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Abstract  Rhynchosporium secalis is the causal organism 
of barley scald disease. A number of resistance genes 
against the fungus are well known; one of them, the single 
dominant Rh2 resistance gene, has been mapped on the 
linkage map of barley using RFLP (restriction fragment 
length polymorphism) markers. The Rh2 gene was located 
on the distal part of chromosome arm 1S co-segregating 
with the RFLP marker CDO545 in 85 doubled-haploid 
progeny plants. The spring barley test population used was 
a cross between the 6-rowed American spring barley cv 
Atlas, C.I. 4118, carrying the Rh2 resistance gene, and a 
Bavarian 2-rowed malting barley cv Steffi, susceptible for 
R. secalis. The assessment of resistance versus suscepti- 
bility was based on artificial infections with a one-spore 
inoculum in greenhouse tests and with pathotype mixtures 
in field tests. By testing a pathotype mixture of German 
origin good resistance was found for the Rh2 gene in the 
field. 
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Introduction 

Barley (Hordeum vulgare L.) is an ideal crop for gene map- 
ping and has some special advantages for genetic studies: 
it is a diploid inbreeder, the in vitro haploid technique is 
well established, the genetic map comprises more than 150 
ph.enotypic markers, which define seven linkage groups 
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(yon Wettstein-Knowles 1992), and several extensive 
RFLP maps have been constructed which cover a total of 
1453 cM (Graner et al. 1991; Heun et al. 1991; Kleinhofs 
et al. 1993). A major disadvantage - especially for map- 
based cloning - is the large genome which contains ap- 
proximately 5.5 x 109 bp of DNA (Bennett and Smith 
1976). However, RFLP markers can easily be used for gene 
tagging and, because of their environmental stability and 
nearly unlimited availability, have become an essential tool 
for plant breeding. In addition to this, the RFLP procedure 
is easily standardized for all DNA probes. 

Scald in barley, caused by the fungus Rhynchosporium 
secalis (Oudem.) J. J. Davis, is an economically important 
disease that is found worldwide in cool, semi-humid areas 
of barley production (Beer 1991; Xue and Hall 1992). In 
humid years, the losses caused by scald are greater than 
those caused by powdery mildew. Since chemical control 
in agriculture is limited, the introduction of resistance into 
cultivars is of considerable interest. 

The pathogen R. secalis is a fungus imperfectus and 
lives sub-cuticulary, primarily above anticlinal epidermal 
cell walls of leaves, during early stages of pathogenesis 
(Wevelsiep et al. 1993). Resistance of barley to the patho- 
gen is often controlled by a gene-by-gene interaction, a 
gene for resistance in the plant corresponding to a gene for 
avirulence in the pathogen (McDonald et al. 1989; Hahn 
et al. 1993). Studies on the inheritance of resistance to R. 
secalis in barley led to the definition of several major and 
minor resistance genes, such as rh l l  (Habgood and Hayes 
1971), Rh3 and Rh4 (Dyck and Schaller 1961a, b). Many 
of these resistance genes segregate independently and 
show no coupling with the resistance gene Rh2. The Rh2 
gene in cv "Atlas" gave resistance against 11 out of 35 
pathotypes of R. secaIis in Australia (Ali 1976). Conse- 
quently, depending on the R. secalis pathotype, Atlas C.I. 
4118 was described as either susceptible or resistant to 
scald (Riddle and Briggs 1950). Good resistance was found 
in cv "Atlas" for a Pathogen mixture representing the Ba- 
varian pathovars (Baumer, unpublished results). 

The objective of the present study was to indentify mo- 
lecular markers linked to the Rh2 gene for resistance to 
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scald which can be used for a marker-based breeding pro- 
gram for R. secalis-resistance in barley. 

Materials and methods 

Plant material 

developed and mapped by the group of Tanksley and Sorrells, as pre- 
viously described by Heun et al. (1991). RFLP probes originating 
from several barley PstI libraries (prefix "MWG") were kindly pro- 
vided by the group of Fischbeck, Wenzel, Herrmann and are de- 
scribed in Graner et al. (1991). 

The RFLP analyses were performed as described in Anderson 
et al. (1992) using four restriction enzymes (EcoRI, EcoRV, DraI, 
HindIII; Boehringer-Mannheim). 

Genetic data are based on 85 doubled-haploid (DH) barley lines de- 
rived from a cross between the spring malting barley cv "Steffi"(Saat- 
zucht Ackermann, Irlbach), 2-rowed and very susceptible to scald, 
and cv "Atlas" C.I. 4118 (Harlan and Martini 1936; Dyck and Schall- 
er 1961 a), 6-rowed and carrying the single dominant Rh2 gene for 
resistance to scald. "Atlas" is a widely grown malting barley in Cal- 
ifornia and originated from a pure-line selection made from Coast 
barley in 1917 (Riddle and Briggs 1950). The in vitro regeneration 
of anthers was conducted as described by Daniel and Baumann 
(1990). 

Resistance testing 

The reaction of the 85 DH-lines against R. secalis was assessed in a 
seedling test in the greenhouse in seven replications. For evaluating 
resistance, two different single-spore isolates were used in combi- 
nation in seven replicates. One isolate was collected in Uffenheim, 
Bavaria, the other one in Kaltenberg, Thuringia. 

The DH-lines were planted in plastic pots, each line being rep- 
resented by five seedlings, and were grown in the greenhouse at 
15-20~ At the two-to-three leaf-stage, a spore suspension adjust- 
ed to 500 000 spores per ml was sprayed onto the plants with a chrom- 
atography sprayer. After inoculation the barley plants were placed 
into a growth chamber at 16~ and 100% relative humidity in the 
dark. After 48 h the plants were returned to the greenhouse, where 
symptom expression permitted disease evaluation 21 days after in- 
oculation. For disease rating the scale described by Jackson and Web- 
ster (1976) was used to score the foliar symptoms on the following 
basis: 0=no visible symptoms; l=very small lesions confined to the 
leaf margins; 2=small lesions not confined to leaf margins; 3=large 
coalescing lesions, involving a majority of the leaf area; and 4=to- 
tal collapse of the leaf. Reaction types 0, 1 and 2 were recorded as 
resistant, 3 and 4 as susceptible. 

DNA extraction 

DNA extractions were performed according to Dellaporta et al. 
(1983), Tai and Tanksley (1990) and Anderson et al, (1992) with the 
following modifications. Plant tissue (6 g of leaf) was frozen in liq- 
uid nitrogen, powdered with a mortar and pestle and transferred into 
50-ml Falcon tubes with 20 rnl of extraction buffer [100 mM Tris- 
HC1 pH 8.0, 50 mM EDTA, 500 mM NaC1, 1.25% SDS (w/v), with 
0.38 g/100 ml of sodium bisulphite added immediately before use]. 
The mixture was incubated at 65~ for 30 min, chloroform/isoamyl- 
alcohol (24:1) extracted, and centrifuged (15 rain, 6000 g, 4~ The 
aqueous phase was transferred into a new tube and mixed with 2 btg 
ofRNase (Boehringer) and incubated at 20~ for 30 min. The probes 
were then centrifuged at 40 000 g for 30 min and the supernatant was 
transferred into a new tube. The nucleid acids were precipitated with 
1/10 vol (v/v) 3 M sodium acetate pH 5.2 and 2 vol (v/v) of ice-cold 
ethanol for 30 rain at -20~ The DNA was hooked out and washed 
in 1 ml of cold 70% ethanol, dried under vacuum for 6 rain at 20~ 
and then dissolved in 1TE pH 8.0. We obtained about 20-40 mg 
DNA/g fresh weight. 

RFLP analysis 

The RFLP probes used in this study were from barley cDNA (BCD), 
oat cDNA (CDO), and wheat genomic (WG) libraries and have been 

DNA transfer and labelling 

The DNA transfer for non-radioactive labelling was conducted with 
a vacuum blotting apparatus (Millipore in Eschborn) and the follow- 
ing conditions: 6 rain 0.25 MHCI; 25 rain 0.5 MNaOH, 1.5 M NaC1; 
30 min 1.5 M NaC1, 0.5 M Tris-HC1 pH 7.2; 40 min vacuum trans- 
fer (90 mbar) with 20xSSC on a Nylon membrane (positively 
charged, Boehringer-Mannheim). Fixation of the DNA was carried 
out for 15 rain at 120~ The southern transfer for radioactive label- 
ling and the hybridization procedures are described in Heun et al. 
(1991). The non-radioactive DNA-labelling with digoxigenin-dUTP 
was done by random priming; hybridization and detection were per- 
formed according to the user manual of Boehringer-Mannheim with 
Lumi-PPD as substrate. 

Linkage analyis 

Linkage analyis was conducted using MAPMAKER computer soft- 
ware (Lander et al. 1987). 

Results 

Since the chromosomal  location of Rh2 was unknown,  pre- 
viously mapped RFLP probes which were evenly distrib- 
uted in the barley genome were used to screen for loose 
linkage. For this purpose, 40 RFLP clones were surveyed 
for po lymorphism between the parents of the test cross 
"Atlas" and "Steffi" using three enzymes (EcoRI, EcoRV, 
HindIII) and the radioact ive- label l ing method. Polymor-  
phism with at least one enzyme was found for 28 clones 
(70%). The polymorphic  clones were tested for l inkage 
with the Rh2 resistance gene on filters conta in ing seven 
susceptible and five resistant plants of the progeny. Link- 
age was detected for clone BCD 130 which maps to the dis- 
tal region of chromosome arm 1S (short arm or plus arm) 
of barley. The coupling of Rh2 to BCD130 was confirmed 
by using more progeny plants, the recombinat ion  fraction 
was 10.6%. 

Neighbour ing markers were identif ied from the pub-  
lished RFLP maps (Graner et al. 1991; Heun et al. 1991) 
and mapped on 85 doubled-haploid lines of the test cross 
using both the radioactive- and the d igoxigenin- label l ing  
methods. In total, ten RFLP markers from barley chromo- 
some 1S were placed on the test cross (Fig. 1) with genetic 
distances to Rh2 of between 0 and 21.4 cM and a LOD 
score of >3. The closest l inkage was obtained wi th  clone 
CDO545 which had no recombinat ion  to Rh2. Polymor-  
phism for CDO545 was obtained after digestion with SacI 
or DraI (Fig. 2), A size po lymorphism was obtained after 
digestion with DraI with a 3.6-kb fragment  in "Atlas" and 
a 4.0-kb fragment  in "Steffi". Only  one recombinat ion  
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Fig. 1 RFLP map of the distal 
region of barley chromosome 
1S around the Rh2 gene. The 
map is depicted in Kosambi 
(1944) units. The LOD score of 
the map presented is >3 

Rec Dist Marker 
Frac. cM Name 

( 0.0 %) 0 . 0 - 7 " - ~  CDO475 
( 0.0 %) 0 . 0 L _ ~  WG789 
(10.6 %) 10.8 WG834 

BCD130 
3.5 %) 3.5--1 I 

~ MWG47 

7.1%) 7 .1 - -  
0.0 %) 0.0 Rh2 
1.2 %) 1.2 CDO545 
0.0 %) 0.0~//-~i  ~ MWG555A 
0.0%) 00~// U~.MWG2018 
3.9 %) 319 MWG851A 

MWG35 

Telomere 

event was found between Rh2 and MWG555A and two co- 
segregating markers, MWG2018 and MWG851A. 

All markers on chromosome arm 1S mapped on the test 
cross were skewed towards the Atlas allele. The skewing 
decreased from the proximal markers towards markers lo- 
cated near the telomere (Table 1). Maximum skewing was 
observed for WG834 with a ratio of 2.36: I=A:S ("Atlas" 
towards "Steffi" alleles). For Rh2:rh2 the ratio was 1.43:1, 
which was below the 5% significance level for distorted 
segregation in a chi 2 test. 

Discussion 

The Rh2 resistance gene was mapped to the telomeric re- 
gion of the short (plus) arm of chromosome 1. A tight link- 
age with RFLP marker CDO545 was found. Diallele ana- 
lysis with other barley lines which are resistant against 
Rhynchosporium secalis (Rugel in preparation) confirm 
the independent heredity of Rh2 from other described scald 
resistance genes (Dyck and Schaller 1961a, b; Habgood 
and Hayes 1971). One of these, the Rh locus on barley chro- 
mosome 3L, was tagged with RAPD markers (Barua et al. 
1993). 

The anther-culture-derived mapping population 
showed a skewed segregation around the Rh2 resistance 
locus. In the short arm of chromosome 1 significantly more 
"Atlas" than "Steffi" alleles were detected. Distorted seg- 
regation ratios have been observed in several DH popula- 
tions of barley (Kintzios et al. 1994). One possible expla- 
nation for the skewing in this region is a indirect selection 
during the in vitro phase in the production of the DH lines 
(Powell et al 1986; Graner et al. 1991; Thomson et al. 1991). 
The occurrence of a gametophytic factor Ga, leading to a 
distorted segregation, was reported for chromosome 1 near 
the waxy locus wy in barley (Tabata 1961; Konishi et al. 

Fig. 2 Southern analysis of DraI-digested DNA from Atlas (A), 
Steffi (S) and from susceptible (a) and resistant (r) DH-lines. The 
DNA was separated on a 0.8% agarose gel and hybridized with the 
digoxigenin-labelled probe CDO545. DNA size (S=4.0 kb; A=3.6 
kb; M=DNA molecular-weight marker III of B oehringer Mannheim) 

Table 1 Distorted segregation ratios 

Marker Ratio )~2 Significance 
"A":"S" level 

MWG35 1.33 1.57 - 
MWG555 1.37 2.04 - 
CDO545 1.43 2.65 - 
Rh2 1.43 2.65 - 
MWG47 1.83 7.02 1.0% 
BCD130 2.0 9.89 0.5% 
WG834 2.36 13.76 0.1% 

1990). It is possible that such a factor is present in the 
Steffi x Atlas cross; however, further data will be needed 
to test this possibility. 

The comparison between (3ap)_ and digoxigenin-la- 
belled single-copy probes shows a limited storage life for 
radioactive-labelled probes but a good re-probing quality 
of the Southern-blot filters; therefore, radioactive labelling 
is more useful for surveying numerous clones. The major 
problem encountered in using the non-radioactive method 
is the higher background involved, but sufficient signal in- 
tensity can be achieved for single-copy probes. Non-radio- 
active detection is especially useful for screening plant ma- 
terial with labelled probes for which close linkage to the 
gene of interest has been established. 

The aim of this work is the application of marker-based 
selection in plant breeding. Marker-based selection allows 
screening for resistance at early stages of development for 



a specif ic  res is tance  locus. It does  not  require  biotes ts  i f  a 
good  corre la t ion  exists ,  and is independen t  of  the genet ic  
background.  Fur thermore ,  i f  appropr ia te  markers  are avai l -  
able, it  offers the poss ib i l i ty  to screen the same plants  si- 
mul taneous ly  for  severa l  res is tance  genes.  A number  o f  re- 
s is tance genes in cereals  have a l ready been mapped  and 
tagged with R F L P  markers .  For  example ,  powdery  mi ldew 
res is tance  ml-o on c h r o m o s o m e  4 (Hinze et al. 1991) and 
p o w d e r y  mi ldew res is tance Ml-a on ch romosome  5 in bar-  
ley (Jahoor  and F i s chbeck  1993), l eaf -sca ld  res is tance Rh 
on c h r o m o s o m e  3 in bar ley  (Barua et al. 1993), virus re- 
s is tance ym4 on ch romosome  3 in ba r ley  (Graner  and Bauer  
1993), s tem-rus t  res is tance  Rpgl  on ch romosome  1 in bar-  
ley (Jin et al. 1993; Ki l ian  et al. 1994), powdery  mi ldew 
res is tance  Pm3 on c h r o m o s o m e  1 in wheat  (Hart l  et al. 
1993), leaf-rus t  res is tance  Lr9 on ch romosome  6B in wheat  
(Schache rmayr  et al. 1994), s team-rus t  res is tance Pg3 in 
oat  (Penner  et al. 1993 a) and c rown-rus t  res is tance  Pc68 
in oat  (Penner  et al. 1993 b). It was found that res is tance 
genes are not r andomly  d is t r ibuted  over  the genome,  but  
f requent ly  occur  c lus tered  on par t icu lar  ch romosomal  re-  
gions ( Is lam et al. 1989; Hart l  et al. 1993; Kre ike  et al. 
1993). 

The i so la ted  probe  CDO545  used in the present  s tudy 
prov ides  a new tool  for the successful  ident i f ica t ion  of  the 
Rh2 res is tance  gene, i r respec t ive  of  the genet ic  background  
and independen t  of  the presence  o f  other  res is tance  genes 
agains t  the same pathogen.  The use o f  this p robe  and the 
R F L P  mapp ing  o f  further res is tance  genes wil l  faci l i ta te  
specif ic  se lect ion in backcross  p rograms  and the py ramid -  
ing o f  res is tance  genes.  The co-segrega t ing  R F L P  marker  
with the Rh2 gene provides  a good base  for c loning  and for 
a more  de ta i led  molecu la r  charac ter iza t ion  o f  the scald re- 
s is tance gene. 
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