (2 U/200 mg of gel) was added and

incubated at 45�C for 1 h The DNA fragments were eth-

anol precipitated and the pellet washed in 70% (v/v) eth-

anol. The PCR products A-tailed by the following reaction

mixture: 150–200 ng of PCR product, 19 buffer, 0.2 mM

dATP, 1.5 mM of MgCl2, 2.5 U rTaq polymerase (TaKaRa

Bio Inc.) and incubated at 70�C for 30 min.

The A-tailed PCR products were cloned into pGEM-T

Easy vector (LigaFast Rapid DNA ligation system, Pro-

mega) according to the manufacturer’s instructions. The

enriched library was transformed into the ElectroTen-Blue

Electroporation competent cells (Stratagene, La Jolla, CA,

USA) by electroporation. The transformants were selected

on LB agar plates containing ampicillin, X-gal and IPTG

(TaKaRa Bio Inc.). White colonies were used to find the

insert size by PCR using T7 and SP6 primers after growth

in 96-well plates. Inserts were amplified using TempliPhi

100 Amplification Kit (GE Healthcare, Piscataway, NJ)

according to the manufacture’s instructions. Finally,

amplified DNA was sequenced.

EST-SSR analysis

A total of 76,566 ESTs obtained from the Genbank EST

database was assembled to 28,940 unique sequences

(Kunkeaw et al. 2010b). The identification and localization

of microsatellites were conducted as described in Kunkeaw

et al. (2010b).

Primer designs

DNA sequences of clones were trimmed and analyzed to

identify repeat regions. SSR primers were designed from

flanking regions of SSR containing sequences using the

Primer 3 program. The PCR product size was designed to

be in range of 90–300 bp (Sato et al. 2005).

Analysis of SSR markers

SSR primers were analyzed with genomic DNA of cassava

varieties Huay Bong 60 and Hanatee. Informative SSR

markers that showed heterozygous pattern in either female

or male parent were used to genotype 100 F1 progenies of

the cross. Polymerase chain reaction (PCR) was performed

as described in Kunkeaw et al. (2010a) in 15 ll reaction

volumes containing 25 ng of genomic DNA, 0.2 lM of

each primer, 200 lM dNTPs (Promega), 19 PCR buffer,

1.5 mM MgCl2, and 1 U Taq DNA polymerase (Promega).

PCR was accomplished by 2 min at 94�C, followed by 45 s

at 94�C, 45 s at primer annealing temperature, and 1 min at

72�C for 30 cycles and final extension for 5 min at 72�C.

The PCR amplification products were visualized on 5%

(w/v) denaturing polyacrylamide gel and visualized by

silver staining (Benbouza et al. 2006).

Genetic linkage analysis

Genotypic data of SSR markers were scored as CP codes as

described by Van Ooijen and Voorrips (2001). All infor-

mative SSR markers were used to construct a genetic

linkage map using JoinMap� version 3.0 (Van Ooijen and

Voorrips 2001). The genotype data were scored as CP

codes (e.g. \abxcd[, \efxeg[, \lmxll[, \nnxnp[ and

\hkxhk[). Linkage groups were determined using an
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LOD threshold of 4.0. Map construction was performed,

using the Kosambi mapping function with JoinMap

parameter settings as follows: Rec = 0.5, LOD = 4.0 and

Jump = 5 (Kosambi 1944). To compare the order of SSR

loci with the cassava genome sequence, primer sequences

were searched for sequence homology against the scaffolds

of the cassava genome (ftp://ftp.jgi-psf.org/pub/JGI_data/

phytozome/v5.0/Mesculenta) using BlastN.

Results

Ninety-six hybridizing clones from each library were

selected for sequencing. The results showed that library 1

contained most SSRs that were useful for design primers.

Additional clones (2,016) from the library 1 were then

selected and sequenced. From 2,400 clones, 2,269 (94.5%)

were successfully sequenced. Of these, 1,576 (69.4%)

clones contained microsatellite regions with 1,221 (77.4%)

in non-redundant sequences. This indicated that our

genomic libraries are highly enriched with microsatellite

regions.

In this study, 712 (58.3%) useful SSR primer pairs

were designed from those sequences. The predominant

microsatellite motifs were di-nucleotide repeats (73.03%),

while 18.68 and 8.29% were tri-nucleotide repeats and tetra-

nucleotide repeats, respectively. The majority of di-nucleotide

motifs were AC/TG repeats (56.15%); the majority of tri-

nucleotide repeats were AAT/TTA (21.05%) or AAG/TTC

(21.05%); and the predominant tetra-nucleotide repeat was

AAAT/TTTA (28.81%) as shown in Table 1.

A total of 640 of the 712 (89.89%) useful SSR primer

pairs was suitable for detection of polymorphisms between

the DNA of the population parents. The analysis of the

population showed 439 (68.59%). SSR primer pairs that

were successfully amplified in all DNA samples. Of these,

199 (31.09%) markers were found to be informative

markers that showed heterozygous pattern in either or both

parental lines, whereas 240 (37.50%) pairs were non-

informative.

In this study, we screened 1,500 new primer pairs

amplifying microsatellites in the cassava EST database.

These primers were designed to amplify microsatellites

with di- (1,012; 67.47%), tri- (438; 29.20%) and tetra- (50;

3.33%) nucleotide repeats, as present in Table 2. Genomic

DNA of parental lines were tested with all new EST-SSR

primers, the results showed that 1,222 (81.47%) primer

pairs successfully amplified genomic DNA. Of these, 168

Table 1 Type and number of

microsatellite motifs from SSR-

enriched genomic libraries that

were used to screen for linkage

map construction

Type of SSR motif No. of clones (%) Repeat motif No. of clones (%)

Di- nucleotide repeats 520 (73.03) AC/TG 292 (56.15)

AG/TC 200 (38.46)

AT/TA 28 (5.38)

Tri- nucleotide repeats 133 (18.68) AAT/TTA 28 (21.05)

AAG/TTC 28 (21.05)

ATC/TAG 13 (9.77)

AAC/TTG 16 (12.03)

AGC/TCG 23 (17.29)

ACT/TGA 4 (3.01)

GGT/CCA 8 (6.02)

GGA/CCT 7 (5.26)

GGC/CCG 6 (4.51)

Tetra- nucleotide repeats 59 (8.29) AAAT/TTTA 17 (28.81)

GGGT/CCCA 2 (3.39)

GGGA/CCCT 5 (8.47)

AATT/TTAA 3 (5.08)

AAAG/TTTC 16 (27.12)

AAAC/TTTG 6 (10.17)

AATG/TTAC 2 (3.39)

GACT/CTGA 3 (5.08)

GGCT/CCGA 1 (1.69)

AATC/TTAG 1 (1.69)

AAGC/TTCG 1 (1.69)

GGAT/CCTA 1 (1.69)

GAGC/CTCG 1 (1.69)
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(13.75%) primer pairs showed informative polymorphism.

The sequences of SSR and EST-SSR primers developed in

this project are available upon request.

In addition to these newly synthesized primers (199

SSRs and 168 EST-SSRs), 277 of informative SSRs that

were developed by CIAT and 81 informative EST-SSR

Fig. 1 The genetic linkage map of cassava F1 population (Manihot
esculenta Crantz) developed from SSR and EST-SSR markers. The

map is composed of 510 SSR loci, covering 1,420.3 cM on 23 linkage

groups. On the map, the SSR loci name is followed by the scaffold

name(s) that each locus is located in the cassava genome project

(ftp://ftp.jgi-psf.org/pub/JGI_data/phytozome/v5.0/Mesculenta)
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markers from Kunkeaw et al. (2010b) were also included in

this genetic linkage map construction. In total, 725 infor-

mative markers were successfully genotyped within the

100 F1 individuals of the mapping population and subjected

to linkage map analysis. All of 725 markers were used for

linkage map analysis with LOD score set at 4.0. The

linkage map of the F1 population consisted of 510 SSR

markers distributed on 23 linkage groups (Fig. 1). The map

encompassed 1,420.3 cM. Linkage groups ranged in length

from the 2.0 cM of LG23 to the 120.42 cM of LG2. The

total number of markers in each linkage group varied from

2 to 71. The mean size of linkage groups was 61.8 cM

containing 22.2 loci. The mean distance between linked

markers was 4.54 cM, but ranged from 0.1 to 26.1 cM.

To search for the location of SSR loci on the cassava

genome sequence, primer sequences were searched for

sequence homology against the scaffolds of the cassava

genome (ftp://ftp.jgi-psf.org/pub/JGI_data/phytozome/v5.0/

Mesculenta) using BlastN.

We were able to identify the locations of 481 (94.3%)

SSR loci on the linkage map scattering on 284 scaffolds of

the cassava genome (Table 3).

Fig. 1 continued
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Discussion

Microsatellites are the most widely used DNA markers for

genetic linkage map analysis (Ritschel et al. 2004). The

satellite-enriched genomic library was a simple procedure

used to characterize SSR markers in many plant species,

including cassava (Chavarriaga-Aguirre et al. 1998; Mba

et al. 2001). To characterize and develop additional SSR

markers of cassava, four enriched genomic DNA libraries

were constructed from cassava, and each library was

enriched with a different biotinylated DNA oligomer. The

most abundant microsatellite motif in plant genomes was

the (GA/CT)n repeat (Li et al. 2002; Morgante et al. 2002;

Saha et al. 2006). The (GA/CT) SSR motif was used to

construct enriched libraries in cassava (Chavarriaga-

Aguirre et al. 1998; Mba et al. 2001). Therefore, this study

choose different SSR motifs (AC)12/(CT)12, (AT)12/

(CTT)8, (ACC)8/(AGC)8 and (GC)12/(GGC)8 to construct

enriched libraries. The results showed that AC/TG (56%)

repeats were common and could be used to design primers

useful for mapping. There was no evidence for clustering

of repeat motifs seen in other paleopolyploid genomes

(Shultz et al. 2007). In the previous study, Mba et al.

(2001) constructed GA-enriched libraries with 45–60%

enrichment efficiency. In this study, the highest efficiency

of enriched library, 74% was found in the library using

(AC)12/(CT)12. The average efficiency of other plants that

ranges from 50 to 90% (Butcher et al. 2000). The enriched

libraries increased the rate of SSR discovery as compared

to the sequencing of genomic DNA in BAC end sequences

(13–15%) (La Rota et al. 2005; McCouch et al. 2002;

Shultz et al. 2007; Temnykh et al. 2001). However, the

problem of SSR-enriched library for marker development

is partly caused by small insert size that lead to short or

redundant flanking regions not suitable for primer design

(Sharopova et al. 2002).

There was concern that the F1 population may not be

ideal for map development (Okogbenin et al. 2006).

However, the process of population development for cas-

sava was limited by the long growing cycle and low seed

number per pollination that results in limits to developing

F2 or derived populations for classical genetic studies

(Kunkeaw et al. 2010a). Conversely, several genetic link-

age maps of cassava (Fregene et al. 1997; Kunkeaw et al.

2010a, b; Chen et al. 2010) and other perennials, such as

tea (Hackett et al. 2000) have been constructed using F1

Table 2 Type and number of

EST microsatellite motifs that

were used to screen for linkage

map construction

Type of SSR motif No. of clones (%) Repeat motif No. of clones (%)

Di-nucleotide repeats 1,012 (67.47) AC/TG 68 (6.72)

AG/TC 709 (70.06)

AT/TA 23 (23.02)

GC/CG 2 (0.20)

Tri-nucleotide repeats 438 (29.20) AAC/TTG 12 (2.74)

AAG/TTC 168 (38.36)

AAT/TTA 55 (12.56)

ACG/TGC 4 (0.91)

ACT/TGA 1 (0.23)

AGC/TCG 61 (13.93)

ATC/TAG 60 (13.70)

GGA/CCT 38 (8.68)

GGC/CCG 10 (2.28)

GGT/CCA 29 (6.62)

Tetra-nucleotide repeats 50 (3.33) AAAC/TTTG 2 (4.00)

AAAG/TTTC 22 (44.00)

AAAT/TTTA 12 (24.00)

AAGC/TTCG 1 (2.00)

AATC/TTAG 2 (4.00)

AATG/TTAC 1 (2.00)

AATT/TTAA 2 (4.00)

AGGT/TCCA 1 (2.00)

GAGC/CTCG 2 (4.00)

GATC/CTAG 2 (4.00)

GGAT/CCTA 2 (4.00)

GGGA/CCCT 1 (2.00)
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Table 3 A list of number and scaffold name from the cassava genome project present on each linkage group

Linkage

group

No. of

scaffold

Scaffold name

LG1 33 scaffold00069, scaffold00109, scaffold01520, scaffold02658, scaffold03623, scaffold03648, scaffold04043,

scaffold04450, scaffold04457, scaffold04587, scaffold05280, scaffold05434, scaffold05938, scaffold06446,

scaffold06512, scaffold06609, scaffold06748, scaffold06871, scaffold06916, scaffold07035, scaffold07520,

scaffold07571, scaffold07591, scaffold07991, scaffold08473, scaffold08477, scaffold08860, scaffold08910,

scaffold09856, scaffold11341, scaffold11581, scaffold11998, scaffold12946

LG2 30 scaffold00368, scaffold00708, scaffold01743, scaffold01782, scaffold01945, scaffold02040, scaffold02421,

scaffold02610, scaffold02912, scaffold02993, scaffold03049, scaffold03277, scaffold03342, scaffold03692,

scaffold03812, scaffold03975, scaffold04300, scaffold04465, scaffold04486, scaffold05019, scaffold05206,

scaffold05772, scaffold06265, scaffold06278, scaffold07896, scaffold08828, scaffold10563, scaffold11882,

scaffold12147, scaffold12753

LG3 26 scaffold00010, scaffold00053, scaffold00363, scaffold00749, scaffold01481, scaffold02581, scaffold02853,

scaffold03040, scaffold03136, scaffold03750, scaffold04324, scaffold04450, scaffold05859, scaffold06700,

scaffold06754, scaffold07351, scaffold07378, scaffold07902, scaffold08446, scaffold08477, scaffold08801,

scaffold08873, scaffold10045, scaffold10504, scaffold12498, scaffold12525

LG4 26 scaffold01072, scaffold02307, scaffold02559, scaffold02630, scaffold03055, scaffold03168, scaffold03219,

scaffold03402, scaffold03667, scaffold03741, scaffold06484, scaffold06868, scaffold07007, scaffold07036,

scaffold07528, scaffold07543, scaffold08261, scaffold08265, scaffold08691, scaffold09260, scaffold09274,

scaffold09880, scaffold10673, scaffold11661, scaffold11689, scaffold12725

LG5 18 scaffold00621, scaffold02264, scaffold02892, scaffold03564, scaffold03602, scaffold03614, scaffold03651,

scaffold03718, scaffold05421, scaffold06043, scaffold06591, scaffold08000, scaffold08368, scaffold09426,

scaffold10758, scaffold10919, scaffold11928, scaffold12086

LG6 16 scaffold00520, scaffold00876, scaffold03115, scaffold03604, scaffold06089, scaffold06631, scaffold06656,

scaffold07845, scaffold09410, scaffold10292, scaffold10963, scaffold11179, scaffold11232, scaffold11425,

scaffold11970, scaffold12794

LG7 21 scaffold00480, scaffold00506, scaffold00746, scaffold02915, scaffold02967, scaffold02973, scaffold02994,

scaffold03569, scaffold03572, scaffold04151, scaffold05432, scaffold05693, scaffold05875, scaffold05958,

scaffold06327, scaffold08151, scaffold08316, scaffold10797, scaffold11494, scaffold12262, scaffold12327

LG8 20 scaffold00224, scaffold00271, scaffold00999, scaffold02538, scaffold02998, scaffold03735, scaffold03883,

scaffold04155, scaffold04165, scaffold06145, scaffold06314, scaffold06407, scaffold07891, scaffold08380,

scaffold09809, scaffold10689, scaffold11378, scaffold11495, scaffold12023, scaffold12439

LG9 16 scaffold00631, scaffold00821, scaffold02811, scaffold02949, scaffold04175, scaffold04881, scaffold05214,

scaffold06711, scaffold06825, scaffold06906, scaffold07543, scaffold07827, scaffold07933, scaffold10960,

scaffold11042, scaffold12946

LG10 10 scaffold00889, scaffold01305, scaffold03581, scaffold03942, scaffold04209, scaffold05898, scaffold06334,

scaffold08265, scaffold10136, scaffold11998

LG11 14 scaffold00318, scaffold00560, scaffold01195, scaffold01493, scaffold02717, scaffold05335, scaffold06028,

scaffold08498, scaffold08715, scaffold08847, scaffold09120, scaffold09180, scaffold09372, scaffold12091

LG12 10 scaffold00325, scaffold01072, scaffold01551, scaffold03741, scaffold06582, scaffold07069, scaffold07296,

scaffold07660, scaffold10173, scaffold10746

LG13 7 scaffold01624, scaffold03299, scaffold03484, scaffold04106, scaffold07012, scaffold10217, scaffold12946

LG14 6 scaffold00847, scaffold02960, scaffold04651, scaffold08542, scaffold10587, scaffold11069

LG15 9 scaffold00341, scaffold03264, scaffold03834, scaffold04083, scaffold04681, scaffold08359, scaffold09434,

scaffold09876, scaffold10899

LG16 11 scaffold00570, scaffold01584, scaffold03572, scaffold03802, scaffold04308, scaffold04653, scaffold05157,

scaffold10305, scaffold10761, scaffold11110, scaffold11297

LG17 7 scaffold04165, scaffold04450, scaffold04622, scaffold07070, scaffold11606, scaffold12004, scaffold12272

LG18 6 scaffold01718, scaffold04489, scaffold05269, scaffold07859, scaffold10114, scaffold10493

LG19 5 scaffold02895, scaffold02960, scaffold04024, scaffold04260, scaffold09870

LG20 3 scaffold06914, scaffold09151, scaffold11106

LG21 1 scaffold00081

LG22 2 scaffold08265, scaffold03283

LG23 1 scaffold09761

Italic scaffolds represent scaffolds with markers on more than one linkage group
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populations. Therefore, genetic mapping populations in

cassava were usually derived from crosses between het-

erozygous parents, F1 crosses (Fregene et al. 1997; Mba

et al. 2001; Kunkeaw et al. 2010b). In the previous work on

the construction of the cassava linkage map of cassava

using EST markers by Kunkeaw et al. (2010b), there were

more than 7,000 SSR loci identified in the Genbank EST-

db. The authors screened 425 primer pairs for polymor-

phism between the parental lines and found that 81 primer

pairs were informative and 56 EST-SSR loci were mapped

in the F1 population from crosses of Huay Bong 60 by

Hanatee (Kunkeaw et al. 2010b). Based on the same

mapping population as Kunkeaw et al. (2010b), 168 primer

pairs were informative and used in the genetic linkage map

analysis.

The linkage map in this study added 299 new micro-

satellite markers (181 SSR and 118 EST-SSR loci) into the

previous map constructed by Kunkeaw et al. (2010b).

Based on the genome size estimation method from linkage

data (Hulbert et al. 1988), the size of the cassava genome

was estimated to be around 1,610 cM (Fregene et al. 1997).

Here, we reported the map which encompassed 1,420.3 cM

or around 88% of the genome indicating that the map was

almost complete. SSRs provide powerful tool for genetic

linkage map construction that can be applied for identifi-

cation of QTL. Importantly, the marker linked to the QTL

can be further applied to MAS in cassava breeding pro-

gram for selecting cassava plant that contains desirable

phenotype.

In general, SSR loci in the same scaffold of the cassava

genome sequence located in the same linkage group. For

example, on the LG5, there were 39 loci which can be

located on 18 scaffolds of the cassava genome sequences

(Fig. 1). Fifteen SSR loci could be located on the scaf-

fold03614. However, 2 out of 15 loci from the scaf-

fold03614 were separated by markers from other scaffolds

on the LG5. This information could help bringing scaffolds

in the incomplete cassava genome sequences. However, the

non-corresponding order of markers between genetic

linkage map and the cassava genome sequence is probably

due to different genetic backgrounds used in the linkage

map construction and the cassava genome project. In some

cases, the comparison analysis may help bridging linkage

groups. For example, the scaffold02960 contained three

loci (CA23, CA241 and CA258) on the LG14 and one

locus (SSRY337) on the LG19. It is possible that the LG14

and LG19 are not linked on the linkage map due to a lack

of bridging markers. However, more experiments are

required to evaluate these hypotheses.
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