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Madrid, Spain
Fax: #34-1-885 4799
E-mail: bcferrer@gene.alcala.es

Theor Appl Genet (1999) 98 : 265—273 ( Springer-Verlag 1999

J. A. Dávila · Y. Loarce · E. Ferrer

Molecular characterization and genetic mapping of random amplified microsatellite
polymorphism in barley

Received: 6 May 1998 / Accepted: 20 July 1998

Abstract This study has analyzed the molecular basis
and genetic behaviour of the polymorphism generated
by the amplification of barley genomic DNA with
primers complementary to microsatellites. Primers
anchored at the 5@ end, used alone or in combination
with arbitrary sequence primers, generated random
amplified microsatellite polymorphisms (RAMPs).
Unanchored primers were also used as single primers
in a microsatellite primed-PCR (MP-PCR). Twenty
six randomly selected RAMP DNA fragments which
showed polymorphism between the cultivars Steptoe
and Morex were cloned and sequenced. All sequences
showed the expected repeated motif at the end of the
insert, with the number of repeats ranging from five to
ten. Genomic sequences containing low numbers of
microsatellite motifs were preferentially amplified;
therefore, only a fraction of the polymorphism could be
attributed to variation in the number of microsatellite
motifs at the priming site. Some sequences contained
either cryptic simple sequences or members of families
of repeated DNA. Polymorphism at the internal cryptic
simple sequences was detected by RAMP bands in-
herited as co-dominant markers. Four MP-PCR bands
were cloned and sequenced. A number of repeats iden-
tical to the primer itself were found at each end of the
insert. Two allelic bands were polymorphic for an inter-
nal microsatellite. The potential use of cloned bands as
fingerprinting tools was investigated by employing
them as hybridization probes in Southern blots con-
taining digested barley DNA from a sample of cul-
tivars. RAMP probes produced complex hybridization

band patterns. MP-PCR probes produced either
a highly variable single locus or low-copy number loci.
Segregations for 31 RAMPs and three MP-PCR
bands were studied in a population of 70 doubled-
haploids from the Steptoe/Morex cross. One third of all
markers were co-dominantly inherited. Markers were
positioned on an RFLP map and found to be distrib-
uted in all barley chromosomes. The new markers
enlarged the overall length of the map to 1408 cM.

Key works Microsatellites · Simple sequence repeats ·
RAMP · Mapping · Barley

Introduction

Microsatellites, also called simple sequence repeats
(SSRs), are tandem repeated arrays of short core
sequence. They are present in the vast majority of
eukaryotic genomes. The total number of different
dinucleotide blocks has been estimated for several
plant species including some tropical trees (Condit and
Hubbell 1991), Brassica (Lagencrantz et al., 1993),
soybean (Morgante and Olivieri 1993), rice (Wu and
Tanskley 1993) wheat (Roder et al. 1995; Ma et al.
1996), Quercus (Dow et al. 1995) and spruce (Pfeiffer
et al. 1997). The number of sites ranged from 103 to 105
depending on the species and the repeat motif. Poly-
morphism produced by a variable number of tandem
repeats has been demonstrated in a large number of
plant species. This feature has made microsatellites
a very attractive molecular marker for species with
a narrow genetic base. Thus, in barley, highly polymor-
phic microsatellites have been developed (Saghai-
Maroof et al. 1994; Becker and Heun 1995 a; Liu et al.
1996) and have been shown to discriminate between
even closely related cultivars (Russell et al. 1997).

The labour-intensive procedures, which include the
cloning and sequencing needed to develop this type of



marker, have promoted the use of alternative ways of
detecting polymorphism associated with microsatel-
lites. These methodologies are based on the use of
primers complementary to SSRs. Multilocus profiles
have been generated using different kinds of oligonuc-
leotide containing simple sequence repeats as single
primers (Gupta et al. 1994; Zietkiewicz et al. 1994;
Weising et al. 1995 a; Charters et al. 1996; Nagaoka and
Ogihara 1997) or in combination with arbitrary se-
quence oligonucleotides (Wu et al. 1994; Becker and
Heun 1995 b; Matioli and Brito 1995; Sánchez de la
Hoz et al. 1996; Dávila et al. 1998). These studies have
shown the reproducibility of the patterns generated, the
Mendelian inheritance of the polymorphic amplified
bands and their usefulness in the investigation of the
genetic relationships between accessions or cultivars of
different plant species. Mapping of this kind of marker
in maize (Gupta et al. 1994), Arabidobsis (Wu et al.
1995) and barley (Becker and Heun 1995 b) has been
previously reported.

Less is known about the molecular nature of the
polymorphism associated with these markers. The
primer design allowed the evaluation of two alterna-
tives. Firstly, when 5@-anchored oligonucleotides
are used as primers, polymorphism will be produced in
the variation of the number of repeats of the core
sequence at each locus. Secondly, when 3@-anchored
oligonucleotides are used, polymorphism was attribu-
table not to variation at the priming site but to the
variation of the inter-repeat sequence. Unanchored
oligonucleotides will produce one or the other kind of
product depending upon where they annealed with the
SSR sequence. The first situation has already been
tested since single-locus microsatellites have been iso-
lated after cloning PCR products from the amplifica-
tion of DNA with primers containing 5@-degenerated
sequences (Fisher et al., 1996). In addition, all three
types of oligonucleotides could detect dominant poly-
morphism (i.e. presence/absence) due to extensive vari-
ation at the priming site, as has been found using
unanchored oligonucleotides (Weising et al. 1995 a).

In the present investigation, decamer 5@-anchored
oligonucleotides used in combination with arbitrary
sequence decamers were employed to produce barley
DNA fingerprints. The polymorphism generated,
termed random amplified microsatellite polymorphism
(RAMP) (following Wu et al. 1994), was able to better
reflect genetic relationships among barley cultivars
than does random amplified polymorphic DNA
(RAPD) (Sánchez de la Hoz et al. 1996; Dávila et al.
1998). The present work was undertaken to investigate
the genetic and molecular nature of these polymorphic
bands, and also those produced by using unanchored
oligonucleotides as single primers [microsatellite
primed-PCR (MP-PCR)] (Weissing et al. 1995 a). Map-
ping the polymorphic bands should indicate if micro-
satellite sequences are dispersed throughout the barley
genome. Cloning and molecular characterization of

RAMP and MP-PCR bands will show the sequences
responsible for the polymorphism. Moreover, cloned
polymorphic products would have the potential of either
being converted into single-locus markers or into novel
probes which can be used in barley fingerprinting.

Materials and methods

Plant material

Two barley cultivars, Steptoe and Morex, were used for screening
polymorphism. Seventy doubled-haploid plants from the cross be-
tween these two cultivars were employed for mapping the amplified
polymorphic bands. Thirteen barley cultivars (Alexis, Apex, Aramir,
Blenheim, Hauters, Igri, Ingrid, Malta, Natasha, Plaisant, Triumph,
Vogelsanger Gold, and Volla) were also used to assess the level of
polymorphism detected by these markers. DNA was extracted from
young leaves according to Sharp et al. (1988).

RAMP and MP-PCR assays

5@-Anchored oligonucleotides containing a dinucleotide repeat,
either GC(CA)

4
and GT(CA)

4
or CCGG(AC)

8
, were used in combi-

nation with an arbitrary sequence oligonucleotide from Operon (kits
R, S and T). The PCR reaction mixture consisted of 25 ng of
genomic DNA, 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM
MgCl

2
, 0.2 lM of each primer, 100 lM of each dNTP and 0.5 U of

¹aq polymerase, in a 25-ll vol. PCR reactions were performed in
a Perkin Elmer Cetus Model 480 DNA Thermal Cycler. The amplifi-
cation protocol was: 1 min at 94°C, 2 min at 36°C and 2 min at 72°C
for 40 cycles, followed by a final extension of 5 min at 72°C, for
GT(CA)

4
and GC(CA)

4
; and 1 min at 94°C, 1 min at 60°C and

2 min at 72°C for 30 cycles, followed by a final extension for 5 min at
72°C, for CCGG(AC)

8
. Amplification products were fractionated by

electrophoresis on non-denaturing 7% polyacrylamide gels and
silver-stained following Bassam et al. (1991).

Oligonucleotides containing (GGAT)
4,

(GATA)
4

and (GTG)
5

were used as single primers in reactions conducted as above, except
that the annealing temperatures were 52°C, 42°C and 52°C respec-
tively. Amplification products were fractionated by electrophoresis
on 1.8% agarose gels and stained with ethidium bromide.

Cloning and sequencing amplified bands

Specific polymorphic bands were excised directly from either the
polyacrylamide or agarose gels. Excised bands from polyacrylamide
gels were added to 100 ll of elution buffer (50 mM KCl, 100 mM
Tris-HCl, pH 9.0 and 0.1% Triton X-100). After 30 min at 95°C, 1 ll
was taken as a template for re-amplification of the band. DNA was
eluted from low-melting-point agarose gels using Geneclean II (BIO
101, Inc). RAMP and ISSR bands were ligated into the pCR-Script
cloning vector (Stratagene) according to the manufacturer’s instruc-
tions. DNA sequencing was carried out by an ABI Prism-377 auto-
matic sequencer. Sequences were analyzed using the Dnasis
program. The search for homologous sequences at the GenBank
and EMBL databases was carried out using the GCG programs
(University of Wisconsin).

Southern analysis

Several cloned RAMP and MP-PCR bands were used as hybridiza-
tion probes. Fifteen micrograms of DNA from each of the barley

266



Fig. 1a, b Amplification patterns
using different primers. a RAMP
patterns of Steptoe (S) and
Morex (M ) with different primer
combinations. 1 GT(CA)

4
and

Operon S1; 2 GC(CA)
4

and
Operon R10; 3 GT(CA)

4and Operon S9; 4 GT(CA)
4

and
Operon T6; 5 GT(CA)

4
and

Operon T14; 6 GT(CA)
4and Operon S20; 7 GT(CA)

4and Operon T1. b ISSR patterns
using primer (GGAT)

4
. Numbers

indicate the four bands, named
F4, which were subsequently
cloned. S: Steptoe; M: Morex.
¸ane 1 Alexis; 2 Apex; 3 Aramir

cultivars were digested with DraI, EcoRI or HindIII under the
conditions recommended by the manufacturer. Fragments were
fractionated by electrophoresis on 0.8% agarose gels and trans-
ferred to charged nylon membranes (Boehringer Mannheim) follow-
ing the manufacturer’s instructions. Probes were labelled with
digoxigenin-11-dUTP (Boehringer Mannheim) using PCR reactions
(Hoisington et al. 1994). Pre-hybridization and hybridization was
carried out at 65°C in 5]SSC, 0.02% SDS, 0.01% sodium lauryl
sarcosine and 0.3% blocking reagent (Boehringer Mannheim). The
hybridization solution also contained 100 ng/ml of PCR-labelled
probe. Membranes were washed twice with 0.15]SSC, 1% SDS at
room temperature for 5 min, and three times at 65°C for 15 min.
Detection of hybridization was performed by an enzymatic reaction
using anti-digoxigenin-AP and CDP-Star (Boehringer Mannheim)
following the manufacturer’s instructions. For mapping fragments
generated by probe 4F4, DNA from the 70 doubled-haploid lines
was digested with DraI, blotted and hybridized as above.

Single-locus PCR-amplifications

From the sequence of two polymorphic bands (T14GT0 and 2F4),
forward and reverse primers were designed using the PRIMER
software. Optimization of each reaction was carried out by trying
a range of annealing temperatures and MgCl

2
concentrations. PCR

amplifications were performed in a total volume of 25 ll contain-
ing 25 ng of DNA, 0.2 lM of each primer, 100 lM of each
dNTP,10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 to 2.5 mM
MgCl

2
and 0.5 U of ¹aq polymerase. Samples were processed

through 35 cycles consisting of 94°C for 1 min, with an annealing
temperature for 45 s, and at 72°C for 45 s. Annealing temperatures
were 58°C for T14GT0 and 60°C for 2F4. Amplification products
were fractionated on a 3.5% Metaphor agarose gel (FMC) and
stained with ethidium bromide. Alternatively, 0.48 lM of fluor-
escent-dUTP was added to the reaction and the products visualized
using GeneScan software and an ABI Prism automatic sequencer.

Mapping analysis

The segregation data for the polymorphic bands detected in this
work were combined with RFLP and isozyme mapping data kindly
provided by P. Hayes (University of Oregon, USA) using the Map-
maker program (Lander et al. 1987) at LOD scores of 3.

Results

Molecular characterization of cloned RAMP and
MP-PCR bands

Thirteen primer combinations consisting of a 5@-an-
chored oligonucleotide, GC(CA)

4
or GT(CA)

4
, plus an

arbitrary sequence oligonucleotide were used to am-
plify DNA from Steptoe and Morex. Figure 1a shows
RAMPs obtained with different primer combinations.
CCGG(AC)

8
was used as single primer in PCR amplifi-

cation. Thirty of the fifty one polymorphic bands detec-
ted were excised from the polyacrylamide gels and
cloned into the pCR-Script vector. Similarly, oligonuc-
leotides (GGAT)

4
, (GATA)

4
and (GTG)

5
were used as

single primers to amplify DNA from both cultivars.
The four products from the amplification with primer
(GGAT)

4
— three polymorphic, (1F4, 2F4 and 3F4) and

one monomorphic (4F4), (Fig. 1 b) — were excised from
the agarose gels and cloned. All the cloned inserts were
identical in size to the corresponding PCR products
(data not shown).

DNA sequences from all cloned PCR products were
determined. A total number of 26 RAMP sequences
and four MP-PCR sequences were obtained. All the 26
cloned sequences from bands amplified with primers
GT(CA)

4
or GC(CA)

4
contained a (CA)

n
microsatellite

at one end of the insert and the nucleotide sequence
of the arbitrary primer at the other. The length
of the microsatellites ranged from five to eight repeats
for 13 sequences. The remaining sequences contained
a microsatellite with a number of repeats equal to that
of the primer. The four sequences analyzed from the
amplification with primer CCGG(AC)

8
contained an

(AC)
n
microsatellite at one end of the insert and a (TG)

n
at the other. The number of repeats ranged from eight
to ten. None of the four cloned bands amplified with
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Fig. 2 Hybridization patterns detected by a probe S9GT2 and
b Probe T6GT1 in a DraI digest of genomic DNA from barley
cultivars. Lane 1 Blenheim; 2 Volla; 3 Natasha; 4 Hauters; 5 Plaisant;
6 Igri and 7 Apex

Fig. 3 Hybridization pattern detected by probe 4F4 in a DraI digest
of genomic DNA from 13 barley cultivars plus Steptoe (S ) and
Morex (M). 4F4-A and 4F4-B indicate the two loci analyzed in the
cross Steptoe and Morex. ¸ane 1 Aramir; 2 Apex; 3 Blenheim;
4 Alexis; 5 Natasha; 6 Vogelsanger Gold; 7 Ingrid; 8 Triumph;
9 Volla; 10 Malta; 11 Plaisant; 12 Hauters; 13 Igri

primer (GGAT)
4

contained more than four repeats at
each end, indicating that these bands were inter-repeat
sequences.

Sequences were examined for additional microsatel-
lites in the internal sequence. A perfect (TC)

n
micro-

satellite was found in sequences 2F4 and 3F4. These
sequences were otherwise identical except for the num-
ber of repeats of these microsatellites, (TC)

13
and (TC)

7
for 2F4 and 3F4 respectively. Sequences considered
microsatellite-like with short tracks of imperfect or
irregular repeats were also found. For instance, A-rich
regions were present in S9GT2A [AGC(A)

7
T(A)

5
]; and

R4GT2 [(A)
4
C(A)

6
T(A)

4
] whilst T14GT0 contained

the sequence (CA)
6
TA(CA)

4
. Long repeat units were

found in two cloned sequences. R4GT3 showed four
tandem repeats of a unit of 27 nucleotides, and clone
T6GT1 presented two tandem repeats of a unit of 113
nucleotides.

Sequences contained within the cloned RAMP were
analyzed for similarity to previously reported se-
quences by a database search. For most of the clones
no significant homology to any known sequence was
detected. Clone S10GT4 with a size of 227 bp showed
69% homology in 160 bp with a Secale cereale R173
retrotransposon-like sequence (Rogowsky et al. 1992),
S15GT3 A with a size of 292 bp showed 85% homol-
ogy in 190 bp to the Hordeum vulgare BARE-1 copia-
like retrotransposon (Manninen and Schulman 1993),
and S20GT with a size of 459 bp showed 70% homol-
ogy in 118 bp to the barley gene for thiol protease
aleurin (Whitier et al. 1987).

Southern hybridization of cloned RAMP and
MP-PCR bands

Five cloned RAMP and four cloned MP-PCR bands
were used in Southern-blot experiments to screen for
restriction fragment length polymorphism (RFLP)
among barley cultivars. Clones R10GC1, S9GT2 and
S9GT5 gave typical patterns of dispersed repeat se-
quences with a variation not easily scorable among the
cultivars (Fig. 2 a). Clones T6GT1 and R4GT3 gener-
ated complex patterns of highly variable bands
(Fig. 2 b). The four cloned MP-PCR bands used as
probes resulted from the amplification of DNA with
(GGAT)

4
. 1F4 gave a single-locus pattern of hybridiza-

tion and only two alleles were scored among the cul-
tivars. Steptoe and Morex presented the same allele
(data not shown). 2F4 and 3F4 detected the same
hybridization patterns. Each cultivar was represented
by a single band though differences in their lengths
were difficult to score (data not shown). Polymorphism
was detected for Steptoe and Morex. 4F4 identified
a pair of bands for most of the cultivars. Both were
polymorphic between Steptoe and Morex, and the
study of their segregation in the doubled-haploid popu-
lation indicated that each band corresponded to one

locus. For one RFLP, 4F4-A, six different alleles
were determined in a sample of 13 barley cultivars.
The second locus, 4F4-B, was more difficult to score
but at least five alleles were detected in the cultivar
sample (Fig. 3).
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Table 1 Microsatellite primer sequences, repeat motif, number of alleles per locus, product sizes and diversity index in a sample of 15 barley
cultivars

Locus Forward primer Backward primer Repeated Number of Range of Diversity
motif alleles PCR index

product
sizes

2F4 TAGAAGGAGGAGGAGCACAC TACTCACACACTCACCACCG (TC)
n

5 149—165 0.73
T14GTO ATGGTGTAGTGGTGAGATGC TAGATCCATGAGGTTGTSCC (CA)

n
(A)

n
5 298—302 0.67

Fig. 4 Sequences of co-segregating bands produced by amplification
with primers GT(CA)

4
and Operon T14. The internal annealing sites

in the largest sequence, T14GT0, are underlined

PCR amplification of specific RAMP and
MP-PCR bands

For two of the sequenced clones, T14GT0 and 2F4,
pairs of oligonucleotides (20-mers) were synthesized
and used as PCR primers (Table 1). Clone 2F4 con-
tained a (TC)

13
microsatellite and clone T14GT0 con-

tained an imperfect microsatellite-like sequence
(Fig. 4). Both pairs of primers produced a single band
in each cultivar. Polymorphism among the 13 barley
cultivars, plus Steptoe and Morex, was scored by fluor-
escent-labelling of the amplified fragments which were
detected with an automated sequencer. High levels
of variability were observed for both microsatellites
whose expected gene diversities (Nei, 1973) were 0.73
and 0.67 for 2F4 and T14GT0 respectively. Steptoe
and Morex were characterized by different alleles for
the 2F4 microsatellite.

Segregation and mapping

The 13 primer combinations used to amplify DNA
from Steptoe and Morex produced 247 bands. The
frequency of polymorphic bands was 31.1%. Segrega-
tions for 51 polymorphic bands were analyzed in 70
doubled-haploids; 96.8% of the bands segregated in the
expected 1 : 1 ratio. Within an amplification profile,
co-segregation of bands was observed on several oc-
casions. Sequencing of these co-segregating bands
showed that an amplified fragment of DNA could
produce shorter fragments if internal sites for any of the
primers were present. Figure 4 shows an example of
these sequences. However, for other co-segregating
bands, sequence homology was not found. Only one of
the segregations was further analysed. A total number
of 35 RAMPs were mapped onto an RFLP and
isozyme barley map (Kleinhofs et al. 1993) (see Fig. 5.).

Ten out of thirty five markers were scored as co-
dominant. The sequences of four allele pairs of these
co-dominant markers were obtained. The alleles
showed variations in the number of repeats at the CA
di-nucleotide motif (S9GT3), in the number of repeats
at internal imperfect repeats (S9GT2, S15GT3), or in
the addition/deletion of three nucleotides (R10GC2).
Moreover, segregations were analyzed for the micro-
satellite 2F4 and the RFLPs 4F4-A and 4F4-B. These
loci also showed Mendelian inheritance. However,
4F4-A showed no linkage to any other marker so that
only 4F4-B could be mapped.

RAMP markers were scattered on the seven barley
chromosomes. Only five RAMPs were mapped at the
same site as other previously mapped RFLPs markers.
Therefore, 30 RAMP loci have been added to the
RFLP map. Chromosomes 3, 5 and 6 presented the
largest number of RAMPs (seven), whereas chromo-
some 4 was characterized by only two markers. RAMP
markers were distributed over the chromosome maps
with no obvious clustering. Several markers mapped
to chromosome areas not covered by RFLPs. For
example, T1GT on chromosome 1, R10GC2 on chro-
mosome 3, R8GC3 on chromosome 4 and R10GC3 on
chromosome 6. One marker, S18GT2, mapped at the
tip of chromosome 1. The two 4F4 mapped loci were
closely linked on the short arm of chromosome 2.

Discussion

It has been pointed out (Wu et al. 1994; Zietkiewicz
et al. 1994; Becker and Heun 1995b; Weising et al.
1995a; Sánchez de la Hoz et al. 1996) that the use of
primers containing microsatellite motifs would be an
efficient tool to simultaneously show inter-individual
variation at different microsatellite loci. Moreover, to
better reveal the variation in the number of repeats at
each microsatellite locus, anchored primers with SSR
motifs at the 3@ end and non-repetitive bases at the 5@
end should be preferentially employed. In the present
study, this kind of primer was used singly or in com-
bination with arbitrary sequence oligonucleotides to
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Fig. 5 Linkage map of barley based on the linkage data from the
Steptoe/Morex cross (Kleinhofs et al. 1993). Only a reduced number
of RFLP loci have been included. The RAMP and MP-PCR loci
mapped in this study are in bold. The scale to the left of the
chromosomes shows map distances in centiMorgans (cM). The
approximate centromere positions are shown by a vertical bar
with a C

amplify DNA from two barley cultivars, Steptoe and
Morex. The cloning and sequencing of polymorphic
fragments revealed several features with respect to the
molecular nature of these fragments and the efficiency
of this approach.

For about half of the fragments sequenced from
DNA amplifications using 5@-anchored primers, the
number of di-nucleotide motifs was the same as for the
primer itself. This could be attributed to inefficient
anchorage of the primers which, favored by the low-
stringency conditions, slipped toward the 3@ end of the
microsatellite during PCR (Fisher et al. 1996). Al-
though such an effect might be operating, the following
suggest that there are alternative explanations. The
template of the largest fragment, T14GT0, contained
six (GT)

n
sites [DNA sequences of four fragments am-

plified with the same pair of primers were examined
(Fig. 4)]. Four of them annealed with the primer

GT(CA)
4

and produced four fragments which were
sequenced. From the study of these sequences it was
clear that A/G and AT/GT mismatches were allowed,
but not GG/GT. Moreover, fragment T14GT01, which
has a (GT)

6
site at one end, was amplified by the

anchorage of the GT(CA)
4

primer at the 5@ end of the
first di-nucleotide. These results indicate that although
a certain primer-template mismatching at the 5@ end
is tolerated, the anchor sequence seems to be able to
site the primer at the 5@ end of the di-nucleotide tract.
Other observations corroborated this conclusion. For
example, bands on the polyacrylamide gels were dis-
crete (Fig. 1) with no associated bands to indicate an
annealing of the primer to different internal di-nucleo-
tides of the microsatellite. Further, primers GC(CA)

4
and GT(CA)

4
in combination with the same Operon

primer produced different profiles with few fragments
of the same length (data not shown but see Sánchez de
la Hoz et al. 1996). Also, the sequenced fragments
from high-stringency amplifications with primer
CCGG(AC)

8
presented the same features regarding the

number of di-nucleotides at the microsatellite end as
that amplified with the short primers GC(CA)

4
or

GT(CA)
4
. Moreover, none of the products sequenced

from amplifications with the unanchored primer
(GGTA)

4
produced an increment in the number of
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repeated units over that contained by the primer, as has
also been reported in different species using this
type of primer (Weising et al. 1995 a). Overall, these
observations suggest that genome sequences with a low
number of di-nucleotide motifs were the preferential
annealing sites for the 5@-anchored primers employed in
these experiments. The greater abundance of shorter
microsatellites over the larger could be the best ex-
planation for these results. Fisher et al. (1996), used
5@-anchored primers with seven non-repeated nucleo-
tides at the 5@ end to amplify DNA from Pinus radiata.
They produced a library of amplified fragments which
was screened with a labelled oligonucleotide containing
the repeated di-nucleotide motif to select clones with
large microsatellites. They found 1.5% positive clones.
The present results are similar since from 30 sequenced
fragments only one with a larger microsatellite (con-
taining eight repeat units) was found.

All the RAMP fragments sequenced were the result
of two priming events. This can be explained taking
into account that, during PCR, single-stranded DNA
products, with complementary sequences at each end,
could establish a secondary structure that would com-
plicate their amplification, in comparison with the
amplification of products with a different sequence
at each end.

Several of the RAMP sequences examined revealed
the presence of irregular direct repeats containing com-
binations of different repeat types. Most of them could
not be classified as compound microsatellites due to the
short number of repeat units for each motif. These
sequences have been called ‘‘cryptically simple repeats’’
(Tautz et al. 1986). The association of (CA)

n
repeats

with other SSRs, with repeat units of between two and
seven nucleotides or (A)

n
mononucleotide repeats, has

also been reported for the porcine genome (Wilke et al.
1994). Similarly, very long regions that appear to be
composed of mixed simple-sequence structures have
frequently been found in eukaryotic genomes (Zischler
et al. 1992). Cryptically simple sequences could be
exploited for DNA fingerprinting, as pointed out by
Tautz (1993). In Drosophila populations it has been
shown that they can be polymorphic and are probably
produced by DNA slippage during replication and
recombination (Tautz 1989). In the present study one-
third were found to be co-dominant RAMP markers.
Sequence differences between four Steptoe and Morex
pairs of alleles were based on either different numbers
of perfect repeats at one end of the fragment or the
addition/deletion of bases which took part in the cryp-
tically simple sequence. The irregular direct repeats
of one of these sequences (T14GT0) (Fig. 4) was
specifically amplified in a sample of barley (Table 1) to
confirm the utility of cryptically simple repeats for
disclosing polymorphism in closely related cultivars.
Association between different SSRs was also detected
for MP-PCR bands amplified with primer (GGAC)

4
.

Two allelic sequences, 4F2 and 4F3, presented an inter-

nal perfect microsatellite (TC)
n
, highly variable among

the barley cultivars analyzed (Table 1). In contrast,
most of the sequences obtained from dominant RAMP
markers, apart from the short (CA)

n
stretch at one end

of the fragment, showed no association with irregular
direct repeats. These RAMP polymorphisms could
have been caused by sequence divergence at the
priming sites, rearrangements that either altered the
orientation of the primer, or because they were present
between the two priming sites, as suggested for the
origin of RAPD polymorphism (Paran and Michel-
more 1993). A similar origin could be attributed to the
polymorphisms scored as dominant markers amplified
by unanchored primers in MP-PCR.

Seven RAMP bands examined were associated with
repeats other than SSRs in the barley genome. This
observation was not unexpected given the high propor-
tion of repeated DNA in eukaryotic genomes, including
barley. Similar associations have been reported for
fragments amplified using minisatellite core sequences
in wheat (Bebeli et al. 1997) and rice (Zhou et al. 1997),
and for inter-Alu sequences in the human genome
(Kass and Batzer 1995). By analyzing these RAMP
sequences it was possible to distinguish between disper-
sed and tandem repeats. Dispersed repeats homologous
to the known copia-like retrotransposon BARE and to
R173 were present in the RAMP fragments S15GT3A
and S10GT4 respectively. However, for most of the
cloned RAMP bands, no homology with previously
reported sequences was found. The nature of these
sequences was determined by using the cloned bands as
hybridization probes in Southern blots containing
digested DNA from barley cultivars. Together with
the typical patterns of conserved dispersed families
(Fig. 2 a), two bands containing tandem repeats
(S9GT2 and T6GT1) showed highly polymorphic pro-
files for the barley cultivars (Fig. 2 b). Variation was
attributed to the different number of tandem repeats
(manuscript in preparation). The possibility of convert-
ing these multilocus profiles into single-locus markers,
either by designing specific primers or by increasing the
hybridization stringency, is currently being explored.
The above results show that cloned RAMP bands
could be an additional source of markers useful in
DNA fingerprinting for barley germplasm identifica-
tion.

More simple polymorphic patterns were observed
using MP-PCR bands as probes (Fig. 3). Only one or
two loci per probe were detected. Apart from the micro-
satellite sequence presented in bands 4F2 and 4F3, no
other repeated motif was enclosed in the MP-PCR
bands sequenced. It is unlikely that length polymor-
phism detected in Southern blots with probes 4F2 and
4F3 (in the range of 5.5 kb) is due to variation in the
number of repeats of the short microsatellite. This
polymorphism, and also that detected by 4F4, is better
attributed to variation in the number of GGCA repeats
flanking genomic sequences homologous to the probe.
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When used as probes, synthetic oligonucleotides con-
taining a di-, tri- or tetra-nucleotide motif have re-
vealed highly polymorphic DNA-fingerprints in a large
number of plant genomes (for a review see Weising
et al. 1995 b). Cloning of fragments hybridizing with
(GATA)

4
in tomato has shown the existence of long

stretches of DNA with the GATA motif in tandem
(Vosman and Arens 1997). The genomic sequences tar-
geted by the F4 probes could, therefore, correspond to
a single-locus or to low-copy number loci flanked by
the GGCA motif.

An average of 11 bands per reaction were scored in
amplifications from Steptoe and Morex DNA when
using a 5@-anchored primer in combination with
a RAPD primer. Of these, an average of 5.86 were
polymorphic between the two cultivars and an average
of two markers per reaction were scored as co-domi-
nant. These figures are slightly higher than those ob-
tained using similar kinds of primers with the cultivars
Proctor and Nudinka (Becker and Heun 1995 b). The
level of polymorphism revealed by the 13 primer com-
binations employed in the present work is similar to
that detected by RFLP markers using 85 random
genomic probes, and half of the value obtained with 45
single-locus SSRs in the same barley cross (Liu et al.,
1996). Taking into account that RAMP assays did not
require initial investment in terms of probe or sequence
information, this approach could be an alternative to
the generation of large numbers of polymorphic
markers in a short time. Moreover, the fact that a sub-
set of RAMP markers segregated co-dominantly is an
advantage in the construction of linkage maps using
F
2

populations over other multilocus methods such as
RAPD or AFLP.

Co-segregation was found for some RAMPs within
the same gel. Sequence information of the co-segregat-
ing bands has revealed the existence of specific DNA
fragments with more than two annealing sites for
primers (Fig. 4). Alternatively, co-segregating frag-
ments lacking sequence homology would be located
tightly linked in their genomic locations with a reduced
possibility of recombination.

The 35 RAMP loci mapped by linkage analysis were
dispersed over all seven barley chromosomes, with
a range of 1—7 loci per chromosome (Fig. 5). The two
MP-PCR loci were closely linked. Some of the markers
located on chromosomes 3, 5 and 6 were observed in
small clusters around the centromere. Similar results
were observed in an inter-simple-sequence-repeat map
of maize (Gupta et al. 1994), in the location of GATA-
and GACA- containing loci in tomato (Arens et al.
1995), and in a SSR map of barley (Liu et al. 1996). It is
possible that the pericentromeric repeated DNA se-
quences were rich in different simple sequence repeats.
Alternatively, the clustering could be the consequence
of reduced recombination in pericentromeric areas of
barley chromosomes, increasing the density on the
linkage map for markers in these regions. The 32 new

loci added to the Steptoe/Morex RFLP map has en-
larged the overall length of the map by 164 cM to
a total of 1408 cM. Several RAMPs mapped to large
gaps in the RFLP linkage map improve the coverage of
certain chromosome regions. These effects have been
previously observed when different types of molecular
markers were combined in barley. For instance, RAPD
and RFLP (Giese et al. 1994); RAMP and RFLP
(Becker and Heun 1995 a, b); RFLP and SSR (Liu et al.
1996); and AFLP and RFLP (Waugh et al. 1996).
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