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Abstract

A deeper understanding of random markers is important if they are to be employed for a range of
objectives. The sequence specific amplified polymorphism (S-SAP) technique is a powerful genetic analysis
tool which exploits the high copy number of retrotransposon long terminal repeats (LTRs) in the plant
genome. The distribution and inheritance of S-SAP bands in the barley genome was studied using the
Steptoe · Morex (S · M) double haploid (DH) population. Six S-SAP primer combinations generated 98
polymorphic bands, and map positions were assigned to all but one band. Eight putative co-dominant loci
were detected, representing 16 of the mapped markers. Thus at least 81 of the mapped S-SAP loci were
dominant. The markers were distributed along all of the seven chromosomes and a tendency to cluster was
observed. The distribution of S-SAP markers over the barley genome concurred with the knowledge of
the high copy number of retrotransposons in plants. This experiment has demonstrated the potential for the
S-SAP technique to be applied in a range of analyses such as genetic fingerprinting, marker assisted
breeding, biodiversity assessment and phylogenetic analyses.

Introduction

Barley (Hordeum vulgare L.) is a cereal crop that
has been extensively studied all over the world. Its
self-compatability, chromosome number
(2n = 2x = 14) and the development of double
haploid lines have facilitated the construction of
genetic maps (Graner et al. 1991; Kleinhofs et al.
1993; Liu et al. 1996; Qi et al. 1996; Waugh et al.
1997; Ramsay et al. 2000; Li et al. 2003).

The first conventional maps of barley, obtained
with isozyme and morphological markers, were
enriched with molecular markers such as RFLPs

(Graner et al. 1991; Heun et al. 1991; Kleinhofs
et al. 1993; Sherman et al. 1995). Those maps were
efficiently improved with PCR-based markers such
as SSRs (Ramsay et al. 2000; Li et al. 2003) and
AFLPs (Becker et al. 1995; Powell et al. 1997)
which have been shown to be efficient tools for
creating high-density maps, and being less time
consuming than hybridization-based methods
(Mohan et al. 1997; Powell et al. 1997).

Beside these markers a new AFLP-like tech-
nique, that produces Sequence-Specific Amplifica-
tion Polymorphisms (S-SAPs) anchored to specific
sequence motifs, has been introduced (Waugh
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et al. 1997). This method, which exploits the
widespread distribution of retrotransposons in the
genome, has been demonstrated to be highly useful
for molecular mapping (Waugh et al. 1997), for
marker assisted selection (Mohan et al. 1997), and
for a better understanding of gene function and
gene regulation in plants (Kumar and Hirochika
2001). The advantage in using the S-SAP method
relies on the high levels of polymorphism detected
with these markers (Waugh et al. 1997; Ellis et al.
1998; Yu and Wise 2000; Leigh et al. 2003; Porce-
ddu et al. 2002). This relates to several features of
retrotransposons that play a major role in plant
gene and genome evolution (Gribbon et al. 1999;
Kumar and Hirochika 2001).

Retrotransposons are mobile genetic elements
that are able to insert at different positions in the
genome through the reverse transcription of an
RNA intermediate. They can be divided in to
LTR- containing and non-LTR-containing classes
(Boeke and Corces 1989; Hull and Will 1989).
Furthermore, LTR retrotransposons can be sub-
classified into Ty1-copia and Ty3-gypsy groups
(Kumar and Bennetzen 1999).

In plants retrotransposons ‘display a number
of specific features that single them out from
retroelements of other kingdoms’ (Grandbastien
1992). Their copy number is quite variable and
often very high. In addition, their replication
and integration mechanism leads these elements
to be ubiquitously present all over the chromo-
somes (commonly in the euchromatic regions)
and in many cases, to account for more than
50% of the nuclear genome (Grandbastien 1992;
San Miguel et al. 1996; Kumar and Bennetzen
1999).

In barley the most studied family is the BARE-1,
a copia-like retrotransposon (Manninen and
Schulman 1993; Suoniemi et al. 1997; Jääskeläinen
et al. 1999). S-SAP markers derived from LTRs of
this family have been already mapped in barley
(Waugh et al. 1997). Shirasu et al. (2000) have also
demonstrated the presence in the barley genome of
gypsy-like retrotransposons (e.g. BAGY-1,
BAGY-2 and Sabrina families), hybrid retroele-
ments families called Sukkula, Nikita and Stow-
away elements. Sukkula has since been shown to
be a Large Retrotransposon Derivatives (LARD)
(Kalendar et al. 2004). Leigh et al. (2003) have
shown that the properties of all these families can
be easily exploited via S-SAP technique.

Here we report the use of the S-SAP method in
barley, and the integration of the markers derived
from 4 retroelement families (BARE-1, Sukkula,
Nikita and BAGY-2) into a previously published
map. The aim of this study was to develop a set of
genetically characterized markers that may be used
for basic and applied studies as genetic diversity
analyses and marker assisted selection.

Materials and methods

Plant materials

A population of 150 doubled haploid (DH) lines,
derived from the ‘Steptoe’ · ‘Morex’ (S ·M) cross
(Kleinhofs et al. 1993) through the Hordeum
bulbosum method (Chen and Hayes 1989), was
chosen to construct the map. The seed of the
parents and of the DH lines used by the North
American Barley Genome Mapping Project
(NABGMP) was kindly provided by P. Hayes
(Oregon State University, Corvallis, Ore). The DH
lines and the parents were grown in a greenhouse
and the DNA was extracted from fresh leaf tissue
using the DNeasy 96 Plant Kit (Qiagen, Crawley,
UK).

S-SAP analyses

The S-SAP method as described by Waugh et al.
(1997), and modified by Leigh et al. (2003), was
used. Nine primer combinations were used to
screen the parents. The sequences of the LTR-
primers (Table 1) were derived from the barley
Sukkula, Nikita, BAGY-2 retroelements described
by Shirasu et al. (2000) and the BARE-1 retroele-
ment (Manninen and Schulman 1993). Of those,
six primer combinations were selected which
provided the best amplification patterns (band
intensity vs. background intensity, distribution
and abundance of bands on the gel). Primer
combinations employing primers from different
retrotransposons were chosen, rather than chang-
ing the selective bases of MseI primer, in order to
gain information about all of the retroelements
available.

The polymorphic S-SAP fragments were coded
for mapping according to the retrotransposon and
MseI primer name, and to their molecular weight
(Table 2).
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Linkage map analysis

To locate the S-SAP markers on the linkage
map, 223 RFLP markers already mapped on
S · M (Kleinhofs et al. 1993; GrainGenes data-
base, http://wheat.pw.usda.gov/) were used as
anchors. Furthermore, the RFLP map and
the S · M bin map downloaded from the
NABGP website (http://barleygenomics.wsu.edu/
arnis/linkage_maps/maps-svg.html) were used to
infer chromosome designation, polarity and
centromeric position.

First the v2 test was performed to detect the
deviation from the 1:1 ratio as expected under the
null-hypothesis of no segregation distortion. The
combined RFLP and S-SAP segregation data were
then analysed using Joinmap v. 2.0 (Stam and van
Ooijen 1995).

Linkage groups were established as suggested by
Stam (1993), to prevent incorrect assignment of
markers. A LOD score of 5.0 was used for chro-
mosomes 1(7H), 4(4H), 5(7H), and 7(5H). For
chromosome 6(6H) the LOD score was lowered to
3.0 in order to retain the telomeric RFLP marker
MWG798A on the map; no other differences were
observed compared to the linkage group obtained
at LOD 5.0. A LOD score of 9.0 was eventually

chosen for chromosomes 2(2H) and 3(3H) since at
lower values, a grouping of the RFLP markers
from the two chromosomes was observed. Map
distances were calculated using the Kosambi
function (Kosambi 1944) and only maps produced
by the third cycle of mapping were chosen. A final
mapping process was done using the ‘fixed order’
option to avoid minor changes in RFLP order,
such as the inversion of two marker pairs. The
maps produced by this last analysis were chosen,
and drawn using the MapChart computer package
(Voorrips 2002).

Mapped markers were then used to identify
possible linkages with QTLs for agronomic and
malting quality traits, already mapped in the
S · M population (Hayes et al. 1993).

Distances between S-SAP markers and QTLs
were calculated relatively to the QTL peak posi-
tions, identified according to sCIM (simplified
Composite Interval Mapping) values available on
GrainGenes website (http://wheat.pw.usda.gov/
ggpages/S·M/, verified 26 October 2005). Dis-
tances from QTLs located in the interval between
two markers were excluded for simplicity.

Associations between S-SAP markers and phe-
notypic trait means were calculated using one-
way ANOVA (Table 3). Only markers £ 3.4 cM

Table 1. Primers used in S-SAP analysis.

Retrotransposon-based primers Position in LTRa Orientationb Sequencec

BARE-1-5980 5¢ terminus+A Reverse CTAGGGCATAATTCCAACAA

Sukkula-E0228 5¢ 6 Reverse GGAACGTCGGCATCGGGCTG

Sukkula-9900 3¢ 1 Forward GATAGGGTCGCATCTTGGGCGTGAC

BAGY-2-C0589 5¢ 35 Forward TTCGACACTCTTACTTATCGAAAGG

Nikita-E2647 5¢ 80 Forward ACCCCTCTAGGCGACATCC

Mse I primers

Basic Mse I primer n.a. – GATGAGTCCTGAGTAA-

Selective 3¢ bases n.a. – -CAG, -CTA, -CTG, -CTT

aPosition is given relative to the 5¢ or 3¢ end of the LTR as the number of nucleotides internal to the LTR terminus.
bForward primers match the sense or ‘upper’ strand with respect to transcription; reverse primers match the antisense strand.
cAll sequences are given in the 5¢ to 3¢ direction.

Table 2. Primer combinations used in S-SAP analyses and their respective map codes.

Retrotransposon-derived primer (code) MseI primer (code) Molecular weight (nucleotides) (code) Map code

Nikita-E2647 (Nik) CTT (M62) 130(a)–500(k)a NikM62a (k)a

Sukkula-E0228 (SukE) CAG (M49) 220(a)–420(k) SukEM49a (k)

BAGY-2-C0589 (BAGY2C) CTG (M61) 112(a)–561(w) BAGY2CM61a (w)

Sukkula-9900 (Suk9) CAG (M49) 200(a)–634(m) Suk9M49a (m)

Sukkula-E0228 (SukE) CTA (M59) 110(a)–435(o) SukEM59a (o)

BARE-1-5980 (BARE1–5) CTA (M59) 74(a)–344(q) BARE1-5M59a (q)

aThe small letter identifies polymorphic bands starting at the smallest (a).
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distant from QTL peaks were used to test the
association. Phenotypic trait means used for the
analysis were obtained by the average of each
available environmental mean of the 150 S ·M
lines, reported on the GrainGenes website.

Results

S-SAP polymorphism

The polymorphic S-SAP bands were, in general,
clear and easy to score as shown on Figure 1.

In total, six primers combinations were screened
against the 150 DH lines. As shown in Table 4, the
number of visible bands screened for each primer
combination ranged from 33 (SukEM49) to 78
(BAGY2CM61) with a mean of 53.3, while the
number of polymorphic bands ranged from 12
(NikM62, SukEM49) to 27 (BAGY2CM61), with a
mean of 16.3. No significant correlation (Pearson:
r = 0.69, n = 6, p = 0.13) between total number
of bands and the number of polymorphic bands
detected by each primer combination, was found.

The resulting level of polymorphism calculated
for the primer combinations was variable, ranging

Table 3. Association between QTLs (yield, height, diastatic power, malt extract, lodging, grain protein, a-amylase) mapped on S ·M

population and flanking S-SAP markers (distance £ 3.4 cM).

Chr. Trait QTL peak Closest S-SAPs S-SAP-QTL distance (cM) One-way ANOVA

p R2

1 Yield ABC167A BARE1-5M59i 3.1 n.s.

Height MWG911 BAGY2CM61n 2.6 n.s.

Suk9M49b 1.8 0.013 0.045

Diastatic power KFP194 SukEM59g 1.0 0.012 0.047

BAGY2CM61o 3.0 <0.001 0.118

Malt extract ABG476 BAGY2CM61q 3.4 n.s.

NikM62h 2.4 n.s.

BAGY2CM61b 0.9 <0.001 0.133

2 Lodging MWG557 NikM62a 3.4 0.007 0.053

BARE1-5M59c 2.7 0.001 0.077

SukEM49h 0.0 n.s.

BAGY2CM61l 2.6 <0.001 0.280

Grain protein MWG557 NikM62a 3.4 <0.001 0.166

BARE1-5M59c 2.7 <0.001 0.142

SukEM49h 0.0 n.s.

BAGY2CM61l 2.6 n.s.

3 Yield ABG399 BAGY2CM61j 2.0 n.s.

BARE1-5M59f 0.7 <0.001 0.304

BAGY2CM61k 1.2 <0.001 0.259

Lodging ABG399 BAGY2CM61j 2.0 n.s.

BARE1-5M59f 0.7 <0.001 0.295

BAGY2CM61k 1.2 <0.001 0.230

Height BCD828 BARE1-5M59f 2.5 <0.001 0.183

BAGY2CM61k 0.6 <0.001 0.157

Grain protein ABG399 BAGY2CM61j 2.0 0.009 0.048

BARE1-5M59f 0.7 n.s.

BAGY2CM61k 1.2 n.s.

a-amylase Glb4 BAGY2CM61f 1.8 n.s.

6 Diastatic power MWG820 Suk9M49a 1.5 n.s.

7 Grain protein Ubi2 BAGY2CM61s 0.8 n.s.

BAGY2CM61v 2.7 n.s.

Diastatic power Ubi2 BAGY2CM61s 0.8 n.s.

BAGY2CM61v 2.7 n.s.

One-way ANOVA was performed to test associations between phenotypic traits and S-SAP markers. The level of significance of the

association (p) and the proportion of the total variance explained (R2) are also indicated. n.s. = not significant.
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from 19.0% (NikM62) to 37.0% (BARE1-5M59).
When six primer combinations were considered, 98
out of 320 bands were polymorphic (30.6%,
Table 4), 53 of which originated from the parent
Steptoe and 45 from Morex.

Marker segregation and mapping

Sequence specific amplified polymorphism mark-
ers are recorded as dominant markers (Waugh
et al. 1997). However, among our segregating
products, 8 band pairs (16 polymorphic bands)
were found to co-segregate as alleles of co-domi-
nant loci. These pairs of co-segregating bands were
always observed within the profile generated by a
single primer combination and their molecular size
differed by a few base pairs (1–3 bases). Each of
the 8 band pairs were considered to result from the
amplification of two alleles of a single locus
(indicated with a ‘C’ in the Figure 2). Thus out of
98 polymorphic markers 82 were dominant loci
and 16 were considered to represent 8 putative co-
dominant loci (Table 4). Only 90 polymorphic
markers, out of the 98 originally scored, were
therefore retained for mapping.

Segregation analysis was performed on the
S-SAP markers (Table 5). Twenty-three (23.5%)
out of 98 showed a significant deviation (p £ 0.05)
from the 1:1 expected ratio under the null-hypoth-
esis of no segregation distortion. Only 9 (9.2%)
were significantly distorted with a p value £ 0.01.

In total, 16 alleles skewed towards the Steptoe
parent and 7 towardsMorex. The overall frequency
over the DH population of the Steptoe and Morex
alleles was 48.1 and 44.2%, respectively; the
remaining 7.7% were missing data (Table 5).

Combined segregation data for the 90 poly-
morphic S-SAP loci were added to the 223 RFLP
markers to construct the linkage map (Figure 2).
No co-mapping S-SAP markers were found, indi-
cating that no putative co-dominant loci were
present between primer combinations. As a result,
89 loci (81 dominant and 8 putative co-dominant)
were unambiguously mapped on the seven barley
chromosomes. Of those 16 were derived from
BARE-1, a retrotransposon family whose proper-
ties were already exploited for mapping in barley
(Waugh et al. 1997). The remaining 73 were de-
rived from three retrotransposons families never
used before for linkage mapping analysis (Nikita,
BAGY2 and Sukkula).

Marker distribution

A total of 312 loci (223 RFLP + 89 S-SAP) were
placed on the seven chromosomes with a resulting
map length of 1138 cM and an average distance
between markers of 3.6 cM.

The number of S-SAP loci mapped on each
chromosome varied from 7 (chromosome 4(4H))
to 18 (chromosome 2(2H)) with a mean of 12.7

Figure 1. Example of S-SAP bands produced by the SukEM59 primer combination in the S ·M population and the parental lines. The

arrow indicates one of the hypothetic co-dominant bands.
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markers per chromosome (Table 6). The number
of chromosomes covered by each primer combi-
nation varied from 6 (NikM62, BAGY2CM61 and
BARE1-5M59) to 7 (SukEM49, Suk9M49 and
SukEM59) (Table 6). No significant correlation
was found between the chromosome length (cM)
and the total number of loci (Pearson: r = 0.45,
n = 7, p = 0.31). The S-SAP markers were
interspersed among the RFLPs markers, as for
example on chromosomes 2(2H), 5(1H) and 7(5H)
(Figure 2). Notwithstanding S-SAP marker clus-
ters were present on chromosomes 1(7H), 2(2H),
3(3H), 4(4H) and 7(5H). It is however noteworthy,
that some of these clusters cover some of the gaps
presents on the RFLP map as in chromosome
1(7H) between ABC156D and MWG911, on
chromosome 3(3H) between ABG471 and
ABG399 and on chromosome 4(4H) between
bBE54A and BCD453B. Moreover, the big gap
between WG364 and MWG514B on chromosome
7(5H), was reduced by the marker SukEM49f. As
a result the S-SAP markers covered all the seven
barley chromosomes (Figure 2).

Among the 89 S-SAPs mapped, the skewed
markers showed a non-random distribution since
they were mainly positioned near other skewed
markers as shown by Kleinhofs et al. (1993). This
is particularly clear on chromosome 2(2H), 5(1H)
and 7(5H) (Figure 2).

Linkage between QTLs and S-SAP markers

Markers closely linked to QTLs on a high-den-
sity map could be powerful tools for marker-as-
sisted selection. For this reason the possible
association between mapped S-SAP markers and
QTLs was investigated. Twenty S-SAP markers
were located around different QTLs neighbouring
area (distance £ 3.4 cM; Table 3). Since some
QTL peaks were common to different traits,
some of the S-SAP markers were adjacent to
more than one QTL (e.g. yield, lodging and grain
protein on chromosome 3; Table 3). In total 10
S-SAP markers were found to be significantly
associated (p £ 0.01) with phenotypic trait
means (Table 3).

Table 4. Descriptive statistics of S-SAP markers resulting from analysis of the S·M population.

Primer

combination

Scored

markers

Polymorphic

markers (%)

Dominant

loci

Putative

co-dominant locia
Putative

polymorphic loci (%)

Un-mapped

loci

NikM62 63 12 (19.0) 10 1 11 (17.5) 0

SukEM49 33 12 (36.4) 10 1 11 (33.3) 0

BAGY2CM61 78 27 (34.6) 19 4 23 (29.5) 0

Suk9M49 52 13 (25.0) 13 0 13 (25.0) 0

SukEM59 48 17 (35.4) 13 2 15 (31.3) 0

BARE1-5M59 46 17 (37.0) 17 0 17 (37.0) 1

Mean 53.3 16.3 (31.2) 13.7 1.3 15.0 (28.9) 0.2

Total 320 98 (30.6) 82 8 90 (28.1) 1

aOnly one of the co-segregating bands was considered to calculate descriptive statistics for mapping.

Table 5. Marker distortion and allele frequency in the S·M mapping population.

Primer combination Distorted markers (%) Steptoe/Morex alleles (%) and

(missing data %)
(p £ 0.05) (p £ 0.01)

NikM62 4 (36.4) 2 (18.1) 50.4/42.1 (7.4)

SukEM49 1 (9.1) 1 (9.1) 45.8/47.1 (7.2)

BAGY2CM61 7 (30.4) 1 (4.3) 49.4/44.0 (6.6)

Suk9M49 3 (23.1) 1 (7.7) 46.4/45.5 (8.2)

SukEM59 3 (20.0) 0 (0.0) 47.1/43.4 (9.6)

BARE1-5M59 5 (29.4) 4 (23.5) 48.4/44.1 (7.5)

Total 23 (23.5) 9 (9.2) 48.1/44.2 (7.7)
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Multiscore

Band scoring in complex fingerprints, such as S-
SAP profiles, may not be straightforward
depending on the exact amplification conditions,
electrophoresis method and detection system as
well as the presence of similar sized bands in a
given background. For this reason, we wished to

present a method by which each polymorphism is
recognized by a unique multiindividual score
(hereafter called the multiscore), not shared with
any other band generated from the same primer
combination. To this end, we have identified 8
DHLs presenting (not including the parents) a
different multiscore for each S-SAP locus within
each primer combination. Considering all the 90

ABG7040,0
MWG036B2,9
RISIC10A5,6
BCD1298,2
ABG32010,9
iEst514,7
His3A16,7
WG789A20,6
BARE1-5M59i21,9
MWG08923,0
ABC167A25,0
dRcs126,4
ABG38027,5
Mad130,5
ABC15834,0
ksuA1A38,2
ABC154A40,2
MWG83641,8
Brz49,2
BAGY2CM61h53,5
ABC156D55,9
SukEM49j C63,0
SukEM59m65,2
BARE1-5M59h68,7
BAGY2CM61n C70,2
MWG91172,8
Suk9M49b74,6
BAGY2CM61q76,9
NikM62h77,9
BAGY2CM61b
ABC30879,4

ABG47680,3
ABC154B82,0
KFP19483,3
SukEM59g *84,3
BAGY2CM61o *86,3
Amy288,5
Ubi1101,5
TLM1102,9
ABC310B106,2
KFP190107,8
RISP103111,7
bBE54E113,3
ABC305114,6
SukEM59n124,9
ABG461127,3
WG420128,7
ABG652130,4
MWG635B146,6
PSR106B148,6

1(7H)

SukEM49k0,0
ASE1A7,9
ABG05811,2
ABG703B15,2
Suk9M49h19,7
MWG87824,4
ABG00830,5
RbcS34,2
BCD351F36,9
ABG31838,1
ABC156A39,5
MWG85845,4
ABG35848,3
ABG45952,4
Pox56,7
Adh859,4
Suk9M49c61,9
NikM62a *66,3
BARE1-5M59c67,0
MWG557
SukEM49h *69,7

BAGY2CM61l
ABG316C72,3

SukEM59d74,2
SukEM59k C74,8
SukEM59h76,0
ABC167B76,6
bBE54D81,1
CDO58882,6
TLM3
NikM62e *84,3

His3C87,8
ABC152D88,8
NikM62k **90,3
Rrn5S195,3
BARE1-5M59l **97,7
ksuF1598,6
BAGY2CM61w * C100,3
MWG503102,9
Suk9M49j **108,4
BAGY2CM61t *111,7
ABG072122,2
Crg3A124,1
ABC252139,2
BARE1-5M59a141,4
ABC157146,3
ABC153150,7
ABG317B152,1
ABG317A153,4
ABG316E155,5
Pcr1159,7
cMWG720164,4
BARE1-5M59e166,1
BG123A168,3
bBE54C170,1

2(2H)

MWG571C0,0
ABA307B2,0
BARE1-5M59p6,5

ABC17116,9

MWG798B25,6
MWG58429,5
ABG47132,6
SukEM49i37,4
SukEM49c **38,3
NikM62g44,8
BARE1-5M59j48,8
BARE1-5M59g50,3
BAGY2CM61j C52,1
ABG39953,4
BARE1-5M59f53,9
BAGY2CM61k55,2
BCD82855,8
MWG68058,4
MWG571B62,0
BARE1-5M59m **64,6
BAGY2CM61a67,8
PSR15669,1
NikM62f70,8
Suk9M49k73,2
ABG37775,8
MWG555B80,9
ABG31583,9
ABG45385,4
MWG571A90,2
ABG49994,5
CDO113B102,8
BAGY2CM61m108,0
His4B114,9
SukEM59e116,3

ABG004130,0
W G110135,2
mPub136,7
ABC161140,5
Suk9M49d144,1
MWG902145,4
ABG654148,9
BAGY2CM61f151,8
Glb4153,7
iBgl155,7
ABG495B157,6
MWG838163,7
ABG319B167,4

ABC172175,1

3(3H)

MW G6340,0
WG6221,2
ABG313B12,0
MW G07714,1
CDO66917,2
B32E23,9
SukEM49b28,1
BCD402B32,6
BCD351D33,8
MW G635A38,0
TubA1
BARE1-5M59d43,3

Dhn648,1
WG1026B50,0
Adh4
ABA00351,9

ABG48452,8
MW G05854,1
ABC32155,8
KFP19558,0
SukEM59a59,9
WG46462,0
bBE54A63,4
Suk9M49i65,1
NikM62c68,1
SukEM59b *73,9
BCD453B75,6
ABG47281,6
ABG319A84,5

iHxk298,4
ABG500B99,8
bAP91102,3
ABG366104,8
ABG397106,8
NikM62j111,6

ABG319C120,9

Bmy1138,5
ksuH11139,9
ASE1C143,0

ABA307A149,6

4(4H)

MWG835A0,0
MWG9382,3
MWG036A7,1

MWG83712,1
Hor114,3

ABA00421,9

BCD9830,2

ABG05336,1
BARE1-5M59b **39,8
Ica142,2

ABG500A48,8
SukEM59f *49,3
ABC16455,7
WG789B57,4
Suk9M49m *59,7
ABR33762,5
Glb166,2
Suk9M49l *69,8

ABC16075,6

BARE1-5M59n82,7
SukEM49e84,7

ABG46490,5

His3B96,5
ABC307A98,2
BAGY2CM61e102,2
cMWG706A108,8
ABC257113,9
cMWG733118,5
AtpbA124,6
ABG702126,6
ABC322B130,7
ABC261132,6
SukEM59o *133,5
SukEM59c135,8
Cab2136,8
Aga7138,6
MWG912141,4
ABG387A143,2

5(1H)

ASE1B0,0
ABG0622,1
MWG6207,1
Nar18,7

ABG37814,0

ABC152A25,0
cMW G652A27,8

PSR106
NikM62d **43,9

ABG387B47,4
Suk9M49g54,6
SukEM49d55,6
ABG45858,2
SukEM59l59,7
SukEM59j60,4
ABC169B62,6
CDO49764,6
NikM62i C65,1
BAGY2CM61c67,1
BAGY2CM61u68,5
BCD340E71,4
BAGY2CM61r C73,6
ksuD1775,1
ABC17578,6
MWG82081,0
Suk9M49a82,5
SukEM49f87,4
Nar792,1
Amy197,0
bBE54B99,2
SukEM49a100,9
MWG934105,1
ABC170A113,5

MWG798A157,5

6(6H)

Mad20,0
MWG5021,7
ABC4836,7
MWG920-1A9,0
ABG316B10,6

BAGY2CM61i **33,5
Suk9M49e38,1
ABG70539,6
BARE1-5M59o *43,3
ABG70845,2
ABG39547,6
CDO74948,3
BAGY2CM61s *50,1
Ubi250,9
ksuA3A53,1
BAGY2CM61v *53,6
BARE1-5M59q55,1
WG54158,3
WG53060,5
BAGY2CM61g61,9
WG88964,4
ABC32468,5
NikM62b74,9
ABC30275,9
BAGY2CM61d77,6
BAGY2CM61p *83,7
CDO57B90,8
mSrh96,2
WG364100,8

Suk9M49f *117,3

MWG514B127,5

CDO504132,7
iEst9137,1
WG908138,6
MWG877142,6
ABG495A145,9

ABC155152,3

ABC482158,9
ABG391164,5
SukEM49g165,6
ABG390167,9
CDO484173,9
ABG463176,3
ABG314B179,9
MWG851C182,6
MWG851B186,0

SukEM59i C193,6

7(5H)

Figure 2. Genetic linkage map including S-SAP markers and RFLP markers derived from the barley S ·M DH population. The

underlined loci are the S-SAP markers. The skewed loci are indicated with one (p £ 0.05) or two (p £ 0.01) asterisks. Hypothetic co-

dominant loci are indicated by the C letter after the marker name. Regions in black show the inferred centromeric positions.

Table 6. Distribution of S-SAP loci (and markers) over barley genome.

Primer

combination

Chromosomes No. of loci

(markers)

No. of covered

chromosomes
1(7H) 2(2H) 3(3H) 4(4H) 5(1H) 6(6H) 7(5H)

NikM62 1 3 2 2 0 2 (2) 1 11 (12) 6

SukEM49 1 (2)a 2 2 1 1 3 1 11 (12) 7

BAGY2CM61 5 (6) 3 (4) 5 (6) 0 1 3 (4) 6 23 (27) 6

Suk9M49 1 3 2 1 2 2 2 13 (13) 7

SukEM59 3 3 (4) 1 2 3 2 1 (2) 15 (17) 7

BARE1-5M59 2 4 5 1 2 0 2 16 (16) 6

No. of loci (markers) 13 (15) 18 (20) 17 (18) 7 (7) 9 (9) 12 (14) 13 (14) 89 (97)

aNumbers between brackets indicate the total number of mapped markers.
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loci (89 mapped and 1 un-mapped) we identified 61
unique multiscores, 9 shared by two and 3 shared
by 3 fragments from different primer combina-
tions. Including the parents, the average number
of presence of the fragments in each multiscore
was 5.13, ranging from 2 (2 loci) to 8 (9 loci). Thus,
each multiscore was characterized by the presence
of the fragment in at least two genotypes (see
Appendix 1). The whole dataset can be obtained
from supplemental web information (GrainGenes
website: http://wheat.pw.usda.gov/).

Discussion

S-SAP polymorphism

In barley, the presence of BARE-1 together with
other retrotransposon families can determine
important changes to the genome structure
(Hirochika et al. 1996; Kumar and Bennetzen
1999; Kalendar et al. 2000; Shirasu et al. 2000).

The presence of retrotransposons and their
activities has been efficiently highlighted in the
S ·M population by the relatively high polymor-
phism (30.6% of polymorphic bands and 28.1% of
polymorphic loci; Table 4), detected using the S-
SAP technique. The mean polymorphism value
observed in our research was similar to the one
obtained by Leigh et al. (2003), using the same
primer combinations, on three different barley
varieties. Similar studies by other authors, con-
ducted on the retrotransposons distribution on
barley and wheat genomes, are in line with our
results (Gribbon et al. 1999; Kalendar et al. 2000).

Moreover, the average polymorphic markers
obtained in this study (30.6%) with six primer
combinations was slightly higher than that ob-
tained by Waugh et al. (1997) on the Blen-
heim · E224/3 barley population (26%), using 10
primer combinations derived exclusively from the
BARE-1 retrotransposon family. However, if we
consider LTR sequences from different retro-
transposon families than BARE-1, the level of
polymorphic bands was the 29.6%.

Marker segregation and mapping

The segregation analysis of the S-SAP polymor-
phic markers showed 9.2% of distorted markers

for a p value £ 0.01 (Table 5). Distortion of loci
was already described by RFLPs in barley (10%
by Heun et al. 1991) and rice (22 and 32% by Xu
et al. 1997), and with AFLP markers in barley
(6% by Becker et al. 1995) and tomato (18% by
Saliba-Colombani et al. 2000). Kleinhofs et al.
(1993) also observed segregation distortion of
RFLP markers on the same S ·M population,
showing the percentage of 3% with p £ 0.01 and
14% with p £ 0.05.

The polymorphic S-SAP bands obtained in this
experiment were scored as dominant markers.
However, 16.3% of the polymorphic markers were
assumed to be co-dominant. We have not found
any previous reports of co-dominant S-SAP loci
(Waugh et al. 1997; Ellis et al. 1998; Yu and Wise
2000; Porceddu et al. 2002) though the presence of
co-dominant markers was already showed for
other dominant markers as AFLP and SRAP.
Putative co-dominant markers were actually
found by Maheswaran et al. (1997), Alonso-
Blanco et al. (1998) and Saliba-Colombani et al.
(2000) who have described in rice, arabidopsis and
tomato, respectively the 21.2, 33.4 and 12.1% of
putative co-dominant AFLP markers. Alonso-
Blanco et al. (1998) assumed co-segregating and
co-mapping bands to be the same locus, while
Saliba-Colombani et al. (2000) have only re-coded
co-segregating bands found in the same primer
combination as being co-dominant. Li and Quiros
(2001) using SRAP markers on Brassica have
found that the 20% of the polymorphic markers
were co-dominant and they have confirmed it by
sequencing.

When genetic relationship between individuals
and populations is studied using dominant
random markers such as S-SAP, all the frag-
ments are usually assumed to represent differ-
ent loci. In such a context the occurrence of
co-segregating markers violate this assumption
(Bonnin et al. 1996). On the other hand, for
different types of studies a high level of co-
dominant markers may be useful (e.g. devel-
oping STS for MAS). For this reason, it is of
particular importance to estimate the level of
co-dominance occurring among assumed domi-
nant markers. Here we show that S-SAP
present a similar level of putative co-dominant
markers as found for analogous methods such
as AFLP.
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Marker distribution

The addition of the 89 S-SAP loci into the RFLP
map resulted inminor variations in the originalmap
length (from 1214 to 1138 cM). Furthermore, no
relevant changes were observed between the S-SAP-
RFLP map and the S · M bin map taken from the
NABGP website (1156 cM; data not shown).

Sequence specific amplified polymorphism
markers were present on both arms of each chro-
mosome and they were distributed along the
RFLP framework (average distance between S-
SAPs of 13.8 cM). However, clusters of S-SAP
markers were observed, as shown in five of the
seven chromosomes (Figure 2). Clustering of S-
SAP markers may be related to the high copy
number of the retroelements on barley genome
and the nested insertion of some of the retro-
transposons one into each other (Vicient et al.
1999, 2000; Shirasu et al. 2000; Schulman et al.
2004). However, the degree of clustering was much
lower than that described by Manninen et al.
(2000), who used primers from the same retroele-
ments for REMAP and IRAP whilst mapping a
net blotch resistance gene in barley.

Linkage between QTLs and S-SAP markers

The analysis of linkage between S-SAP markers
and phenotypic traits has shown that a tight
association exists between QTLs and 20 mapped
markers. These QTLs flanking markers could
be immediately available for marker assisted
selection in barley breeding and further genetic
studies, such as genetic diversity studies. Actually,
MAS for QTLs has the potential to make tradi-
tional breeding strategies for crop improvement
more efficient, and reduce the time needed for
developing improved populations or cultivars
(Romagosa et al. 1999; Igartua et al. 2000;
Ayoub et al. 2003; Hori et al. 2003). S-SAP
markers seem particularly useful to reach these
goals because of the high number of polymorphic
bands per assay detected, and the distribution of
mapped markers on all of the barley chromo-
somes.

Moreover, those markers may be useful at
evaluating the genetic diversity of different popu-
lations. Actually, when some of the polymorphic

bands present in a segregating mapping popula-
tion may be reproducibly scored in a diverse set of
materials, the marker polymorphisms in different
barley populations may be attributed to specific
genetic map positions (e.g. landraces or varieties;
Kraakman et al. 2004).

However, their dominant and multilocus
characteristics may limit their use because dif-
ferent fragments number can be visualized by
diverse protocols and systems for electrophoresis,
making it difficult to distinguish between frag-
ments of similar molecular weight. Therefore,
knowledge of the molecular weight of each
mapped fragment could be useful information
for other labs, facilitating the identification of a
given marker, but will not assure reproducibility.
Hence, here we have developed a method to
unambiguously identify each fragment, combin-
ing the information on their molecular weight
and scoring. To this end, multiscores were
identified for each polymorphism, which were
unique within each primer combination in the
same small subset (8 DHLs and the parents) of
the mapping population. The same approach
may also be used for other molecular markers
types, such as AFLP or ISSR. Results of our
analysis have shown that S-SAP markers are
highly polymorphic and distributed over all the
barley genome and that they are a reliable and
useful method for a range of genetic analy-
ses (Kumar and Hirochica 2001; Queen et al.
2004).

Moreover, their genetic characterization can
offer useful information to allow the selection of
the appropriate type of marker for various pur-
poses, such as LD studies (Kraakman et al. 2004).
Indeed, the careful choice of markers among the
different types available may provide a highly
polymorphic assay with a wide genome coverage
yet requiring lowereffort.
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