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Abstract Simple sequence repeats (SSRs), or microsat- 
ellites, are a new class of PCR-based DNA markers for ge- 
netic mapping. The objectives of the present study were to 
develop SSR markers for barley and to integrate them into 
an existing barley linkage map. DNA sequences contain- 
ing SSRs were isolated from a barley genomic library and 
from public databases. It is estimated that the barley ge- 
nome contains one (GA) n repeat every 330 kb and one 
(CA)~ repeat every 620 kb. A total of 45 SSRs were iden- 
tified and mapped to seven barley chromosomes using dou- 
bled-haploid lines and/or wheat-barley addition-line as- 
says. Segregation analysis for 39 of these SSRs identified 
40 loci. These 40 markers were placed on a barley linkage 
map with respect to 160 restriction fragment length poly- 
morphism (RFLP) and other markers. The results of this 
study demonstrate the value of SSRs as markers in genetic 
studies and breeding research in barley. 

Key words Microsatellites �9 Hordeum vuIgare �9 
Molecular marker - Linkage map 

I n t r o d u c t i o n  

Linkage mapping is a prerequisite for many genetic anal- 
yses. Linkage maps of barley (Hordeum vulgare) have been 
constructed in several populations using restriction frag- 
ment length polymorphisms (RFLPs) as genetic markers 
(Graner et al. 1991: Heun et al. 1991). Recently, Kleinhofs 
et al. (1993) constructed a barley linkage map containing 
295 RFLR RAPD, isozyme and morphological marker 
loci. Despite these extensive mapping efforts, large gaps 
are still present in the barley linkage maps. Moreover, a 
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lack of common loci anmng the different barley linkage 
maps has hindered the development of a composite barley 
map (Kleinhofs and Kilian 1994). Given the low level of 
RFLPs in barley (Graner et al. 1990), construction of a 
highly saturated linkage map would benefit from the de- 
velopment of new genetic markers. 

Simple sequence repeats (SSRs), also known as micro- 
satellites, are ideal DNA markers for genetic mapping and 
population studies because of their abundance (Weber 
1990), high level of polymorphism (Cregan et al. 1994; Sa- 
ghai Maroof et al. 1994), wide dispersion in diverse ge- 
nomes (Wang et al. 1994), ease of assay by the polymerase 
chain reaction (PCR), and ease of dissemination among la- 
boratories. Identification and characterization of SSRs, 
based on screening DNA libraries and/or searching public 
databases, have been reported for a number of plant spe- 
cies (Akkaya et al. 1992; Morgante and Olivieri 1993: Wu 
and Tanksley 1993; Zhao and Kochert 1993: Morgante 
et al. 1994; Saghai Maroof et al. 1994; Becker and Heun 
1995; Liu et al. 1995). The utility of SSR markers has al- 
ready been demonstrated in several plant genetic studies. 
These include the linkage with a virus resistance gene in 
soybean (Yu et al. 1994), the identification of chromoso- 
mal regions with significant effects on yield in rice (Zhang 
et al. 1994), and in the germ plasm assessment of rice and 
soybean (Yang et al. 1994: Maughan et al. 1995: Rongwen 
et al. 1995). Several of the aforementioned studies have re- 
ported on initiating the construction of SSR-based linkage 
maps. The most extensive SSR mapping studies in plant 
genomes are those onArabidopsis thaliana (Bell and Ecker 
1994) and soybean (Akkaya et al. 1995), where 30 and 
34 SSR loci were placed in the linkage maps of the two 
species, respectively. In a survey of 207 accessions of wild 
and cultivated barley (Saghai Maroof et al. 1994) as many 
as 37 alleles were observed at a single SSR locus. The high 
level of allelic diversity displays the great potential of SSR 
markers for the genetic mapping of barley. 

The objectives of the present study were (1) to develop 
SSR markers for barley from a genomic DNA library and 
from the GenBank and EMBL database sequences, (2) to 
integrate these markers into an existing barley linkage map, 
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and (3) to d e t e r m i n e  the f r e q u e n c i e s  o f  (GA)n  and (CA)~ 
repeats  in the ba r l ey  g e n o m e .  

Materials and methods 

Isolation of SSRs from a barley' genomtc hbrary. 
DNA sequencing and pruner design 

The procedures for constructing a small-insert plasmid library and 
for screening of the SSR-containlng clones were as previously de- 
scribed (Liu et al. 1995). Briefly. genomic DNA from the barley cul- 
nvar Old ZZ was extracted (Saghai Maroof et al. 1984) and digest- 
ed with the restriction enzyme TaqI. DNA fragments of 200-500 bp 
in length were size-fractmnated and cloned into the plasmid vector 
pGEM-7zf(+) (Promega. Madison. Wts.) which had been digested 
with the restriction enzyme ClaI. Ligation. transformation, and col- 
ony hybridization were as described by Sambrook et al. (1989). Two 
synthetic dmucleotide repeats. (GAY m and (CA)10. were used to 
screen the library for clones containing these two types of SSRs. To 
reduce the number of false positives, clones that hybridized with the 
two synthetic probes were picked onto new filters for a second round 
of hybri&zation with the same two probes. 

Plasmid DNA from the (GAy- and (CA)-positive clones was se- 
quenced either by an automated DNA sequencer using the Taq Dye- 
Deoxy Terminator kit at the Molecular Genetics Facihty of the Uni- 
versity of Georgm. or manually using the dideoxynucleonde chain- 
termination method with Sequenase (USB. Cleveland. Ohio). Flank- 
ing sequences of the repeats were used to design primers using the 
computer program PRIMER 0.5 (M.J. Daly, S.E. Lincoln and E S. 
Lander, unpubhshed). Primers were selected to have a melting tem- 
perature of 60~ to be 18-22 bases in length, and to amplify DNA 
fragments between 100 and 250 bp in size. Primers were synthesized 
by Research Genetics. Inc (Huntsville, Alabama). 

SSRs isolated from the genomic hbrary were designated as HVM 
(for Hordeum vulgare mlcrosatellite) and numbered consecutively. 
A letter was added after the number if an SSR corresponded to more 
than one locus. 

SSRs obtained from the public databases 

The GenBank and EMBL databases were searched and a total of 
12 barley SSR-containing sequences was selected. Four of the twelve 
have previously been studied by Saghai Maroof et al. (1994). includ- 
ing the ribulose-l,5-bisphosphate carboxylase activase gene (re- 
ferred to as HVM3), the starch synthase gene (HVM4), an acyl car- 
her protein I gene (HVM7) and a seed imblbitmn protein gene 
(HVM9). Two other SSRs included m this study were from a gene 
for a pathogenesis-related protein (M. Hahn. H. Lehnackers and W. 
Knogge, unpubhshed) and a gene for a glucose-regulated protein 
(grp94 homologue, heat-shock protein 90, Walther-Larsen et al. 
1993). We designate these two primer pairs as HVM5 and HVM11, 
respectively. The remaintng six SSRs were selected from those de- 
scribed by Becker and Heun (1995). These six were derived from a 
fl-ketacyl-acyl career protein synthase I isoenzyme (referred to as 
HVBKASI), an c~-amylase inhibitor (HVCMA), a chalcone synthase 
gene (HVCSG), a gene for debydrin-7 (HVDHN7). an mRNA for 
dehydrin-9 (HVDHN9) and a thiol protease aleurin (HVLEU). Two 
of the six, HVCMA and HVLEU, have been mapped by Becker and 
Heun (1995) to chromosomes 1 and 7. respectively. Finally', a wheat 
primer pair WMS6 (R6der et al. 1995) was also used m this study, 
bringing the total number of primers to 13. 

PCR amplification of SSRs 

PCR amplification with each primer parr was first tested usmg DNA 
from six barley cultlvars: Steptoe, Morex, Harrington, TR306, Ign 
and Franka. These cultivars were the parental hnes of the four dou- 

bled-haploid (DH) populations used in this mapping stud,,. DNA 
from the cultivar Old ZZ (the source of the genomic library) and from 
the recombinant plasmids containing the inserts from which the prim- 
ers were designed, were also used as two positix e controls in the eval- 
uation of the primers. Inclusion of these two controls gave us more 
confidence that the observed PCR products were the expected frag- 
ments (i.e., the PeR  amplification products from Old ZZ and the cor- 
responding plasmid were the same m length). 

Depending on the primer pairs used, amplification of the SSRs 
~ as performed using one of the following five PCR conditions: (1) 
A "'touchdown" PCR consisting of 18 cycles of 94~ for 1 min de- 
naturing and 72~ for l rain extension. Annealing (30 s) tempera- 
tures were progressively decreased by I~ every second cycle from 
64~ to 55~ The PCR reacnon continued for 30 additional cycles 
at 94~ for 1 ram, 55~ for 1 min and 72~ for 1 min. The reacnon 
ended with a 5-min extension at 72~ (2) A simdar "'touchdown" 
PCR conditmn except that the annealing temperatures were de- 
creased from 69~ to 60~ over 18 cycles, at whach temperature the 
reacuon continued for 20 additional cycles. (3) A regular PCR pro- 
file consisting of one cycle of 94~ for 3 ram, 55~ for 2 min and 
72~ for 1.5 rain. followed by 30 cycles at 94~ for I rain, 55~ for 
2 min and 72~ for 1.5 rain. The PCR conditions 4 and 5 were the 
same as those reported by Becker and Heun (1995) and R6der et al. 
(1995). respectively. 

PCR was performed in a Perkin Elmer Cetus 480 thermal cycler. 
The reaction mixture and the polyacrylatmde gel electrophoresis 
were as described by Saghai Maroof et al. (1994) except that the re- 
action mixture contained 2 mM MgCI 2. 

Chromosomal assignment, linkage analysis and map construction 

SSRs were initially mapped to barley chromosomes using a set of 
wheat-barley chromosome addinon lines (Islam et al. 1981) These 
materials included a bade3, cultlvar Betzes, a wheat cultivar Chinese 
Spring and six addition lines representing chromosomes 1, 2, 3, 4, 
6, and 7 of barley. Each addition line contains the 21 pairs of wheat 
chromosomes from Chinese Spring plus one pair of barley chromo- 
somes from Betzes. 

Four mapping populations were used in this study. The first pop- 
ulanon w as constructed from the cross of SteptoexMorex (S/My, and 
consisted of 96 doubled haploids (Kleinhofs et al. 1993). The sec- 
ond population contained 94 DHs derived from the cross of Harring- 
tonxTR306 (H/T) (K. Kasha, personal communication). The thud 
population included 119 DHs from the cross of HarringtonxMorex 
(H/M) (R Hayes. personal communication'). These are the three prin- 
cipal mapping populations of the North American Barley Genome 
Mapping ProJect. The 71 DHs of the fourth mapping populatmn used 
in this study wine derived from the cross of IgrixFranka (I/F) (Gran- 
er et al. 1991 ). The number of markers in the four maps of S/M, I/F. 
H/T and H/M are 434. 370, 212 and 53. respectively. 

Segregation of each SSR locus was tested for goodness-of-fit to 
a 1:1 rano using the computer program LINKAGE-1 (Smter et al. 
1983). The SSR data were then entered into the existing linkage data 
for each of the respective mapping populatmns. Linkage analysis was 
performed using the MAPMAKER computer program 3.0 b (Land- 
er et al. 1987) at LOD=3.0. ~ith a maximum Haldane distance of 
50 cM. 

Results 

Iden t i f i c a t i on  o f  S S R s  f r o m  a ba r l ey  g e n o m i c  l ibrary  

A p p r o x i m a t e l y  36 000 r e c o m b i n a n t  c lones  o f  a ba r l ey  ge-  
n o m i c  l ib ra ry  were  s c r eened  wi th  ( G A ) I o  and (CA)  m 
probes .  Af t e r  c o l o n y  h y b r i d i z a t i o n  and D N A  s e q u e n c i n g  
of  the p l a smids  i so la ted  f r o m  the pos i t ive  c lones ,  a total  o f  
55 mic rosa t e l l i t e s  i n c l u d i n g  36 (GA)~ and 19 (CA)  n repea ts  



was identified. Flanking DNA sequences of 41 of the 55 
SSRs were then used to design primers for PCR amplifi- 
cation. The remaining 14 plasmids, including 12 (GA)~- 
and two (CA)~-containing clones, were discarded as they 
contained only one flanking region that was long enough 
for primer design. 

All the primers were initially evaluated using the 
"'touchdown" PCR condition in which the final annealing 
temperature was 55~ Some primer pairs generated a 
smear of PCR products, produced unexpected fragments 
with multiple lengths, or amplified no product. Such poor 
amplifications could be greatly improved by re-designing 
the primers fi'om the original sequences and/or by varying 
PCR profiles and the magnesium concentration. Table 1 
lists 45 primer sequences that successfully amplified PCR 
products of the expected size. These 45 included 32 de- 
rived from the barley genomic library. 12 from the public 
databases and one from a wheat genomic library. PCR con- 
ditions, a survey of polymorphism and the chromosomal 
locations of the SSRs are also presented in Table 1. 
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Fig. 1 Segregation patterns of three SSRs (HVM40. HVM44 and 
HVM68) in Steptoe (S)/Morex IMI doubled-haploid lines (DHs) as- 
sayed by mulnplex PCR. The three primer pairs were used simulta- 
neously' in the same PCR reacuon. Numbers 1-10 represent a set of 
DH lines from the S/M cross 

Chromosomal assignment and polymorphism of SSRs 

SSRs amplified with the 45 primer pairs were initially 
mapped by wheat-barley addition-line analysis. Thirty 
nine SSRs were unambiguously assigned to specific bar- 
ley chromosomes. Because similar-size DNA fragments 
were amplified both from barley and wheat genomes, the 
chromosomal locations of the remaining six SSRs could 
not be determined using the addition line assay. 

SSR polymorphism, presumably resulting from the 
variation in the number of the nucleotide repeats, was sur- 
veyed among the six parental lines of the four mapping 
populations. Out of 45 primer pairs, 39 detected variation 
between two parental lines in at least one cross (Table 1) 
and subsequently were placed in a barley RFLP map. The 
remaining six SSRs were monomorphic across all paren- 
tal lines. Figure 1 shows SSR polymorphism between two 
parents and segregation patterns among ten DH lines re- 
suiting from a multiplex PCR reaction using three primer 
pairs (HVM40, HVM44 and HVM68). 

Linkage analysis and map construction 

The majority of the primer pairs amplified single PCR 
products within the expected size ranges, which were pre- 
sumably alleles of single loci. PCR amplifications with 
several primer pairs, however, produced minor bands in 
addition to the expected fragments. They either varied in 
length following the major bands or were invariable across 
the DNA samples examined. These minor bands were con- 
sidered as PCR artifacts, probably resulting from either 
slippage events or chance homologies with the primers at 
other sites (Tautz 1989: Senior and Heun 1993). The primer 
pair HVM2, however, amplified major products in two dis- 
tinct size ranges. Inheritance analysis using DH lines from 
the Steptoe/Morex cross indicated that the variants of the 

two size ranges segregate independently. Thus. SSR 
HVM2 corresponds to two separate loci, designated as 
HVM2A and HVM2B. which were mapped to chromo- 
somes 7 and 1, respectively. The Morex allele of the 
HVM2A locus had the same size as those amplified from 
Old ZZ and the corresponding plasmid. The Steptoe allele 
of this locus was approximately 4 bp shorter than that of 
Morex. We are confident that the two alleles at HVM2A 
result from variation in the number of repeated core se- 
quences. However, it is uncertain whether the polymor- 
phism at HVM2B is due to variation at an SSR locus or to 
an amplified sequence length polymorphism resulting 
from random insertion/deletion nmtations (Maughan et al. 
1995). Further investigation will be needed to determine 
the cause of the polymorphism observed at the HVM2B 
locus. 

A given SSR was often polymorphic in more than one 
of the four mapping populations. In these cases, mapping 
was carried out in only one population v, ith an order of pri- 
ority of S/M, H/T, H/M, or, I/F for the following reasons: 
(1) The S/M linkage map (Kleinhofs et al. 1993) contains 
the largest number of markers among the existing barley 
maps, and (2) There are more common markers between 
the S/M and H/T maps than among other maps of barley. 
Consequentls., 22 SSRs (23 loci) were integrated into the 
S/M linkage map (Kleinhofs et al. 1993) by segregation 
analysis with a set of 160 previously mapped markers of 
this population (Fig. 2). Similarly. ten SSRs were placed 
on the existing map of H/T, three on H/M, and four on I/F. 
These 17 SSRs were then integrated into the S/M map 
based on the marker loci held in common among these four 
DH populations. Thus, a total of 40 SSR loci were inte- 
grated into the existing S/M RFLP map of barley (Fig. 2). 

Of the 40 loci mapped by linkage analysis in this study, 
three exhibited distorted segregation ratios. The P values 
of the three loci were 0.01, 0.02 and 0.028, respectively. 
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T a b l e  1 Pr imer  sequences .  PCR condi t ions ,  p o l y m o r p h i s m  and c h r o m o s o m a l  locat ions  of  bar ley  SSRs  

S S R  Pr imer  sequence  (5'  ---> 3') Repeat  Size PCR a 
(bp) 

Po lymorph ic  in b 

S ~ , I  HIT H I M  I/F 

C h r o m o -  

s o m e  c 

H V M 2  C A G G T G T C T A G T G G G T G C C T  ( G A ) ~  201 (1) 
T T A C A T C C A A G G A G C A A T C C C  

H V M 3  A C A C C T T C C C A G G A C A A T C C A T T G  (AT)29 188 (3) 
A G C A C G C A G A G C A C C G A A A A A G T C  

H V M 4  A G A G C A A C T A C C A G T C C A A T G G C A  (AT)9 198 (3) 
G T C G A A G G A G A A G C G G C C C T G G T A  

H V M 5  A A C G A C G T C G C C A C A C A C  lOT)6, (AT)I6 202 (3) 
A G G A A C G A A G G G A G T A T T A A G C A G  

H V M 6  C A T G A  ATGA A T G A T T G G T T T T G  I, G A )  9 175 ( 1 ) 
C G C A T C C G T A T G T A T G A G T A A  

H V M 7  A T G T A G C G G A A A A A A T A C C A T C A T  (AT)7 174 (3) 
C C T A G C T A G T T C G T G A G C T A C C T G  

H V M 9  C T T C G A C A C C A T C A C C C A G  (TCT)  5 221 (3) 
A C C A A A A T C G C A T C G A A C A T  

H V M 1 1  C C G G T C G G T G C A G A A G A G  ( G G A )  3, (GGA) ,  181 (3) 
A A A T G A A A G C T A A A T G G G C G A T A T  (GAA)2  

H V M 1 3  A G T A G C T A T G T G T T T G G A T C G C  (GA)  6, (GA)  6, 249 (1) 
C A T C A A G G G C A T C C T C A T G  (GA)  6 

H V M  14 C G A T C  A A G G A C  A T T T G G G T A A T  (CA)  1 t 158 ( 1 ) 
A A C T C T T C G G G T T C A A C C A A T A  

H V M  15 T C A T A A C C A C G G C G T C C T  (GA)8 166 ( 1 ) 
C G T G A C T G G A A A C C C T G C  

H V M 2 0  C T C C A C G A A T C T C T G C A C A A  (GA)19 151 ( 1 ) 
C A C C G C C T C C T C T T T C A C  

H V M 2 2  T T T T G G G G G A T G C C T A C A T A  (AC)  ~3 167 ( 1 ] 
T T T C A A A T G G T T G G A T T G G A  

H V M 2 3  T C G G T G A A G A A A T A C G A G G C  (GA)9 246 (2) 
T C T T T G T G A C C T A C C G G T C C  

H V M 2 6  G G C T A T C  A C A T T T G G T A C C  ATC ( C A ) ~  206 (2) 
G C A T G T G T A G G T G T T G G T G G  

H V M 2 7  G G T C G G T T C C C G G T A G T G  (GA)  ~4 192 ( 1 ) 
T C C T G A T C C A G A G C C A C C  

H V M 3 0  A G T G G G G A A T G A G A G A A T G G  I C A )  8 150 (2) 
T G C T T G T G G G T C A T C A C A C  

H V M 3 1  C G G T T T C T G G T T G C T T G G  (AC)9 163 ( 1 ) 
C G A A G G T C T C A G G C T T C A T G  

H V M 3 3  A T A T T A A A A A A G G T G G A A A G C C  (CA)7 157 (1) 
C A C G C C C T C T C C C T A G A T  

H V M 3 4  A C C A T G T T G C G T G T T G C T T  (GA)  10 222 (2) 
C G G T T C G A A A T C G A G T G G  

H V M 3 6  T C C A G C C G A A C A A T T T C T T G  (GA)I3  114 (1) 
A G T A C T C C G A C A C C A C G T C C  

H V M 4 0  C G A T T C C C C T T T T C C C A C  (GA)6(GT)4 160 ( l )  
A T T C T C C G C C G T C C A C T C  (GA)  7 

H V M 4 3  G G A T T T T C T C A A G A A C A C T T  (CA)  9 239 ( l )  
G C G T G A G T G C A T A A C A T T  

H V M 4 4  A A A T C T C A G G T T C G T G G G C A  (GA)  8 114 ( 1 ) 
C C A C G G A G A C C A C C T C A C T T  

H V M 4 9  C T C T A T A G G C A C G A A A A A T T C C  (CA)I  2 105 ( l ) 
T T G C A C A T A T C T C T C T G T C A C A  

H V M 5 0  T G A A G A A G C C C T C C G T A T T C  (GA)9 213 (3)3 o 
T G C T C A A G G C T C T A G G C T G A  

H V M 5 I  T C T A A A T T A C C T T C C C A G C C A  (GA)3 (GGGA)3 ,  151 (1) 
A A G C A G A C A T G T A G G A G G T C A  (GA)  8 

+ - + - 7 d 

+ + + + 4 

+ + + + 1 

+ - + - 1 

+ + - - 7 

. . . .  7 

- - + - 3 

+ - - - 6 

- - - + 4 

+ - - + 6 

. . . .  B 

- - + - 5 

+ - - + 6 

+ - + - 2 

- + + - 2 

+ + + + 3 

+ - + - 7 

. . . .  6 

+ - + + 3 

+ - - + 6 

+ - + - 2 

+ + + - 4 

+ + + - 5 

+ - - - 3 

- + + - 1 

+ + - - 2 

. . . .  1 
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SSR Primer sequence (5' --* 3') Repeat Size PCR a Polymorphic in b Chromo- 
(bp) some ~ 

S/M H/T H/M I/F 

HVM54 AACCCAGTAACACCGTCCTG (GA) ~ 159 ( 1 ) + - + - 2 
AGTTCCCTGACCCGATGTC 

HVM60 CAATGATGCGGTGAACTTTG (AG) 11, (GA) 14 115 (1) + - + + 3 
CCTCGGATCTATGGGTCCTT 

HVM62 TCGCGACCAGACGAGAAG (GA)11 251 (1) + + + - 3 
AGCTAGCCGACGACGCAC 

HVM63 CGCGCAAGCATGAATACTC (GA) 9 124 I 1) . . . .  5 
ACTCACAAGTGGCGCGTAC 

HVM64 GATGTGAAGGCTGCCTG (GA)4(GT) 7 253 (1) . . . .  5 
ACACGCCCTATTACCCAGTG (CT)2(GT)4(GA)8 

HVM65 AGACATCCAAAAAATGAACCA (GA)m 129 (1) - + - + 6 
TGGTAACTTGTCCCCCAAAG 

HVM67 GTCGGGCTCCATTGCTCT (GA)11 I 16 ( 1 ) -- -- + + 4 
CCGGTACCCAGTGACGAC 

HVM68 AGGACCGGATGTTCATAACG (GA)22 204 ( 1 ) + + + + 4 
CAAATCTTCCAGCGAGGCT 

HVM70 CCGCCGATGACCTTCTC (CA) 8 154 (3) + + + - 5 
ACCCACGACCTATGGCAC 

HVM74 AGGAAGTCATTGCGTGAG (GA) 13 162 (3) + - - + 6 
TGATC AAGAATGATAACATGG 

HVM77 GAAATTTGGTGTATGATGGTT (CA)7 199 (1) - - - + 4 
CAAATCTTAAATCTCTCTGTTT 

HVBKASI* ATTGGCGTGACCGATATTTATGTTCA (C)1o, (A)ll 197 (4) + + + - 2 
CAAAACTGCAGCTAAGCAGGGGAACA 

HVCMA* GCCTCGGTTTGGACATATAAAG (AT)9 141 (4) - + + + 1 
GTAAAGCAAATGTTGAGCAACG 

HVCSG* CACTTGCCTACCTCGATATAGTTTGC (CA) 4. (C)I7 196 (4) + + + - 2 
GTGGATTCCATGCATGCAATATGTGG 

HVDHN7* TTAGGGCTACGGTTCAGATGTT (AAC) 5 177 (4) - + + - 7 
ACGTTGTTCTTCGCTGCTG 

HVDHN9* CATGGACAAGATCAAGGAGAAG (AC)6 128 ( 4 )  - + + + 7 
C CC ATTATTTATCTGTAGGAACGC 

HVLEU* TTGGAAGTGTACAGCAATGGAG (ATTT)4 166 (4) + - + + 7 
TGAAAGGCCCCACAAGATAG 

WMS6** CGTATCACCTCCTAGCTAAACTAG (GA)4 o 205 (5) - + + - 4 
AGCCTTATCATGACCCTACCTT 

a The numbers in the parentheses represent one of the five PCR conditions used in this study. See Materials and methods for details of the 
PCR conditions. The superscripts refer to the concentration of MgCI 2 in mM when it was not 2.0 mM 
b S=Steptoe, M=Morex, H=Harrlngton, T=TR306, I=Igri, F=Franka, +=polymorphic, -=monomorphic 
c Chromosomal locations of SSRs determined by wheat-barley chromosome addition line assay and/or linkage analysis 
d This is the chromosomal location of locus HVM2A only. Locus HVM2B is on chromosome 1 
~ Primer sequences and PCR condition according to Becker and Heun (1995) 
*'~ Primer sequences and PCR condition according to Roder et al. (1995) 

Al l  o f  the  t h ree  loci  w e r e  m a p p e d  us ing  the S / M  D H  l ines  

and  w e r e  s k e w e d  t o w a r d s  the  S t e p t o e  a l le les .  F i g u re  2 

s h o w s  the c o m p o s i t e  l i nkage  m a p  o f  ba r l ey  c o n s t r u c t e d  

f r o m  this  s tudy.  Th i s  f igure  i n c l u d e s  s ix m o n o m o r p h i c  

S S R s  ( s h o w n  at the  bot tona  o f  the c o r r e s p o n d i n g  c h r o m o -  

s o m e s )  w h o s e  c h r o m o s o m a l  a s s i g n m e n t s  w e r e  d e t e r m i n e d  

on ly  by  the w h e a t - b a r l e y  a d d i t i o n - l i n e  assay.  A l t o g e t h e r ,  

o f  the  45 S S R s  r e p o r t e d  in this  s tudy,  f ive  w e r e  l oca t ed  on  

c h r o m o s o m e  1, s e v e n  on  c h r o m o s o m e  2, e igh t  on  c h r o m o -  

s o m e  3. s e v e n  on  c h r o m o s o m e  4, fou r  on  c h r o m o s o m e  5, 

and  s e v e n  on e a c h  o f  c h r o m o s o m e s  6 and  7. 

Discussion 

The  b a r l ey  g e n o m i c  l ib rary  o f  this  s tudy  c o n s i s t e d  o f  ap-  

p r o x i m a t e l y  3 6 0 0 0  r e c o m b i n a n t  c lones .  The  a v e r a g e  in- 
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Fig. 2. Linkage map of barley based on the linkage data from the 
S/M cross (Klemhofs et al. 1993). The SSR loci mapped m this study 
are shown in bold and ualics. The scale to the left of the chromo- 
somes shows map distances in centiMolgans (cM). The approximate 
centromere positions are shown by a vertical bar with a C. The ab- 
breviations in parentheses following the SSR loci designate the DH 
populanons in which the SSRs were mapped: SM- Steptoe/Morex, 
HT- Harrmgton/TR306, HM- Harrington/Morex and IF- [gn/Fran- 
ka. SSRs displayed at the bottom of the chromosomes were assigned 
to chromosomes based only on the wheat-barley addition-line assays 
(they were monomorphic among the parental lines of the four pop- 
ulations). HVM20 mapped 36 cM away from CDO99 on chromo- 
some 5; its orientation with respect to CDO99 could not be deter- 
mined due to the absence of mapped markers in this chromosomal 
region of the H/M map 

sert size of the clones was 335 bp. Therefore, the library 
contained 12 000 kb of barley DNA. Because the genome 
size of barley is 4.9x106 kb (Arumuganathan and Earle 
1991), this library represented approximately 0.2% of the 
barley genome. After screening the library with (GA) lO and 
(CA) l0 probes, 36 sequences containing (GA)~ repeats and 
19 sequences containing (CA), repeats were identified. 
Thus, we estimate that, on average, the barley genome con- 
tains one (GA)n repeat every 330 kb and one (CA), repeat 
every 620 kb, or a total of 1.5x104 (GA)~ and 7.9x103 
(CA)~ repeats, respectively. 

The frequencies of the (GA), and (CA) n repeats based 
on DNA library screening have been reported for several 
plant genomes. There is one (GA)~ repeat every 
125-250 kb and one (CA)n repeat ever), 250-480 kb in 

Arabidopsis thaliana (Bell and Ecker 1994), Brassica ha- 
pus (Lagercrantz et al. 1993), rice (Wu and Tanksley 1993) 
and in a turfgrass species (Liu et al. 1995). The occurrences 
of the two types of repeats in barley seem less frequent 
than those in the above species, but are similar to those re- 
ported in wheat where one (GA) n and one (CA) n repeat was 
observed every 440 kb and 704 kb, respectively ( R6der et 
al. 1995). Despite the variation in these estimates, our re- 
sults are consistent with the conclusion that (GA)n repeats 
are more abundant than (CA)~ repeats in plant genomes 
and that both types of repeats are less frequent in plants 
than in mammals (Lagercrantz et al. 1993). 

In Arabidopsis only one in 18 (CA) n repeats was found 
to be polymorphic (Bell and Ecker 1994). This did not ap- 
pear to be the case in barley. Seventeen primer pairs were 
designed from a total of 19 (CA)n-containing sequences 
isolated from our DNA library. Ten of the seventeen suc- 
cessfully amplified (CA)~ repeats. Four of these (CA) n re- 
peats were polymorphic in the H/T and I/F, and six were 
polymorphic in the S/M and H/M, populations of this study. 
Interestingly, most of the (CA), sequences isolated from 
our DNA library were simple repeats. In contrast, most of 
the (CA) n repeat sequences identified in Arabidopsis (Bell 
and Ecker 1994) were complex, with adjacent repeats of 
other types. Whether there is a correlation between the 
complexity of the sequence structure and the level of poly- 
morphism will be subject to further studies. Our results 
were similar to those of Bell and Ecker (1994) in that we 
encountered difficulty in amplifying (CA)~ repeats. Out of 
the 17 (CA) n primer pairs, 7 failed to amplify any prod- 



Table 2 Comparisons of RFLP 
and SSR polymorphlsms as de- 
tected in four barley crosses 
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Cross RFLPS ~ SSRs 

No. of % Polymorphic, % Polymorphic. No. of % Pol},morphtc 
probes average b combinded ~ SSRs 

Steptoe x Morex 85 31.8 54.1 d 45 60.0 
Harrmgton x TR306 77 22.1 33.8 ~ 45 42.2 
Harrmgton • Morex 77 29.5 54.5 e 45 62.2 
Igri x Franka 163 NA 28.0 e 45 37.8 

a RFLP probes were from random genomic libraries except for IgnxFranka where the probes were fiom 
a genomic and a cDNA library. NA=not available 
b Average percentage of polymorphic probes over the enzymes used 
c RFLP detected with at least one of the enzymes used 
d Heun et al. (1991). Five enzymes were used 
e Unpublished data. Six enzymes were used 
r Graner et al. (1991). Six enzymes were used 

ucts, whereas only 2 out of 24 (GA) n primer pairs failed to 
amplify any relevant PCR products. 

The level of polymorphism revealed by the 45 SSRs of 
this study was compared with that detected by RFLP mark- 
ers in the same four barley crosses. Levels of polymor- 
phism with SSRs were higher than those with RFLPs in all 
four crosses (Table 2). Overall 87% (39/45) of  the SSRs 
detected polymorphism in at least one of the four crosses 
(Table 1). The informativeness of  a marker system is one 
important parameter in genetic mapping. Our results show 
the unique value of SSRs as molecular markers for link- 
age mapping and other types of genetic analyses, particu- 
larly in species with low levels of polymorphism such as 
barley. 

Distorted segregation (P<0.05) was observed at 3 
(HVM2A, HVM30 and HVLEU) of the 40 loci mapped. 
The three distorted loci were located around the centro- 
meric region of chromosome 7 (Fig. 2). Interestingly, in 
the published S/M map (Kleinhofs et al. 1993) nine of the 
ten loci on chromosome 7 that exhibited distorted segre- 
gation ratios were also located around the centromeric re- 
gion. One possible explanation for this observation is that 
these markers might be linked to some loci around the cen- 
tromere that cause segregation distortion, as reported by 
other researchers (Bronson et al. 1990; Brummer et al. 
1993). 

The 40 SSR loci mapped by linkage analysis were dis- 
persed on all seven barley chromosomes, with a range of 
two to seven loci per chromosome. Five pairs of loci that 
were analyzed in the same mapping population either co- 
segregated or were closely linked. They were HVM23/- 
HVBKASI  on chromosome 2. HVM13/HVM77 on chro- 
mosome 4, HVM14/HVM74 on chromosome 6, 
HVM2A/HVM30 and HVDHN7/HVDHN9 on chromo- 
some 7 (Fig. 2). The loci in each pair were different from 
each other, as determined by comparing their repeat se- 
quences and the sequences of the flanking regions. There- 
fore, it is unlikely that the cosegregation observed at these 
loci resulted from the same SSR being sampled twice. All 
pairs, except HVDHN7/HVDHN9,  resided near the cen- 
tromeres of their respective chromosomes implying the 
clustering of some SSR markers. HVDHN7 and HVDHN9 

represent repeat sequences in or near the genes for dehy- 
drin-7 and dehydrin-9 (Becker and Heun 1995). The close 
linkage between HVDHN7 and HVDHN9 may suggest that 
they are members of a cluster of dehydrin genes. 

Several SSRs mapped to large gaps in the S/M linkage 
map. HVM2B and HVCMA mapped between RFLP mark- 
ers ABC465 and ABG701, while HVM49 mapped between 
markers WG380A and MWG635B on chromosome 1. 
HVM67 mapped between ABG319C and Bmy 1 on chro- 
mosome 4. HVDHN7 and HVDHN9 mapped between 
ABG473 and CDO504 on chromosome 7. Placement of 
these SSR markers on the barley map greatly improves the 
coverage of these chromosomal regions. 

The abundance, high level of polymorphism, and ease 
of genotyping make SSRs an excellent molecular marker 
system for many types of genetic analyses, including link- 
age mapping, germ plasm surveys and phylogenetic stud- 
ies. Wider use of this class of molecular markers, however, 
will depend on the speed and cost-effectiveness of devel- 
oping SSR markers and on the ability to genotype large 
numbers of individuals. To speed up data collection we 
routinely conduct multiplex PCR, in which two or more 
primer pairs are used simultaneously in one reaction 
(Fig. 1). Double or multiple loadings of a single gel can 
also accelerate the process of genotyping individuals (Sa- 
ghai Maroof et al. 1994). Recent advances in automated 
fluorescence-based DNA fragment detection should im- 
prove the efficiency and accuracy of genotype analysis. 
These techniques may be particularly useful in marker-as- 
sisted plant breeding assays where multiple loci need to be 
screened in a short period of time. Searching published se- 
quence databases is a quick and easy way to obtain SSRs. 
Once this source has been exploited, however, the only al- 
ternative is to screen DNA libraries, which is a time-con- 
suming process. The construction of libraries enriched for 
simple sequence repeats (e.g., Ostrander et al. 1992; Kand- 
pal et al. 1994) and the use of methods based on a combi- 
nation of microsatellites with AFLP (amplified fragment 
length polymorphism) technology, hold great promise to 
accelerate the development of SSR-based genetic markers 
for genome analysis. 
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