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Abstract The development of PCR-based, easily auto-
mated molecular genetic markers, such as SSR markers,
are required for realistic cost-effective marker-assisted
selection schemes. This paper describes the development
and characterization of 172 new SSR markers for the
cassava genome. The placement of 36 of these markers
on the existing RFLP framework map of cassava is aso
reported. Two similar enrichment methods were em-
ployed. The first method yielded 35 SSR laci, for which
primers could be designed, out of 148 putative DNA
clones. A total of 137 primer pairs could be designed
from 544 putative clones sequenced for the second en-
richment. Most of the SSRs (95%) were di-nucleotide re-
peats, and 21% were compound repeats. A major draw-
back of these methods of SSR discovery is the redundan-
cy — 20% duplication; in addition, primers could not be
designed for many SSR loci that were too close to the
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cloning site — 45% of the total. All 172 SSRs amplified
the corresponding loci in the parents of the mapping
progeny, with 66% of them revealing a unique alele in
at least one of the parents, and 26% having unique al-
leles in both of the parents. Of the 36 SSRs that have
been mapped, at least 1 was placed on 16 out of the 18
linkage groups of the framework map, indicating a broad
coverage of the cassava genome. This preliminary map-
ping of the 36 markers has led to the joining of a few
small groups and the creation of one new group. The
abundance of alelic bridges as shown by these markers
will lead to the development of a consensus map of the
male- and female-derived linkage groups. In addition,
the relatively higher number of these allelic bridges,
30% as against 10% for RFLPs in cassava, underscores
SSR as the marker of choice for cassava. The 100%
primer amplification obtained for this set of primers also
confirms the appropriateness of SSR markers for use in
cassava genome analysis and the transferability of the
technology as a low-cost approach to increasing the effi-
ciency of cassava breeding. Current efforts are geared to-
wards the generation of more SSR markers to attain a
goal of 200 SSR markers, or 1 SSR marker every 10 cM.

Keywords Cassava - Molecular genetic markers -
Simple sequence repeats - Enriched libraries - Molecular
genetic map

Introduction

Cassava, Manihot esculenta Crantz, is an important
starchy staple of the lowland tropics and a mainstay of
some of the most hard-pressed populations of the world,
food security-wise. The crop accounts for over 60% of
the daily calorie intake of some 500 million people in the
sub-Saharan region of Africa (FAO 1997) and is irre-
placeable in this part of the world as a food-security
crop. It istherefore ironical the paucity of genetic studies
aimed at improving the efficiency of cassava cultivation.
The number of years required for the evauation of
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promising clones, approximately 10 years, is a bottle-
neck to increased productivity; a quicker means of iden-
tifying clones with top-of-the-line performance is clearly
required.

A molecular genetic map of cassava was constructed
on the basis of the segregation of predominantly restric-
tion fragment length polymorphism (RFLP) markersin a
F, intra-specific cross (Fregene et. al. 1997), as a first
step towards marker-assisted genetic analysis of traits of
agronomic importance. To date, the genetics of resis-
tance of two devastating cassava diseases, both major
production constraints, the cassava bacterial blight
(CBB) and the African cassava mosaic disease (ACMD),
have been studied using the mapping population, and a
backcross derivative (CIAT, unpublished data). Other
traits studied include the inheritance of early bulking and
root quality (Fregene et al. 2000). These studies have
been exclusively carried out at research centers that can
afford the technology required for RFLP markers, there-
by limiting the use of marker technology to these cen-
ters, which account for a small percentage of the man-
power working on breeding of the crop. In an attempt to
make marker technology widely available in cassava, an
effort was embarked upon to place on the cassava map
simple-sequence repeat (SSR) markers, markers that are
polymerase chain reaction (PCR)-based and highly poly-
morphic and best meet the criteria required for the trans-
fer of marker technology to research facilities in devel-
oping countries.

SSR markers are found in all eukaryotic genomes.
They are short tandem repeat motifs usually consisting of
1-6 bp of nucleotides. They were first referred to as mi-
crosatellites by Litt and Lutty (1989) and later as simple
sequence repeats (SSRs) by Jacob et a. (1991). Con-
served regions flanking the repeats are suitable for de-
signing PCR primer pairs to be used for amplifying the
intervening repeat loci. These loci are highly variable on
account of the number of repeat units found for each lo-
cusin any given population (Morgante and Oliveri 1993).
The high levels of heterozygosity and the codominant,
and PCR-based nature of these repeat loci have made
SSRs the molecular markers of choice for genetic map-
ping and diversity studies (Wang et a. 1994; Gupta et al.
1996). Many workers have described the use of SSR
markers in genetic mapping, usually integrating them on-
to existing RFLP framework maps (Roder et al. 1998; Liu
et al. 1996; Taramino and Tingey 1996; Senior and Heun
1993; Wu and Tanksley 1993; Schmidt and Heslop-
Harrison 1996; Bell and Ecker 1994). The discovery, in-
heritance and variability of fourteen GA repeats have
been described for cassava (Chavariaga-Aguirre et. al.
1998). A sub-set of 4 of those SSR markers were used to
evaluate the genetic diversity of the core collection, about
600 accessions, of the cassava world germplasm bank at
the International Center for Tropical Agriculture (CIAT,
the Spanish acronym) (Chavariaga-Aguirre et al. 1999).
Results showed high levels of heterozygosity (up to 0.88)
of the markers, revealed putative duplicates and indicated
the unequal representation of cassava diversity, by coun-

try, in the core collection. We describe in this paper the
isolation and characterization of 172 SSR markersin cas-
sava for saturating the existing genetic map of cassava
and the mapping of 36 of them onto the existing genetic
map of cassava.

Materials and methods

Development of SSR-enriched libraries

Two enrichment experiments, “Enrichment A” (after Karagyozov
et a. 1993, as modified by Panaud et al. 1996) and “Enrichment
B” (after Edwards et al. 1996), differing essentially in the oligonu-
cleotides used for enrichment and the cloning vectors, were con-
ducted with two cassava elite clones. Total genomic DNA used in
“Enrichment A” was from TMS 30572, an improved cassava vari-
ety developed at the International Institute of Tropical Agriculture,
Ibadan, Nigeria. Three sets of filters were prepared by spotting
1 pg of each of three oligonucleotide mixtures — TC and GT;
CAA, CAG, ACG and AAT; and CAGA and GATA —in 80 W of
3x SSC onto 0.5 cm?2 of nylon membrane and air-drying for 1 h.
The membranes were then exposed to 245 nm UV for 1 min to co-
valently bind the oligos to the membranes. Excess oligo was
washed off with 10 ml hybridization solution (50% formamide,
5x SSC, 50 mM Na-phosphate buffer, pH 7.0, 7% SDS) at 45°C
for 2 days followed by extensive washing at room temperature
with 100 ml hybridization solution. The membranes were then
stored at —20°C until needed.

One microgram of total cassava genomic DNA was digested
with Rsal in a 20-pl reaction for 1 h at 37°C; DNA linkers were li-
gated to the digested DNA by the addition of 100 ng, in a 2-pl vol-
ume, of Mlul adaptors (21-mer: 5’CTCTTGCTTACGCGTGG-
ACTAZ'; phosphorylated 25-mer: 5’ pTAGTCCACGCGTAAGCA-
AGAGCACAZT'), 2 Wl of 10 mM ATP and 1 pl of ligase to the di-
gested DNA followed by incubation at 37°C for an additional 2 h.
About 40 pg of ligated DNA was PCR-amplified for 20 cycles, us-
ing a ramp program of 94°C for 40 s, 60°C for 60 s and 72°C for
120 s, in a reaction mixture of 3 W reaction buffer, 3 pl of 2 mM
dNTPs, 3 pl of 2 uM 21-mer oligo, 20 yl dH20 and 0.3 W Taq
polymerase. The amplification product was visualized by running
5 Wl of the PCR on a 1% agarose gel.

Enrichment for sequences with the di-, tri-, and tetra-nucleo-
tides was by incubating the SSR Oligo-bound filters with 25 pl of
amplified DNA denatured at 100°C for 5 min, in 500 pl hybridiza-
tion solution at 37°C for 24 h. The filters were then washed
20 times in 0.5x SSC at 65°C. Bound DNA was then eluted from
the individua filters into 200 pl of distilled water by boiling for
5 min. Captured DNA fragments were PCR-amplified as before
using 2.5 pl of the eluted DNA as template, and the PCR product
was checked by running 5 pl of sample on an agarose gel. The en-
tire process of enrichment was repeated to increase the percentage
of sequences containing SSRs.

The amplification product of the final SSR-enriched DNA
mixture was cleaned using a PCR cleanup kit (Promega) and elut-
ed into 40 pl distilled H20. The enriched DNA was digested with
Bglll in a50-ul reaction for 1 h. The digestion was ethanol-precip-
itated and dissolved in 100 pl distilled H20 to give an estimated
concentration of 10 ng/ul. Vector (pUC18) DNA was digested
with BamHI and phosphorylated using shrimp akaline phospha-
tase (Amersham PLC); the phosphatase was then completely re-
moved by a phenol-chloroform extraction and precipitation with
ethanol; plamids DNA was re-suspended in 50 pl of distilled H20
to give a fina concentration of 100 ng/pl. The equivalent of
100 ng of vector DNA was ligated with 25 ng of insert DNA in
10-pl reactions and incubated at 14°C for 24 h in a PCR machine.
Ligation reactions were diluted 1:5 with distilled H20 and 1 Wl of
each was transformed into E. coli DH10 cells (GIBCO BRL) by
electroporation according to the manufacturer’s protocol. Elec-
troporated cells were plated out on 100 pg/ml ampicillin LB-agar
plates and incubated overnight at 37°C.



The DNA for “Enrichment B” was from CMC 40, a cassava
accession from CIAT's core collection originally collected from
Brazil, and enriched libraries were constructed for only di-nucleo-
tide repeats, (GA);5,/(CA) 45 according to Edwards et al. (1996).
Two microlitres from the (GA);s/(CA)5 enriched library were
transformed into E. coli DH10 cells (GIBCO BRL) by electrop-
oration according to the manufacturer’s protocol. Electroporated
cells were plated out on 100 pg/ml ampicillin LB-agar plates and
incubated overnight at 37°C.

Enriched library screening and sequencing

Approximately 6,000 clones from each of the di-, tri-, and tetra-
enriched libraries of “Enrichment A” were picked out and spotted
onto one single 48x48-cm high-density filter using the QBOT ro-
bot (Genetix PLC, UK) of the Clemson University Genome Insti-
tute (CUGI). A total of 2,300 clones were handpicked from the
(GA)15/(CA)45 enriched library of “Enrichment B” and organized
manually onto twelve 18x10-cm filters. The filters from both en-
richments were screened with the appropriate di-, tri- or tetra-nu-
cleotide and end-labeled with a—[32P]dATP (Maniatis el al. 1987).
Hybridizations were in the Church and Gilbert (1984) hybridiza-
tion buffer at 65°C or 45°C for 14-16 h. Post-hybridization wash-
es (2) were in 6x SSC at 65°C or 45°C for 5 min each. Autoradi-
ography was for 2-24 h. Plasmid minipreps of overnight 2 ml
LB+100 pg/ml ampicillin cultures of positive clones were carried
out using the QIAGEN (Gmbh) plasmid miniprep kit or the
Promega Wizard prep kit. Forward and reverse strands of all posi-
tive clones were sequenced using the M 13 universal and reverse
primers (New England Biolabs, USA and Microsynth, Switzer-
land) on an automated sequencer (Perkin EImer/Applied Biosys-
tems models ABI 373 and 377).

Primer design and SSR analysis

Vector and adaptor sequences were cleaned out of the raw DNA
seguence using Gea (University of Wisconsin) or the SEQUENCHER
3.0 (Gene Codes Corp) software. The software packages were
also used to align the forward and reverse strands. Duplicate
sequences were identified using Local BLAST obtained from
http://www.nchbi.nlm.nih.gov. Primers were designed for al unique
SSR-containing sequences with at least ten repeats for di-nucleo-
tide repeats and more than six for tri- and tetra-nucleotides. Primer
design was with PRIMER3 picking software found at http://wal-
do.wi.mit.edu/egi-bin/primer/primer3 (Whitehead Institute for
Biomedical Research). Oligonucleotide primers were synthesized
by Research Genetics (2130 Memorial Parkway SW, Huntsville,
AL 35801 USA) and designated Cassava MapPairs. These primers
can be obtained directly from Research Genetics. The female par-
ent of the F, cassava mapping population, TMS 30572, one of the
accessions employed in “Enrichment A”, and the male parent,
CM2177-2, an improved clone from Colombia, were evaluated
with all the 172 SSR markers identified using non-radioactive
PCR amplifications and silver-stained (Promega) 6% polyacryla-
mide sequencing gels. PCR reactions were carried out in 50-pl
volumes containing 50-100 ng genomic DNA, 0.2 uM of each for-
ward and reverse primers, 10 mM Tris-HCI (pH 7.2), 50 mM KCl,
1.5 or 1 mM MgCl,, 200 mM of each dNTP and about 1 U Taq
DNA polymerase. The temperature cycling profile was: an initial
denaturation step for 5 min at 94°C, followed by 30 cycles of de-
naturation at 94°C for 1 min, annealing at 55°C or 45°C for 2 min
and primer extension at 72°C for 2 min; afinal extension cycle of
5 min at 72°C was added. Between 2 pl and 3 pl of the PCR reac-
tion was electrophoresed on 5% ethidium bromide-stained Meta-
phor agarose gels or on 6% polyacrylamide sequencing gels for
2 h at 100 W, and DNA was visualized by silver staining accord-
ing to the manufacturer’s guide (Promega).
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Genetic mapping of SSR markers

SSR markers having a unique alele in either or both parents were
analyzed in the entire F; progeny of 150 individuals. SSR markers
that segregated in the expected ratio of 1:1 presence: absence of
the unique parental allele in the F; progeny) were placed onto the
existing map of cassava using the linkage analysis computer pack-
age MapvMAKER 2.0 (Lander et. al.1987), as described earlier
(Fregene et. a. 1997). The “group” command, with a LOD thresh-
old of 4.0, and a recombination fraction of 0.3, were used to as-
sign SSR markers to existing linkage groups, and the “try” com-
mand was used to find the most likely interval in which to place
the new marker on the linkage groups. In a few cases the SSR led
to a new linkage group being formed or to 2 smaller groups being
joined together. The order was ascertained using the “compare”
function. Maximum likelihood orders of linkage groups with new-
ly added markers were verified by the ripple function, and only or-
ders greater or equal to a LOD value of 2 were accepted for the
new framework map of cassava. All MAPMAKER analyses were
done on aMacintosh G3 computer.

Results

SSR discovery

From “Enrichment A”, a total of 148 positive clones,
fewer than 1% of the clones picked from the libraries,
was obtained from the SSR oligo screen. Plasmid DNA
was prepared from the 148 putative clones, and al
clones were sequenced. The average size of the clones
was 200 bp. Of these, 66 clones, or 45%, contained SSR
loci. Primers were designed for 35 unique clones; 4 were
duplicates, while the other 17 were clones with the SSR
too close to the end of the DNA clone to permit primer
design. “Enrichment B” had 1,400 positive clones, or
more than 60% enrichment. Plasmid miniprep and DNA
sequencing were performed for 544 clones, from which
479 clones had SSR sequences, 30 had no SSR loci,
while 35 had sequences that needed repeating. No PCR
pre-screen clones was performed. Out of these 479 posi-
tive clones, 229 clones had the SSR repeat too close to
the end of the sequence, while 113 clones were dupli-
cates. Primers could be designed for 137 clones.

One hundred and sixty-four, or 95%, of the 172 SSR-
containing clones for which primers were designed were
di-nucleotide repeats, while the balance were tri-nucleo-
tide repeats save for one tetra-nucleotide repeat. Table 1
shows the breakdown of the clones into nucleotide repeat
classes. Thirty-seven, or 21%, of the loci were found to
contain more than one kind of repeat — compound re-
peats. Approximately 21% of the SSR clones from both
enrichments were duplicated sequences, while 45% had
the SSR loci too close to the cloning site to permit prim-
er design from the flanking regions. On the whole, 35%
of sequenced positive clones were unique sequences
with SSR loci well situated for primer design.

A total of 6,000 cassava inserts, with an average size
of 200 bp, were screened for “Enrichment A”, and
36 GA-containing clones, or an average of approximate-
ly 1 GA marker every 34 kb, were found. Assuming an
average of 1 GA repeat every 225 kb which has been
found for higher plants (Maroof et. a. 1994), this is a
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Table 1 Number, percentage and kind of SSR repeat sequences for which primers were designed

Enrichment A

Enrichment B

Type of SSR Number Percentage (%) Type of SSR Number Percentage (%)
GA/CT 12 34 GA/CT 80 58
CA/GT 5 14 CA/GT 30 22
(CA)(GA) 2 6 (CT)(CA) 15 11
ATT/TAA 5 14 (CA)(GA) 6 4
Others 11 31 Others 6 4
Total 35 Total 137
' T genetic map. Linkage group nomenclature is as de-
TMS 30572 ' scribed for the molecular genetic map of cassava by Fre-
- gene et. a.(1997) except for groups L, O and P, which
CM 2177-2 have now been merged with other groups. The 36 SSR
' markers reveal afairly even spread over the cassava ge-
Progeny K4 ‘ ' 1 nome — 16 of the 18 linkage groups have at least 1 SSR
. 1 marker, with an exception of 3 SSR markers each clus-
F.ﬁ{' ; tered on linkage groups C, D and J. A unusual observa-
Progeny K77 ' P4, tion is the complete lack of duplication of the SSR mark-

Fig. 1 Silver-stained polyacrylamide gel showing unique alleles
in both parents of the mapping progeny, TMS 30572 (female) and
CM 277-2 (male). Two progeny, K4 and K77, show the inherit-
ance of these alleles

sixfold enrichment. The “Enrichment B”, on the other
hand, obtained 875 GA-containing clones from 2,300
clones with an average size of 250 bp, or 1 GA marker
every 700 bp more than a 300-fold enrichment.

SSR parental survey

All 172 primer pairs successfully amplified the corre-
sponding SSR loci in the parents of the cassava mapping
progeny even though different MgCl, concentrations and
two annealing temperatures, 55°C and 45°C, respective-
ly, were used. The primer pair sequences, annealing tem-
peratures, product sizes, and MgCl, concentrations are
presented as an appendix at the end of this paper. One
hundred and thirteen SSR loci, or 66% of all SSR mark-
ers tested in the parents, revealed a unique allele in at
least one of the parents; 45 SSR markers (26%) showed
a unique alele for both parents. SSR polymorphism be-
tween the two parents at 12 loci isshown in Fig. 1.

Genome location of SSR markers

Twenty-two SSR markers that were polymorphic in the
parent on ethidium bromide-stained 5% M etaphor agaro-
se gels were scored in the 150 F; mapping progeny,
along with a group of 14 SSR markers polymorphic in
the parents only on PAGE gels. Figure 2 shows the map
positions of 36 SSR loci from the 172 SSR markers ana-
lyzed to date on the male- and female-derived molecular

ers mapped so far.

Discussion

The development of SSR markers from enriched li-
braries using two similar methods showed widely vary-
ing results. “Erichment B”, which has been successfully
used in severa crops (Edwards et al. 1996), showed an
efficiency of 5000% over “Enrichment A”. A particular
drawback of “Enrichment A” is the blunt ends that are
obtained with the enzyme Rsal; these reduce the effi-
ciency of ligation of the linkers, which in turn might
drastically reduce the efficiency of the enrichment pro-
cess. The unusually long repeat lengths observed with
“Enrichment B” supports the assertion of a more thor-
ough sampling of the genome.

The high level of redundancy found in both libraries
is presumed to have arisen from the PCR amplification
after the affinity capture prior to cloning. The duplica-
tion makes sequencing of the positive clones less effi-
cient and increases the cost of SSR marker discovery. To
avoid this, Roder et al. (1998) in wheat and Panaud et al.
(1996) in rice suggested the use of restriction enzyme-di-
gested, size-fractionated libraries. While their sugges-
tions considerably increase the amount of screening
needed, the current availability of high-throughput ro-
bots for analyzing genomic libraries makes this less bur-
densome.

Genetic mapping in allogamous crops, such as cassa-
va, offers the possibility of constructing maps with

Fig. 2 Positions of 36 SSR markers (in bold print) on the frame-
work (LOD >2.0) molecular genetic map of cassava. Map distanc-
es are in Kosambi map units. Groups in the lower right-hand cor-
ner have yet to be merged with the analogus male- and female-
derived linkage groups
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crosses between non-inbred parents; however, genetic
mapping is complicated by the separate analysis of ga-
metes segregating from the male and female parent. To
create a consensus map of analogous male- and female-
derived linkage groups, investigators requise markers
that have unique aleles in both parents, or “allelic bridg-
es’ (Ritter et. al. 1991). In addition, “allelic bridges’ are
indispensable for a rigorous marker-assisted quantitative
genetic analysis in F; progeny from non-inbred parents
by permitting an estimation of gene effects from both
parents and the evaluation of intra-locus and inter-loci
interactions. The higher number of “allelic bridges’ ob-
tained using SSR markers, 30%, as against 10% obtained
with RFLPs (Fregene et. a. 1997) make SSRs the mark-
ers of choice for the genetic mapping of cassava. The
level of successful amplification of the primers, 100%, is
higher than that found in wheat (36%, Roder et. al.
1999), suggesting the appropriateness of SSR marker
systems in cassava compared to complex genomes like
wheat.

Current efforts are geared to mapping the 113 SSR
markers and continued sequencing of the more than 900
positive clones identified earlier. However, due to the
high number of redundant clone in the enriched libraries,
more than 40%, sequencing will be done for only one
strand and second-strand sequencing performed for only
unique clones. Further development of SSR markers will
involve the search for 3'- and 5'-un- translated regions of
cassava ESTs for SSR repeats.
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