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Abstract RNaseH-LTR regions of the Tyl-copia retro-
transposon were amplified and cloned from the sweet-
potato genome using RNaseH gene-specific degenerate
primers and restriction site-specific adaptor primers.
Ninety clones out of the 240 sequenced were identified
with a variable degree of homology to the Ty/-copia
RNaseH gene. Three (Str6, Str85, Stri87) of the 90 had
characteristic RNaseH-gene, stop codon, polypurine
track and putative 3" LTR sequence elements. Analysis
of nine selected genotypes representing Africa, South
and Central America, as well as Papua New Guinea,
by the established S-SAP technique revealed that the
majority of the 7y/-copia transposon insertions were
unique (33 to 64%) and only few common bands were
detected. Analysis of 177 East African varieties further
supported this finding and showed that most of the
copia retrotransposon locations were represented only
by some genotypes. Considering that sweetpotato has
been present in the East African region for only about
500 years, and the number of genotypes introduced was
possibly limited, a surprisingly high level of genetic
variability of the transposon insertion sites was detect-
ed. These findings may indicate the putative activity of
the retrotransposon in sweetpotato in the recent past.
Comparison of the copia retrotransposon insertion-
based S-SAP method to AFLP and RAPD showed that
the majority of the markers were more polymorphic
(97-99%) in the case of S-SAP in comparison to AFLP
(70-90%) and RAPD (88%). Thus demonstrating the
transposon-based molecular marker system was very
efficient for genotyping.
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Introduction

After Columbus introduced the sweetpotato to Spain it
spread to Africa, India, Asia and Oceania, and became
an important crop in those parts of the world. Most prob-
ably, the spread of sweetpotato outside tropical America
was restricted to a limited number of genotypes. In con-
trast, a wide variety of genotypes are found all over the
word today. This could be the consequence of the high
level of heterozygosity found in sweetpotato. The sweet-
potato is an out-crossing hexaploid and the variation due
to sexual reproduction and somatic mutation can be
maintained through vegetative propagation.

Several marker systems were developed during the
last decade for genotyping, such as RAPDs (Connolly
et al. 1994; Zhang et al. 1998), SSRs (Tautz 1988) and
AFLPs (Zabeau and Vos 1993; Vos et al. 1995). The
amplified fragment length polymorphism (AFLP) and
simple sequence repeats (SSR), or microsatellites, have
recently become popular in fingerprinting and phyloge-
netic studies. Buteler et al. (1999) reported low amplifi-
able loci in sweetpotato using microsatellites and com-
mented that their utility in sweetpotato genetic studies
may be limited.

Recently, retrotransposon-based marker systems proved
useful for developing multiplex DNA-based marker sys-
tems because of their ubiquitous distribution, high copy
number and widespread chromosomal dispersion in
plants (Lee 1990; Kumar 1996). A considerable advan-
tage of the retrotransposon-based polymorphic marker
system is dependant on the fact that these retrotranspo-
sons transpose via an RNA intermediate, which is con-
verted to DNA by reverse transcription before reinser-
tion, whereas the parental retrotransposon remains fixed
in the genome (Boeke and Corces 1989; Kumar and
Bennetzen 1999). This means that the inserted retrotrans-



poson does not change its position during the evolution
of the genome but every insertion elevates the polymor-
phism and the size of the genome. (Pearce et al. 1996;
SanMiguel et al. 1996; SanMiguel and Bennetzen 1998)

Two types of retrotransposons are known, e.g. those
that contain long terminal repeats (LTRs) and those that
do not. Although the 5" and 3’ LTR sequences are identi-
cal at the time of the insertion, they may differ in time
through mutations. Solo LTR sequences found in differ-
ent genomes indicate that unequal crossing over and/or
intrachromosomal recombination events could also de-
lete inserted retrotransposon sequences (Shirasu et al.
2000). The most-studied group of LTR retrotransposons
is the Tyl-copia group, named after the best-studied ele-
ments in Saccharomyces cerevisiae and Drosophila
melanogaster (Boeke and Corces 1989; Grandbastien et
al. 1989; Schmidt et al. 1996). Plant Tyl-copia retro-
transposons show a considerable degree of sequence
heterogeneity and insertional polymorphism, both within
and between species (Boeke and Corces 1989; Flavell et
al. 1992a) compared to the Drosophila copia, the fungal
Tyl or animal retrotransposons. The chromosomal distri-
bution of the 7y/-copia group of retrotransposons in
plants has been studied by in situ hybridisation on meta-
phase chromosomes. These studies revealed that these
elements are dispersed preferentially in the heterochro-
matin region but are also found in the euchromatin re-
gion of plant chromosomes (Pearce et al. 1996; Schmidt
et al. 1996; Heslop-Harrison et al. 1997; Bennetzen
2000).

Phylogenetic analyses of the retrotransposon sequenc-
es show that the degree of sequence divergence in Ty/-
copia retrotransposon populations between any pair of
species is generally proportional to the evolutionary dis-
tance between those species (Flavell et al. 1992b). Sev-
eral authors have also hypothesised that transposition
events could increase the genetic variability necessary
for organisms to adapt to different environmental condi-
tions and that they may be a major factor in the evolution
of higher plants (McClintock 1984; Schwarz-Sommer
and Saedler 1988; Wendel and Wessler 2000). Stress and
environmental challenges are known to stimulate the ex-
pression or the transposition of mobile elements (Grand-
bastien et al. 1997; Mhiri et al. 1997).

Several retrotransposon-based marker systems have
recently been reported. Using restriction-site polymor-
phism, Purugganan and Wessler (1995) analysed a limit-
ed region of the Magellan retrotransposon and was able
to discriminate between even closely related Zea mays
(L.) subspecies. Waugh et al. (1997) published the
S-SAP method on barley and found that the level of
polymorphism is about 25% higher than that revealed by
AFLP. Ellis et al. (1998) amplified sequences between
the polypurine track of the pea PDRI retrotransposon
and a flanking Tag adaptor downstream to the 3’ LTR
sequence, while Pearce et al. (2000) used the original
S-SAP technique with two other pea retrotransposon se-
quences (TpsI2 and Tpsi19). Both experiments resulted
in a detailed picture of the intra- and inter-species rela-
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tionship within the Pisum genus. Ellis et al. (1998)
compared the phylogenetic diversity trees generated by
S-SAP and AFLP, and found that these trees possibly re-
veal the same underlying divergence. Yu and Wise
(2000) combined the AFLP, RAPD and S-SAP markers
to make a saturated map of diploid Avena. They found
that the S-SAP-generated markers were more evenly dis-
tributed across the Avena genome, similar to the results
of Waugh et al. (1997) on barley.

In the present study, we describe the partial cloning of
the sweetpotato 7y/-copia LTR regions and the estab-
lishment of an S-SAP system based on this sequence in-
formation. The established S-SAP system is compared to
other dominant marker systems like AFLP and RAPD,
and the frequency of the insertions in East African acces-
sions is also discussed.

Materials and methods

Sweetpotato materials and DNA purification

Lyophilised or silica gel dried leaf samples were used for all the
analyses. Sixty seven landraces were obtained from the Kenya
Agricultural Research Institute gene banks at the University of
Nairobi, field station, Kabete; 59 landraces were obtained from the
Ugandan National Agricultural Research Institute, Namulonge,
and from Mrs. Erna Abidini of Arapai Agricultural College,
Soroti. Forty four landraces were obtained from the Tanzanian
Ministry of Agriculture, Agricultural Research Institute, Tengeru.
Single accessions from Kenya (Mafuta, Simama), Uganda
(Kyebandula, Wagabolige), Columbia (Camote Amarillo), Peru
(Japonese), Mexico (No.221), Brazil (Santo Amaro) and Papua
New Guinea (Naveto) were obtained from the International Potato
Centre germplasm collection at Kabete, Kenya.

Total DNA was isolated and purified with the ‘DNeasy plant
minikit’ (QIAGEN, Germany) following the original protocol.

PCR amplification of Tyl-copia retrotransposon LTRs

Msel or EcoRlI restriction enzyme-digested sweetpotato genomic
DNA was amplified in two steps with 5" biotin-labelled degenerate
RNaseH gene-specific (S'MGNACNAARCAYATHGA) and adap-
tor-specific flanked PCR primers (Msel: 5'GATGGATCCTGA-
GTAA; EO1: 55GACTGCGTACCAATTCA) as reported by Pearce
et al. (1999). Streptavidin-coated magnetic Dynabeads particles
were used to select the biotinilated PCR products, which were
used as a template in the second PCR with the nested RNaseH
primer (S’GCNGAYATNYTNACNAA).

The degenerate RNaseH primers (Donated by A.J. Flavell, De-
partment of Biochemistry, University of Dundee) were designed
by sequence homologies of the known retrotransposon original
RNaseH genes. The amplified fragments were cloned into the
Topo 4 TA cloning vector (Clontech) and sequenced.

S-SAP method

The procedure described by Waugh et al. (1997) was adapted with
modifications. Genomic DNA was digested only with a single,
rear-cutting enzyme (EcoRI) and ligated with the specific adaptor
in one reaction. Two PCR reactions were performed. The first pre-
selective PCR amplification was made with Dynazyme Tag DNA
polymerase in 50-ul reactions (95 °C 50 s, 52 °C 1 min, 72 °C
1 min, 30 cycles). The 5" LTR specific primers without extension
(Str187/0: 5’AGACTAAGAGTCCTAACA; Str6/0: 5'AGAGTC-
CTAATACTCTAATA; Str85/0: 5'ATATGATATTACTGCTATTA)
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and the EOl-adaptor primer were used for this pre-selective
PCR.

The second, selective PCR amplification was made with the
Qiagen Hotstar Tag DNA polymerase in 25-ul reactions.
Touch-down amplification conditions (95 °C 50 s, 70 °C 1 min
— 0.7 °Clcycle, 72 °C 1 min, 20 times, followed by 95 °C 50 s,
55 °C 1 min, 72 °C 1 min in another 20 cycles) were used. FAM-
labelled transposon primers with different selective nucleotides
(Str187/G and GC) were combined with the EOl1 or E44 (5'GA-
CTGCGTACCAATTCATC) adapter-specific primers.

Amplified samples were separated on an ABI Prism 373 auto-
mated sequencer (Applied Biosystems) using a 6% denaturing
polyacrylamide gel.

AFLP analysis

The AFLP methodology was essentially as described by Vos et al.
(1995) and adapted for sweetpotato with fluorescent labelling.
Two restriction enzymes, Msel and EcoRI, were used to fragment
the genomic DNA with subsequent ligation to specific adaptors.
Pre-amplification PCR was done for 45 cycles (92 °C 1 min,
60 °C 30 s, 72 °C 1 min). In the second selective PCR amplifica-
tion the EcoRI selective primers were ABI-FAM fluorescent la-
belled (E33: SGACTGCGTACCAATTCAAG; E36: 5’GACTGC-
GTACCAATTCACC). The second PCR was made as: 94 °C 30 s,
65 °C — 1 °Cl/cycles 45 s, 72 °C 2 min, 10 cycles, then 94 °C 30 s,
56 °C 30 s, 72 °C 2 min, 30 cycles. The samples were loaded on a
6% denaturing polyacrylamide gel and separated on an ABI Prism
373 sequencer for 10 h.

RAPD analysis

RAPD amplification were carried out as described by Williams et
al. (1990) with a few modifications. A 25-ul PCR reaction was set
up as follows: 0.2 uM of RAPD primer; 0.2 mM for each dNTP;
0.5 U of Dynazyme Thermostable DNA Polymerase (Finzymes);
2.5 ul of 10 x PCR buffer [10 mM Tris—HCI, pH 8.8, 1.5 mM
MgCl,, 50 mM KCl, 0.1% Triton X-100); 5 ul genomic DNA tem-
plate (5 ng/ul) and dH,O]. The reaction was overlaid with one
drop of mineral oil. Amplification was done in 96-well micro-test
plates using a PTC-100 programmable thermal cycler (M.J. Re-
search). The amplification conditions were 46 cycles of: denatur-
ation at 94 °C for 1 min; annealing at 36 °C for 1 min and poly-
merisation at 72 °C for 2 min, and a final extension step of 72 °C
for 8 min. Amplification products were analysed by electrophore-
sis of a 10-ul PCR product with 1 x loading buffer (0.25% Bromo-
phenol blue, 0.25% Xylene Cyanol and 40% sucrose in water) on
a 1.5% agarose gel in 1 x TBE and stained with ethidium bromide
(0.5 nug/ml). The gel was run for 4% h at 100 V in 1 x TBE buffer.
A 100-bp DNA ladder molecular-weight marker (Gibco) was used
to determine the size of the amplified products.

Gel analysis for S-SAP and AFLP

Data were analysed with Genotyper 2.5 program (Applied Biosys-
tems). Peaks, corresponding to an amplified retrotransposon inser-
tion or an AFLP amplified fragment, were designated into catego-
ries. The tolerance of a category was chosen to be +0.5 bp, mean-
ing that two amplified fragments with a bigger difference than
1 bp were considered as non-identical ones. Banding patterns were
subsequently converted to 0/1 strings for statistical analysis. Infor-
mative products typically fall within 50-450 bp, (Sharbel 1999).
Only categories between 50-400 bp were utilised for AFLP data
analysis while categories up to 500 bp were used for S-SAP analy-
sis.

RAPD gel analysis and band scoring was done using the
RFLPSCAN (SCANALYTICS) computer programme. All variet-
ies were scored for presence (1) or absence (0) of a fragment for
each selected band of the amplified products. Only distinct and

polymorphic bands were scored. Faint bands were omitted from
the score.

The dendograms were generated using the TREECON pro-
gram [Yves Van de Peer, University of Antwerp (UIA), Antwerp,
the Netherlands] with UPGMA cluster analysis based on the ge-
netic distance by Nei and Li (1979) and bootstrapping 1,000
times.

The Mantel test was based on the same genetic distance data
and executed with the program PopTools (Greg Hood, Pest Ani-
mal Control Co-operative Research Centre, Wildlife and Ecology,
CSIRO, Canberra, Australia.)

Results

Putative Tyl-copia RNaseH-LTR regions have been am-
plified and cloned from the sweetpotato genome using
the degenerate RNaseH primers (Pearce et al. 1999) and
restriction-site specific adaptor primers. Two hundred
and forty clones were isolated and sequenced. Altogether
90 clones out of the 240 were identified with a variable
degree of homology to the Ty/-copia RNaseH gene, but
only three [Str6 (AF350442), Str85 (AF350443), Stri87
(AF350441)] showed the characteristic RNaseH gene,
stop codon, polypurine track and putative 3" LTR se-
quence elements (Fig. 1).

TVF&
STRE5
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COPIA
STRG
—— STRI187
TY1
TNT1
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RnaseH gene PPT R LTR
Strid7? ADIFTRPLAL-RF AFLRDKLOVVPPCA* (+1bp)  GAGGGGAAGTGTT AGGACT CTTAGTCTAG
Stré ADMF TEAL PTPRF TFLRDEL QVTAL PCA* (-1) GAGGGGGAGTATT AGGACT CT-A-TGTATCT

Copia ADIFTKFLFAARF VELRDKLGLLOD DOSNAE * (+199Dp | GAGGGGECGTETT -G GARTAT -A--CTATTC
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Tvié

ADIFTEALGQROL QYFIRELGIRDLHAFT®  (-lbp) GAGGGGGGGTAAT AGCAGTALTATCATAT
ADTFTKALDANQL ENLRGELGI COHEKL * (-9hp)  GAGARL--TTG-TAGCALTTAN TGCTCA

Fig. 1 UPGMA cluster analysis of relatedness between the de-
duced amino-acid sequences of the RNaseH genes of Tyl-
copia type retrotransposons. TVF5, TVF6 (V. faba, CAB45147,
CAB45148); Stri87, Str6, Str85 (I. batatas, AF350441,
AF350442, AF350443); TPS6, (P. sativum, CAB44716); Copia
(D. melanogaster P04146); Tyl (S. cerevisiae BAA09237,
CAB45147); TNTI (N. tabacum, P10978). For comparison the se-
quence of the D. melanogaster copia (P04146) and V. faba (Tvf6
CAB45148) sequences are also presented. The amino-acid se-
quence of the nested RNaseH primer is underlined. The identical
amino acids and the IR sequence are in bold. Asterisks represent
the identified the stop codon of the RNaseH gene. The number
of nucleotides between the RNaseH stop codon and the polypurine
track are shown in brackets



The putative inverted repeat (IR) of the LTR region is
different in the three sweetpotato sequences and only the
Str187 clone contains the most-frequently found TGTT
motif. In the putative LTR region of the Str6 clone, a
34-bp direct repeat was recognised after the TATT in-
verted repeat sequence. We were unable to determine the
starting point of the 3’ LTR sequences for the rest of the
sequenced clones since they did not contain a recognisa-
ble polypurine-track after the RNaseH-gene stop codon.
In many cases, the Msel restriction site used to fragment
the DNA for cloning terminated the sequence. We ob-
tained longer clones using the six-cutter enzyme EcoRI
for DNA fragmenting, but still the presence of the LTR
sequence could not be verified.

The deduced amino-acid sequence of Str85 is similar
to the known RNaseH TVF6 (Vicia faba) clone. The
Str187 and Str6 clones are closely related and form a
distinct group in the dendogram (Fig. 1). All three clones
also cluster with the Drosophila copia (PO4146) se-
quence as well. The Saccharomyces Tyl and the Nicoti-
ana tabacum TNTI retrotransposon sequences form an-
other main cluster along with the V. faba (TVF5) retro-
transposon clone.

Adaptation of the S-SAP method to sweetpotato

In preliminary experiments, primers based on the three
sweetpotato LTR sequences were tested in S-SAP analy-
sis. The Str187/0 and Str6/0 detected the highest number
of transposon insertion sites (37 and 31, respectively),
while only 2 to 7 amplification products were obtained
with the S#85/0 primer (data not shown). In the case of
the Str6/0 primer we observed that some DNA samples
were not amplified; therefore in the further experiments
the Str/87 LTR primer was extended either by one (G)
or two (GC) selective nucleotides and the Eco adaptor
primers EO1 and E44 were used.

Nine sweetpotato varieties were selected and analysed
from Africa, South and Central America, and Papua New
Guinea, in order to evaluate the performance of these
primer combinations in S-SAP reactions. The E44 adaptor
primer, in combination with the Str/87/GC or Stri87/G
primers, gave 39 and 173 polymorphic bands, respectively,
representing individual retrotransposon insertions (Table 1).
Reducing the number of the selective nucleotides on the
LTR primer increased the number of bands by 4—5-fold as
expected. The two-basepair extension of the EcoRI adaptor
primer resulted only in a mild decrease of about 30% of the
number of the amplification products (Table 1).

Analysing the frequency of individual insertions rep-
resented by a specific amplification product length, it
was found that the majority of the insertion sites are
unique (found only in a single genotype) in the nine se-
lected genomes. In the case of the /87/GC primer and
the two different EcoRI adaptors, 25 and 32 bands out of
39 and 51 bands, respectively, were found in only one of
the nine genomes tested, representing 64 and 63% of the
total number of insertion sites (Table 1). The primer with
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Table 1 Comparison of the different primer combinations in
S-SAP analysis of nine sweetpotato varieties

Frequency? E44/187GC EO01/187GC E44/187G  EO01/187G
N % N % N %o N %
1 25 64 32 63 79 46 86 33
2 3 8 4 8 40 23 51 20
3 3 8 4 8 24 14 41 16
4 4 10 3 6 11 6 28 11
5 3 8 1 2 10 6 19 7
6 0 0 2 4 4 2 7 3
7 0 0 4 8 2 1 10 4
8 0 0 0 o0 2 1 12 5
9 1 2 1 2 1 1 6 2
Total 39 51 173 260

2Frequency, means that a given insertion of the Str187 retrotrans-
poson is detected in one, two or all of the nine genomes

b N represents the number of the insertions, which are present in
one, two or all of the nine genomes

a single base extension (Str/87/G) yielded a somewhat
lower portion of unique bands (46 and 33%) in the two
adaptor primer combinations tested. In three primer com-
binations we found a single common band, while in the
fourth (E01-Str187/G) we found six (Table 1).

S-SAP, AFLP and RAPD analysis
of sweetpotato accessions

The same sweetpotato genotypes, representing different
geographic regions, were analysed by the AFLP and
Str187 sequence-based S-SAP techniques. Additionally,
RAPD analysis of the same clones was also included in
the UPGMA relatedness analysis, using the Nei and Li
(1979) genetic distance (Fig. 2).

Two out of the three South American clones (Jap-
onese, Camote Amarillo) form a separate cluster by all
three marker systems, however with different bootstrap
values. The highest value was obtained with RAPD
(100%) and SSAP (89%) while AFLP gave only 36%.
The Brazilian clone (Santo Amaro) was related to the
two other South American ones only in the S-SAP analy-
sis, while the AFLP and RAPD techniques allocated it to
the group dominated by the African clones. This finding
was also confirmed by both primer combinations used,
EO1-Stri87/G and E44-Stri87/G (data not shown). The
S-SAP system also grouped the four African clones in
the same sub-cluster (Fig. 2).

Estimating the association of the three genetic dis-
tance matrices obtained in S-SAP, RAPD and AFLP
analysis by the Mantel test, we could show that the
correlation of S-SSAP to RAPD was 0.46 (probability
P = 0.01), while S-SAP to AFLP was 0.33 (P = 0.07).
The correlation of AFLP to RAPD was however only
0.06 (P =0.37).

The highest ratio of the polymorphic to monomorphic
loci was in the S-SAP analysis (97.4-99.4%) where near-
ly all of the 260 amplified insertions obtained by a single
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Fig. 2 UPGMA cluster analy- S-SAP RAPD AFLP

sis of the genetic relatedness

of the three dominant marker 05 04 03 02 01 3 0z 1

systems, S-SAP, RAPD and Mafui Mafuia Mafuia

AFLP. The bootstrap values are
given in percent
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Fig. 3A, B Distribution of the
STR187 retrotransposon inser-
tions in 177 African sweet-
potato genotypes. A Distribu-
tion of the sweetpotato geno-
types according to the number
of Str187 retrotransposon inser-
tions. B Frequency distribution
of individual insertions across
the total number of genomes

I R T O - I =}
10
15
20
25

Number of genotypes with a given insertion

Frequency of a given insertion per genomes

E
75
No.221 |26 ———Kychanduh
46
Naveto ‘Wagaholige
21
Sanie Amare Sante Amare
17
A Camote Amaril Camote Amarill
89 100

o =1 =1 =1 o =1
- =1 Ll =+ bal =] -

Naveto

No 221

Simama

Japonese

S0
55

Number of insertions

o o =
= = =
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Item Primer Total number Total number of Number of %
combinations of assays amplification products polymorphic products Polymorphic loci

RAPD 12 742 65 87.8

AFLP M40/E33 1 135 95 70.37

AFLP M40/E36 1 93 84 90.32

S-SAP E01/187G 1 260 254 97.7

S-SAP E01/187GC 1 51 50 98.0

S-SAP E44/187G 1 173 172 99.4

S-SAP E44/187GC 1 39 38 97.4

aOnly distinct bands that demonstrated polymorphism were scored for RAPD

primer pair proved polymorphic (Table 2). AFLP amplifi-
cation of the samples, in both primer combinations, yield-
ed a lower ratio of polymorphic to monomorphic bands
(70.4 to 90.3%). RAPD fragments were intermediate
(87.8%) in comparison with S-SAP and AFLP analysis.

Estimation of the frequency of the insertion sites

We analysed 177 East-African accessions to determine
the number of insertion sites per genotype, detected by
the EO1-Str187/G primer combination. The analysis was



based on the assumption that identical fragment size in
the S-SAP patterns represent identical, while distinct
fragment size represent different, transposon insertions
in the genomes. The study revealed a total number of
253 insertion sites of the Str187 retrotransposon, averag-
ing about 41 insertions per genome ranging between 12
and 83. The distribution of the number of insertions per
genome in the analysed plants is shown in Fig. 3A.

Estimating the frequency of a particular transposon
insertion in the sample set, we found that insertions pres-
ent less than ten times were the most abundant. The
maximum was found with insertions present three times
in the 177 genotypes analysed. We found only a single
transposon location, which was present in all the East
African genomes analysed (Fig. 3B).

Discussion

Retrotransposon based sequence-specific amplified
polymorphism of sweetpotato

Sweetpotato DNA sequences were amplified with degen-
erate oligonucleotide primers corresponding to conserved
domains of the Ty/-copia retrotransposon RNaseH gene
and flanking adaptor primers. The amplified fragments
were cloned as described in Materials and methods. Two
hundred and forty randomly selected clones were se-
quenced, yielding 90 clones with a recognisable RNaseH
gene sequence. Only three (Str6, Str85, Stri87) out of
these 90 clones contained both the stop codon of the
RNaseH gene and the characteristic polypurine track fol-
lowed by the putative 3" LTR region. The three isolates
have three different IR and putative LTR regions, indicat-
ing the presence of several classes of copia elements in
the sweetpotato genome (Fig. 1). Generally, the polypu-
rine track is located at minus 1 to plus 40 bp downstream
from the stop codon of the RNaseH gene (assumption
based on sequence database data). The D. copia retro-
transposon is an exception at 199 bp. In the three sweet-
potato clones, the polypurine track was found in close vi-
cinity (-1 + 1 bp) to the stop codon. The other 87 clones
were sequenced after the stop codon for another
200-500 bp, but the putative PPT-IR-LTR region was not
identifiable. The low incidence of the RNaseH-LTR com-
plete sequence among the isolated clones may indicate
that in sweetpotato the majority of the 7y/ elements are
already mutated. It is known that plant genomes have
evolved mechanisms to repress uncontrolled retrotrans-
poson expansion, such as DNA methylation (Liu and
Wendel 2000), deleterious mutations (Heslop-Harrison et
al. 1997; Nuzhdin 1999), unequal crossing over and/or in-
trachromosomal recombination between LTRs (Shirasu et
al. 2000). These findings could explain why only a small
portion of the clones has a complete sequence of the
RNaseH-LTR region.

Since primers planned for the S#r85 region yielded
only few amplificates and the Str6 primers did not con-
sistently amplify all DNA samples in SSAP analysis, on-
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ly the primers designed for Str/87 were used for subse-
quent experiments. Increasing the number of selective
nucleotides on the LTR primer, the amounts of the de-
tected insertions were reduced 4-5 times per nucleotide
as expected. However only a slight reduction on the
number of the bands was observed when the adaptor
primers were extended (Table 1). This latter observation
could explain why Waugh et al. (1997) had to use 2-3
selective nucleotides on the adaptor primer to reduce the
amount of the amplified polymorphic bands to a scorable
number, concurrent with the non-selective LTR primers.
In our case, the best results were obtained by extending
the LTR primer by only one nucleotide.

In the original S-SAP protocol (Waugh et al. 1997)
the genomic DNA was cut with two restriction enzymes,
a six and a four cutter, as is usual in AFLP (Vos et al.
1995). Ellis et al. (1998) and Pearce et al. (2000) pub-
lished a modification of the method using only a four-
cutter enzyme to analyse diverse Pisum accessions but
without pre-amplification of the LTR-adaptor fragments.
However, adapting the S-SAP technique to sweetpotato,
digesting the genomic DNA only with a six-cutter en-
zyme (EcoRI) instead of two enzymes, improved the
number and length of the polymorphic bands (data not
shown). Additionally, pre-amplifying the adapted DNA
with the non-extended adaptor and LTR primers resulted
in more robust bands on the gels after the second ampli-
fication with extended primers.

Comparison of the RAPD, AFLP and S-SAP
marker systems

The TyI-copia retrotransposon-based S-SAP analysis is a
dominant marker system yielding a multiband pattern.
Each individual band of this pattern represents a unique
retrotransposon integration site.

Estimating the frequency of polymorphic bands/inser-
tions of the three marker systems (Table 2) revealed that
the majority of the markers were polymorphic in the case
of S-SAP (97-99%) while this was lower in the case of
AFLP (70 to 90%) and RAPD (88%). In the barley ge-
nome a 25-30% increase in the rate of polymorphism
was observed with retrotransposon-based S-SAP, in
comparison to AFLP analysis (Kumar 1996; Waugh et
al. 1997; Yu and Wise 2000). In our case, this difference
was less pronounced (19%).

The retrotransposon-based S-SAP system monitors
the polymorphisms of the transposon insertion sites,
while RAPD and AFLP are dependent on DNA sequence
variability. Therefore, we were interested to determine
whether the three dominant marker systems S-SAP,
RAPD and AFLP yield the same genetic relatedness of
the genomes. Comparing the genetic distance data by the
Mantel test we found a significant correlation between
S-SAP and RAPD marker systems (0.46, P = 0.01), a
marginal correlation between S-SAP and AFLP (0.33,
P = 0.07) and no correlation between RAPD and AFLP
(0.06, P = 0.37). This latter result could indicate that
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RAPD and AFLP represent different regions/sequence
elements of the genome (Powell et al. 1997), while
S-SAP overlaps with both. AFLP amplification sites
were reported to form clusters on genetic linkage maps
(Becker et al. 1995). In UPGMA cluster analysis, the
two South American clones (Camote Amarillo and Jap-
onese) always formed one group with all the three sys-
tems; S-SAP and RAPD yielding high (89 and 100%)
bootstrap values, while in the case of AFLP it was only
36%. In the case of the S-SAP analysis, the third South
American clone Santo Amaro was also confined to this
group (Fig. 2). The other two systems grouped the Bra-
zilian clone with the African ones. Even within the Afri-
can group, only the S-SAP method could distinguish the
two Ugandan clones (Wagabolige and Kyebandula) from
the Kenyan ones (Mafuta and Simama). This indicates
the potential of the S-SAP marker system to reflect the
geographic origin of the clones. This result suggests
area-specific transposon insertions. Ellis et al. (1998)
published a similar finding for pea.

Frequency of the transposon insertions

In order to assess the quality of the established S-SAP
technique we compared the insertion patterns of nine se-
lected clones representing Africa, South and Central
America, as well as Papua New Guinea (Table 1). These
clones were analysed by the Str/87 primers and resulted
in 33 to 64% of genome-specific, unique insertion sites
dependent on the primer combination used (Table 1). In
this sample set, there were only a few insertion sites,
which were common in all the tested genomes.
Additional analysis of 177 East-African sweetpotato
accessions revealed a high divergence (12-83) in the
number of retrotransposon insertions in the individual
genomes (Fig. 3A). Furthermore, we found that insertion
sites present in a small number of the genomes are more
frequent than those that are present in the majority of the
genotypes. In fact, only a single insertion was present
in all the genomes analysed (Fig. 3B). Considering that
sweetpotato has been present in the East African region
for only about 500 years, and the number of genotypes
introduced was possibly limited, a surprisingly high
level of genetic variability of the transposon insertion
sites was detected. It is known that different biotic and
abiotic stresses can induce the mobility of the retrotrans-
poson (Grandbastien et al. 1997; Mhiri et al. 1997). It is
plausible that retrotransposon elements of the sweetpotato
genomes introduced into East Africa were mobilised dur-
ing adaptation of the species to the new environment.
Therefore, the presence of the high portion of unique and
the low level of common insertions could indicate the
high mobility, as well as a high mutation rate, of the
Tyl-copia type retrotransposons in sweetpotato. Conse-
quently, the Str187 sweetpotato retrotransposon sequence
may represent a still-mobile transposon. In this case local
geographic-region specific transposon insertions can ac-
cumulate as suggested by Ellis et al. (1998). Considering

that the evolution of the transposon insertions could be
faster than the evolution of the rest of the genome (e.g.
household genes), the genetic-diversity measures based
on retrotransposon marker systems may overestimate the
existing genetic diversity. Our results also support this
idea since the highest level of polymorphism was found
with the retrotransposon-based S-SAP markers.

The important factors in the choice of a genetic marker
includes development time and cost, capital outlay, the
amount and quality of DNA required, prior knowledge
of DNA sequence, required technical expertise, robust-
ness, informativeness, genome coverage and reproduc-
ibility (Vos et al. 1995; Powell et al. 1996; Milbourne et
al. 1997, 1998). The S-SAP markers require a higher ini-
tial cost of development compared to both RAPD and
AFLP due to the need to isolate the LTR sequence of the
retrotransposon. The S-SAP was demonstrated to be su-
perior to both RAPD and AFLP in terms of the number
of amplification products and the number of polymor-
phic loci (Table 2). The four S-SAP primer combinations
tested revealed a mean of 130 insertions per assay
(Table 2). Considering that up to 12 RAPD, or at least 2
AFLP, assays were required to achieve approximately
the same level of polymorphism, it is evident that on a
per-assay basis the S-SAP procedure may be the best of
the three methods for genetic analysis and the character-
isation of the sweetpotato at a comparable cost. Com-
pared to fluorescent AFLP we found that the S-SAP
peaks were more distinct. Though both the AFLP and
S-SAP markers are dominant, the high multiplex ratio
(describes the number of different genetic loci that
can be simultaneously analysed per experiment) of the
S-SAP indicates that they are more informative. An ad-
ditional advantage of a system anchoring one primer in
the nuclear genome is that accidental contamination of
the DNA sample by infective agents should not influence
the resulting banding pattern.
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