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Abstrac t  Primers for the polymerase chain reaction 
(PCR) were tailored to selectively amplify RFLP marker 
alleles associated with resistance and susceptibility for 
powdery mildew in cereals. The differentiation between 
marker alleles for susceptible and resistant genotypes is 
based on the discrimination of a single nucleotide by us- 
ing allele-specific oligonucleotides as PCR primers. The 
PCR assays developed are diagnostic for RFLP alleles at 
the loci MWG097 in the barley genome and Whs350 in the 
wheat genome. The first marker locus is closely linked to 
MlLa resistance in barley, while the latter is linked to Pm2 
resistance locus in wheat. PCR analysis of 31 barley and 
30 wheat cultivars, with some exceptions, verified the pres- 
ence or absence of the resistance loci investigated. These 
rapid PCR-based approaches are proposed as an efficient 
alternative to conventional procedures for selecting pow- 
dery mildew-resistant genotypes in breeding programs. 
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loci. Sequence-tagged sites (STSs, Olson et al. 1989) and 
random amplified polymorphic DNAs (RAPDs, Williams 
et al. 1991) are the most common PCR markers for gene 
diagnosis in plants. By the conversion of distinct RAPD 
fragments to STS markers, an increase in the reliability of 
detection of several leaf rust resistance genes in wheat has 
been achieved (Schachermayr et al. 1994, 1995). Further- 
more, the genotyping of allelic variants of loci that result 
from both size differences and point mutations via allele- 
specific PCR has already been demonstrated for the waxy  
locus in maize (Shattuck-Eidens et al. 1991), the GIu-D1 
complex locus associated with bread-making quality in 
wheat (D'Ovidio and Anderson 1994), the L r l  leaf rust re- 
sistance locus in wheat (Feuillet et al. 1995), and the Grol  
and H1 alleles conferring resistance to the root cyst nem- 
atode Globodera rostochiensis  in potato (Niew6hner et al. 
1995). 

The objective of the present study was to investigate the 
possibility of generating PCR-based markers from RFLP 
markers that are closely linked to the powdery mildew re- 
sistance genes MILa of barley and Pm2 of wheat. 

Introduction 

Tightly linked RFLP markers have been identified for 
many powdery mildew resistance loci in barley (Hinze 
et al. 1991; Hilbers et al. 1992; Schfiller et al. 1992; Giese 
et al. 1993; G6rg et al. 1993; Sch6nfeld et al. 1996) and 
wheat (Hartl et al. 1993, 1995; Ma et al. I994). 

Marker technology is slowly moving from hybridiza- 
tion-based RFLP markers to PCR-based markers, as the 
latter are more economically handled for high sample 
throughput and for the simultaneous analysis of multiple 
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Materials and methods 

Plant material 

Wheat-barley addition lines (Islam et al. 1981), nullisomic-tetrasom- 
ic lines of 'Chinese Spring' (Sears 1966) (complete except for 2A 
and 4B), doubled-haploid progenies of barley crosses 'Alf' • 'Vogel- 
sanger Gold' and 'Rise M1502' • 'Sultan' segregating for the MILa 
resistance gene, and F 1 plants from the cross 'Gimpel' x 'Golf', were 
used for the evaluation of STS markers. Mapping of RFLP marker 
Whs350 was carried out in a population of 62 F a plants from the cross 
'Axminster/8*Chancellor' (PmI)x'UlkW8*Chancellor' (Pm2). All 
other plant genotypes analysed are specified in the tables and figure 
legends. 

Primer design, cloning of PCR products and sequencing 

STS primer sets MWG097-R,L and Whs350-1,2 were derived from 
the DNA sequences of barley genomic clone MWG097 and wheat 
genomic clone Whs350, respectively (Table 1). The primer pairs 



Table 10ligonucleotides used as primer sequences 

Primer Primer sequences 

MWG097-R 
MWG097-L 
MWG097-Res 
MWG097-Sus 
WHS350-1 
WHS350-2 
WHS350-Res 
WHS350-Sus 

5'-CGCCGGTACGTAGACTGCAT-3' 
5'-TGGACACACGGGGGTTCTCG-3' 
5'-CTGCCATCTCCTCTTAGC-3' 
5'-CTGCCATCTCCTCTTAG~3" 
5'-AGCTGTTTGGGTACAAGGTG-3' 
5'-TCCCCTGTGCTACTACTTCTC-3' 
5'-GCCATCGTTTTCTACTAG-3' 
5'-GCCATCGTTTTCTACTAC-3' 
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were used to generate amplicons from DNA of barley and wheat cul- 
tivars differing in their powdery mildew responses. After polishing 
the amplicon termini with T4 Polynucleotide Kinase and T4 DNA 
Polymerase, PCR products were blunt-end ligated into the dephos- 
phorylated phagemid pBluescript KSII+, which had been linearized 
with Sinai. The E. coli strain XL1-Blue was transformed and three 
independent clones of each genotype were sequenced due to the fact 
that Taq DNA polymerase lacks a proof-reading activity. Compara- 
tive sequence analysis of the cloned PCR products revealed DNA se- 
quence variations that allowed the design of primers whose allele 
specificity was conferred only by their 3'-nucleotide (Table 1). 

Cycle sequencing reactions were carried out using the DIG Taq 
DNA Sequencing Kit (Boehringer, Mannheim). DNA fragments 
were separated with a direct blotting electrophoresis device (GATC 
1500, MWG Biotech) and detected colorimetrically with NBT/BCIP 
or with chemiluminescence. 

PCRprocedures 

The STS-PCR procedure employed 50 ng of genomic DNA, 0.2 gM 
of each primer, 1.0 U of Taq DNA Polymerase (Pharmacia) in 50 mM 
KC1, 1.5 mM MgCI2, 10 mM Tris-HC1 pH 9.0, and 100 gM of each 
dNTP in a total volume of 50 gl. DNA was amplified for 35 cycles 
[94~ 10 s, 58~ (barley primers) or 60~ (wheat primers) 10 s and 
72~ 20 s] using an Omnigene temperature cycling system (Hybaid). 

Allele-specific PCR amplifications were performed according to 
the protocol ofXu et al. (1994). To prepare template DNA, 50 ng of 
genomic DNA were added to a reaction mixture that contained 1.0 U 
of Taq DNA Polymerase (Pharmacia), 50 mM KC1, 1.5 mM MgC12, 
10 mM Tris-HC1 pH 9.0, 100 gM of each dNTP, 0.25 ~tM of each 
of the allele-specific primers (MWG097-Res, MWG097-Sus and 
Whs350-Res, Whs350-Sus, respectively) plus 0.2 ~tM of the com- 
mon primer (MWG097-L and Whs350-1, respectively) in a 50-gl re- 
action volume. Cycling conditions were for 20 cycles at 94~ for 
10 s, 58~ (barley primers) or 60~ (wheat primers) for 10 s and 
72~ for 20 s. For the second amplification round, 1 gl of template 
DNA was added to each of two mixtures, each of which contained 
the same reaction composition as above, except that Tube A includ- 
ed primers MWG097-Res and MWG097-L, while Tube B included 
MWG097-Sus and MWG097-L in equimolar amounts. For the Pro2 
assay the second amplification step was carried out only with the 
primer combination Whs350-Res and Whs350-1. The mixtures were 
then subjected to 14 cycles with the same temperature profile as 
above. 

Results and discussion 

M1La 

The primer set M W G 0 9 7 - R , L  was obtained from full- 
length sequencing of  the 420-bp-long barley genomic  
D N A  clone MWG097,  which is linked without recombi-  

Fig. 1 Assignment of STS marker MWG97-R,L to barley chromo- 
some 2(2H) by means of Wheat-barley addition lines. (3//) pUC19/ 
MspI, (0) Control (-DNA), (1) DNA of 'Chinese Spring' (CS) + bar- 
ley chromosome I(7H), (2) CS + 2(2H), (3) CS + 3(3H), (4) CS + 
4(4H), (5) CS, (6) CS + 6(6H), (7) CS + 7(5H), (8) 'Betzes' 

nation to the MILa resistance locus located on the long arm 
of  chromosome 2(2H) (Hilbers et al. 1992, unpublished 
data). PCR amplification of  wheat-barley addition lines 
showed a 370-bp fragment only in wheat-barley addition 
line 2(2H), suggesting that the selected primers had ampli- 
fied the expected sequence (Fig. 1). Furthermore, co-seg- 
regation of  the allele-specific primer-generated amplicons 
with RFLP marker alleles of  MWG097  was confirmed in 
two double-haploid progenies derived from plants of  the 
crosses 'A l f '  x 'Vogelsanger Gold '  and 'Rise  M 1502 x Sul- 
tan ' .  The primer pair M W G 0 9 7 - R , L  was assayed on DNA 
from the barley cultivars ' Igr i '  (susceptible) and 'Cerise '  
(resistant), but PCR products did not differ in size. There- 
fore, these amplicons were sequenced in order to detect 
single-base alterations. The comparat ive sequence analy- 
sis of  the cloned amplicons f rom resistant and susceptible 
genotypes revealed a small deletion/insertion (3 bp) and 
also a G-+A-transi t ion at position 57 from the end tagged 
by primer MWG097-R.  Oligonucleotides were constructed 
to match and mismatch the G and A alleles at this base- 
pair position. To test their potential for discrimination, the 
allele-specific primers MWG097-Res  and MWG097-Sus  
were used in conjunction with their c o m m o n  primer on 
31 barley cultivars (25 spring barley and 6 winter barley 
lines) for which the MlLa genotypes were known and, in 
each case, PCR confirmed that the expected base was 
present. Hence, amplification products are likely to be gen- 
erated only from the perfectly matching primer sites 
(Fig. 2, Table 2). The amplification of  genomic D N A  from 
the susceptible cultivars 'Alexis ' ,  'Pallas '  and 'Kora l '  with 
primer MWG097-Res  resulted in the detection of  a 
450-bp fragment which was greater than the expected size, 
and hence distinguishable f rom the resistant allele. The ap- 
plicability of  the primers in heterozygous plants carrying 
both MWG097  alleles was explored using F 1 plants f rom 
the cross 'Gimpel '  x 'Go l f ' .  As expected, both M W G 0 9 7  
alleles were amplified when examining both primer sets 
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Table 2 Allele-specific ampli- 
fication of DNA from various 
barley cultivars (Jensen et al. 
1992) depending on the 
PCR primer applied 

Cultivar/line Resistance genes MWG097-Res MWG097-Sus 

Alexis mlo - (450 bp) + 
Arda - - + 
Aura Mla6,  Mlg - + 
Elektra - - + 
Express - - + 
Gimpel Heterogeneous - + 
Gitte M l a l  - + 
Igri Mira  - + 
Ingrid Mla8 - + 
Pallas Mla8 - (450 bp) + 
Puffin M l a l  2, MIg, Mlh  - + 
Sultan M l a l  2 - + 
Union Mlg, Ml(  CP) - + 
Vogelsanger Gold Mla6,  MIh, Mlra  - + 
Koral M l a l 3 ,  Mlg  - (450 bp) + 
Welam Mla9  - + 
Yriba M l a l  2, Mlg  - + 

P23 M l L a  + 
Alf MILa  + 
Lami MILa  + 
Riso M1502 MILa  + 
Vada M l L a  + 
Varunda MILa  + 
Atem mlo, M1La + 
Georgie Mlg, MILa  + 
Cerise Mlg, MI( CP ), M1La + 
Golf Mlg, MI( CP), MILa  + 
Hockey M l a l  2, MI( CP), MILa  + 
Claret Mla7,  Mlk,  M l L a  + 
Klaxon MIa7, MIk, M l L a  + 
Menuet MIal2 ,  Mlg,  MI(CP),  MILa  + 

on F 1 plants.  In conclus ion,  these data indicate  that the 
a l le le -spec i f ic  pr imers  could  be used to predic t  the pres-  
ence or absence  of  M 1 L a  in a marker -ass i s ted  select ion 
scheme,  and by  combin ing  the scores of  the ampl i f ica t ion  
react ions  f rom each of  the a l le le-speci f ic  pr imers  the 
assay becomes  a co-dominan t  marker  system. 

Fig. 2 Allele-specific amplification of RFLP marker alleles indi- 
cative for the presence or absence of the M1La resistance locus. 
(1) 'Vada', (2) 'Cerise', (3) 'Golf',  (4) 'Hockey', (5) 'Claret', 
(6) 'Georgie', (7) 'Igri', (8) 'Ingrid', (9) 'Express', (10) 'Union', 
(11) 'Yriba', (12) 'Arda', (34) 2/HindIII ,  (C) Control (-DNA), 
(R) resistant, (S) susceptible 

P m 2  

The R F L P  band of  marker  Whs350,  showing po lymor -  
ph ism be tween  the near - i sogenic  l ine Ulka /8*Chance l lo r  
and its recurrent  parent,  was mapped  at a genet ic  d is tance  
of  3.8 cM (LOD 8.97) f rom the P m 2  locus on ch romosome  
5D using F 2 offspr ing f rom the cross 'Axmins t e r /  
8*Chance l lo r '  ( P m l ) x ' U l k a / 8 * C h a n c e l l o r '  ( P m 2 ) .  PCR 
analysis  of  the Whs350  locus f rom nul l i somic- te t rasomic  
l ines of  'Ch inese  Spr ing '  using pr imers  Whs350-1 ,2  fa i led 
to ass ign this PCR marker  to specif ic  wheat  chromosomes .  
This  resul t  may  be due to the locat ion of  probe  Whs350  on 
each of  the homoeo logous  ch romosomes  of  group 5 (with 
a P m 2 - s p e c i f i c  R F L P  band on 5D) as de te rmined  by  R F L P  
analysis  of  the aneuplo id  s tocks (Hart l  et al. 1995). The 
ampl i f ica t ion  of  res is tant  and suscept ib le  wheat  l ines 
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yielded a single monomorphic fragment. However, cleav- 
age of the amplified 650-bp product with the restriction 
enzyme TaqI  generated two smaller fragments while main- 
taining a band of the original size. This indicates that STS 
Whs350-1,2 is a mixture of at least two equal sized homo- 
eologous fragments. For this reason, all fragments obtained 
from TaqI  digestion of the susceptible cultivar 'Chinese 
Spring' and the resistant cultivars 'Ulka/8*Chancellor '  
( P m 2 )  and 'Nandu'  were surveyed for point mutations by 
DNA sequencing. From the pool of point mutations that 
was found, a C---~G-transversion was chosen for the design 
of an allele-specific oligonucleotide for the detection of 
the powdery mildew resistance locus Pro2.  This primer, 
P m 2 - R e s ,  was used to amplify DNA from 17 susceptible 
and 13 resistant wheat cultivars. Data from this experiment 
demonstrated that the amplification reactions could be cor- 
related with resistance and susceptibility for all but four of  
the wheat cultivars and lines tested (Fig. 3, Table 3).The 
wheat cultivars 'Normandie '  and 'Sappo '  were misclassi- 
fled, as in the case of the study of Hartl et al. (1995), but 
recent studies have shown that at least cultivar 'Sappo '  is 
known now not to contain P m 2  (HCvemt~ller, personal 
communication). However, the use of  this allele-specific 
PCR assay in wheat will be limited by its inability to de- 
tect heterozygotes since amplifications with primer P m 2 -  

Sus confirmed that this allele also occurs in resistant cul- 
tivars. 

The present study demonstrates that there is a useful 
level of variation within amplified DNA fragments in dif- 
ferent barley and wheat genotypes and supports the use of 
RFLP markers as a source for the production of PCR-based 
markers. This finding is in agreement with the results of 
the evaluation of STS markers for genetic mapping in bar- 
ley (Tragoonrung et al. i992) and wheat (Talbert et al. 
1994). By using primers recognizing different alleles of  
RFLP loci we were able to genotype the M l L a  and P m 2  

alleles in barley and wheat, respectively. It has been shown 
that the nature of mismatch facilitates the specific discrim- 
ination of amplification (Kwok et al. 1990). In addition to 
a G:G and a C:A mismatch, we have also successfully used 
a G:T mismatch for PCR discrimination, although this type 
of mismatch should be avoided when designing allele-spe- 
cific primers. Because sequence context can significantly 
alter the properties of mismatches (Huang et al. 1992), G:T 
mismatches can be also detrimental to amplification. 

Allele-specific PCR analysis in wheat is technically 
more difficult to perform than in diploid barley. In wheat, 
many PCR primers amplify sequences from more than one 
genome. However, considerable differences are seen when 
homoeologous sequences from the different genomes are 
compared. This has enabled STS marker Whs350-1,2 to be 
converted to a genome-specific PCR marker. In general, a 
given allele has to be amplified from the background of the 
alternative allele(s). This is presumably due to the rarity 
of 'genuine'  unique sequences in wheat which has three 
homoeologous genomes. This problem may be overcome 
by the application of microsatellite markers as they repre- 
sent 'genuine'  single-copy sequences in wheat (R/Sder 
et al. 1995). The speed and ease of PCR make the evalu- 

Fig. 3 Allele-specific amplification of a polymorphic site for the 
detection of Pm2 resistance in wheat. (1) 'Nandu', (2) 'Knirps', 
(3) 'Planet', (4) 'Maris Dove', (5) 'Mephisto', (6) 'Troll', (A) 'Ares', 
(B) 'Turbo', (C) 'Herold', (D) 'Star', (E) 'Kolibri', (F) 'Chancel- 
lor', (0) Control (-DNA), (M) pBR322/Alw44I/MvaI  

Table 3 Allele-specific amplification of DNA from various wheat 
lines (Anonymous 1995) with oligonucleotides indicative for the 
Pro2 resistance gene 

Cultivars/lines Resistance genes Pm2-Res  

Chinese Spring - 
Chancellor - - 
Kanzler - - 
Ares - - 
Club - - 
Hanno P m l ,  Pm4b, Pm9 - 

Chul/8*Cc Pm3b - 

Sonora/8*Cc Pm3c - 

Kolibri Pm3d - 

Star Pm3d (heterogeneous) - 
Herold Pm3d - 

Turbo Pm3d, Pm4b - 

Urban Pm5 - 

Ralle Pm3d - 

Boheme Pm4b - 

Rektor Pro5 - 

Clan Pm4b, Pro5 - 

Ulka/8*Cc Pro2 + 

Attis P m l ,  Pm2,  Pm4b, Pm9 + 

Nandu Pro2 + 

Troll P m l ,  Pro2, Pm4b + 

Mephisto P m l ,  Pro2, Pro9 + 

Maris Huntsman Pro2, Pro6 + 

Maris Dove Pro2, told + 

Planet P m l ,  Pro2, Pm4b, Pro9 + 

Knirps Pro2, Pm4b, Pm6, Pro8 + 

Sappo P m l ,  Pro2, Pm4b, Pro9 - 

Normandie P m l ,  Pro2, Pm9 - 

Halle 8810-47/7*Prins Pro2 

Axona Pro2, Pm3d - 
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ated markers valuable tools for selection in early gen- 
erations, and will assist the pyramiding of resistance 
genes. 
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