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Recessive alleles (mlo) of the Mlo locus in barley mediate a broad, non-race-specific resistance reaction to the powdery 
mildew fungus Erysiphe graminis f sp hordei. A mutational approach was used to identify genes that are required for 
the function of mlo. Six susceptible M2 individuals were isolated after inoculation with the fungal isolate K1 from chemi- 
cally mutagenized seed carrying the m/O-5 allele. Susceptibility in each of these individuals is due to monogenic, recessively 
inherited mutations in loci unlinked to mlo. The mutants identify two unlinked complementation groups, designated Rorí 
and Ror2 (required for mlg-specified [esistance). Both Ror genes are required for the function of different tested mlo 
alleles and for mlo function after challenge with different isolates of E. g. f sp hordei. A quantitative cytological time 
course analysis revealed that the host cell penetration efficiency in the mutants is intermediate compared with mlo-resistant 
and Mlo-susceptible genotypes. Ror7 and Ror2 mutants could be differentiated from each other by the same criterion. 
The spontaneous formation of cell wall appositions in mlo plants, a subcellular structure believed to represent part of 
the mlo defense, is suppressed in mlolror genotypes. In contrast, accumulation of major structural components in the 
appositions is seemingly unaltered. We conclude that there is a regulatory function for the Ror genes in mlo-specified 
resistance and propose a model in which the Mlo wild-type allele functions as a negative regulator and the Ror genes 
act as positive regulators of a non-race-specific resistance response. 

INTRODUCTION 

Most analyzed resistance reactions of barley against an at- 
tack by the obligate biotrophic fungal pathogen Erysiphe 
graminis f sp hordei are specified by dominantly or semidomin- 
antly inherited resistance genes (Mlx) that act race specifically 
(Jargensen, 1994). Their triggering is dependent on the pres- 
ente of complementary avirulence genes in the fungus, as 
described by Flor‘s gene-for-gene hypothesis (Flor, 1971). 

An exceptional case of inherited resistance is exemplified 
by recessive alleles ( d o )  of the Mlo locus. Each resistance 
allele of the locus acts in a non-race-specific manner and 
confers resistance to almost all isolates of E. g. f sp hordei 
(J$rgensen, 1977; Lyngkjaer et al., 1995), suggesting that the 
trigger of the defense response is independent of the pres- 
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ence of avirulence genes required for race-specific resistance 
responses. Resistance alleles of the Mlo locus can be induced 
by mutation of virtually any susceptible (Mlo) cultivar, and in 
the past, many mlo alleles have been isolated using diverse 
mutagens. In addition, at least one resistance allele ( d o - 7 7 )  
has been isolated from a natural habitat (Jargensen, 1983). 
Thus, the genetic data are compatible with the assumption 
that mlo resistance is dueto a loss of function of the Mlo wild- 
type allele. 

The development of the fungus on mlo-resistant plants is 
arrested at the prehaustorial stage in a subcellularly restricted 
cell wall apposition (papilla) directly beneath the fungal ap- 
pressorium (Jorgensen and Mortensen, 1977). A cell death 
response (single-cell hypersensitive response), frequently ob- 
served in race-specific resistance reactions to powdery mildew 
(Koga et al., 1990; Gorg et al., 1993; Boyd et al., 1995), is al- 
most absent in mlo-controlled defense. A striking feature of 
mlo-resistant plants is the spontaneous formation of cell wall 
appositions in the target tissue of the pathogen even under 
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aseptic conditions (Wolter et al., 1993). This pleiotropic effect 
of mlo resistance alleles temporally precedes the formation 
of macroscopically visible necrotic and chlorotic leaf lesions, 
which are reminiscent of the phenotypes described for lesion 
mimic mutants in many plant species (Walbot et al., 1983; 
Greenberg and Ausubel, 1993; Dietrich et al., 1994; Greenberg 
et al., 1994; Jones, 1994). These findings suggest a negative 
regulatory function of the Mlo wild-type allele in the defense 
response (Wolter et al., 1993). 

Recently, severa1 race-specific resistance genes from differ- 
ent plant species have been isolated (reviewed in Dangl, 1995; 
Staskawicz et al., 1995). The striking similarity of related Struc- 
tural domains in the deduced gene products provides new 
insights into their function. However, it is currently not known 
how many components are involved in resistance gene-speci- 
fied signaling to establish the resistant phenotype. This issue 
can be approached genetically through the identification of 
genes that are required for the function of a resistance gene. 
However, these studies have been limited io race-specific re- 
sistance genes (Torp and Jlrgensen, 1986; Freialdenhoven 
et al., 1994; Hammond-Kosack et al., 1994; Salmeron et al., 
1994; Century et al., 1995). 

Our objective was to provide new tools to investigate the mo- 
lecular basis of mlo-specified resistance. The experiments were 
initiated by the assumption that the Mlo wild-type allele func- 
tions as a negative regulator. Following a mutational approach 
in mlo-resistant plants, we discovered two genes required for 
the function of mlo resistance. Extensive genetic and cytolog- 
ical analyses of the mutants provided evidence that these 
genes represent positive regulatory components and that a 
single resistance response is subject to both negative and posi- 
tive genetic control. 

RESULTS 

The mutational approach for the identification of genes required 
for the function of mlo resistance alleles is outlined in Figure 
1. The mlo-5 allele used in this study was originally isolated 
after ethyl methanesulfonate (EMS) mutagenesis of a suscep- 
tible cultivar carrying the Mlo wild-type allele (Jlrgensen, 1983). 
The mutagen-induced resistance allele was transferred into 
the genetic background of cultivar lngrid by backcrossing 
(BClngrid do-5 ) .  Seed of the resistant backcross (BC) line 
were mutagenized using EMS or NaN3, and M2 seedlings 
were screened for susceptibility 7 days after inoculation with 
spores of the powdery mildew isolate K1 (see Methods). Sus- 
ceptibility in the seedlings was expected to be caused either 
by functional reversion events in the Mlo locus or by mutations 
in genes required for mlo function. No susceptible progenies 
were detected among 20,000 individuals from nonmutagenized 
selfed seed containing the d o - 5  resistance allele. 

The efficiency of the mutagenesis was monitored by the 
frequency of chlorophyll-defective M2 seedlings (13 x 10-3 
after EMS treatment and 31 x 10-3 after NaN3 treatment). 

This frequency is within the range reported from extensive 
mutagenesis experiments in barley (Jende-Strid, 1978). Six sus- 
ceptible seedlings were identified from among 54,410 M2 
plants after EMS treatment (frequency 0.11 x 10-3). The 
same number were isolated from 39,759 M2 plants after NaN3 
treatment (frequency 0.15 x 10-3). Because the 12 M2 indi- 
viduals are derived from six different M, plants, they represent 
six independent mutational events. Fingerprint analysis with 
DNA markers verified that the susceptible seedlings originated 
from the genotype used in the mutagenesis (see Methods). 
The phenotypes of the independent mutants A39, A44, A89, 
C36, C69, and C88 at late stages after inoculation are shown 
in Figure 2. In each case, funga1 colonies consisting of sporulat- 
ing aerial mycelium were observed, indicating the completion 
of the powdery mildew life cycle. Significantly fewer colonies, 
however, were found on each of the mutants when compared 
with the Mlo-susceptible cultivar Ingrid. In addition, fewer colo- 
nies were reproducibly detected on mutant A44 compared with 
the other mutants. 

Testcrosses were performed between each of the six inde- 
pendent mutants and the mlo-resistant line BClngrid mlo-5. 
Table 1 shows that only resistant individuals were obtained in 
the F1 generation. In the F2 population, selfed F, plants re- 
vealed a ratio of susceptible and resistant individuals that is 
compatible with a 1:3 segregation. This finding excludes the 
possibility that susceptibility in the mutants was due to a rever- 
sion event that restored the dominant Mlo wild-type allele. (If 
this were the case, susceptible F1 individuals and a 3:l segre- 
gation of susceptible and resistant F2 plants would be 
expected.) Testcrosses of the mutants with the susceptible near- 
isogenic cultivar lngrid (Mo) confirmed this interpretation, as 
summarized in Table 2. Only susceptible individuals were 
observed in the F1 progeny. Selfed F1 plants segregated sus- 

EMS, 

P N 3  

i'"" ir ri-- 
surcap(ibla residant resistant rurcaptibla 

Figure 1. Schematic Representation of the Mutational Approach to 
ldentify Genes Required for mlo-Specified Resistance. 

The EMS-induced resistance allele mlo-5 (J$rgensen, 1983) was trans- 
ferred into the genetic background of cultivar lngrid by repeated 
backcrossing. The resulting near-isogenic line served as the starting 
material for the second mutagenesis described in this study. Genetic 
backgrounds are represented by open bars for cultivar Carlsberg II 
and by closed bars for cultivar Ingrid. 
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Figure 2. Phenotypes of m/o-Resistant, /W/o-Susceptible, and Mutant Seedlings 7 Days after Inoculation with E. g. f sp hordei Isolate K1.

(A) and (B) Phenotypes of 14-day-old primary leaves of the m/o-resistant line BCIngrid m/o-5, which has been used for mutagenesis, and of the
near-isogenic M/o-susceptible cultivar Ingnd. respectively.
(C) to (H) Representative infection types of the M2 individuals with A39 shown in (C), A44 in (D), A89 in (E), C36 in (F), C69 in (G), and C88 in (H).
Barley powdery mildew isolate K1 is avirulent on m/o-resistant plants. Each mutant allows sporulation of the fungus, indicating completion of
the asexual life cycle. The infection types of the mutants are between those of the /W/o-susceptible and m/o-resistant line, and fewer sporulating
colonies are detectable on mutant A44 compared with each of the other mutants.
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Table 1. Phenotypes and Segregation Ratios for the F1 and F2 
Generations from Crosses of Susceptible Mutants with the 
Resistant Backcross Line BClngrid m/O-5 

Fi F2 

Suscep- Resis- Suscep 
tible tant tible 

Mutants Plants Plants Plants 
~ ~~ 

A39 O 15 107 
A44 O 5 18 
A89 O 10 79 
C36 O 5 35 
C69 O 6 34 
C88 O 5 36 

Resis- 
tant 
Plants x2(3:1) 

388 P > 0.05 
78 P > 0.1 

246 P > 0.5 
110 P > 0.5 
121 P > 0.1 
128 P > 0.1 

ceptible and resistant individuals in a 13:3 ratio with P > 0.05. 
This suggests a digenic control of the phenotype with one dom- 
inant and one recessive susceptibility allele. We conclude that 
susceptibility in each of the mutants is caused by mutations 
unlinked to Mlo. 

Two Complementation Groups Are Required for mlo 
Function 

lntermutant crosses were performed to determine the num- 
ber of complementation groups represented by the mutants. 
Table 3 summarizes the number of resistant and susceptible 
progeFy that were detected in the F, and F2 generation from 
various crosses between the mutants. Except for two cases, 
no complementation of the susceptible phenotype in F1 plants 
was detected. Selfings of these F1 plants generated only sus- 
ceptible progeny in the F2 generation. In contrast, the 
resistant Fl plants from the crosses A39 x A44 and C69 x 
A44 segregated susceptible and resistant F2 progeny. In both 
cases, the observed segregation is compatible with a 7:9 ra- 
tio, indicating that susceptibility is caused by two unlinked, 
recessively inherited loci. In summary, we conclude that A39, 
A89, C36, C69, and C88 each represent recessively inherited 
mutations in a single complementation group conferring sus- 
ceptibility to the powdery mildew fungus in the presence of 
the d o - 5  resistance allele. Mutant A44 represents a reces- 
sively inherited mutation in a second complementation group. 
We have designated the respective loci Ror7 and Ror2 (lequired 
for mlpspecified [esistance). 

Ror Genes Are Required for the Function of Different 
mlo Resistance Alleles 

Many mlo resistance alleles have been described previously. 
With few exceptions, the resistance alleles have been induced 
by mutagenesis of susceptible Mlo cultivars (Jdrgensen, 1983). 

To determine whether the Ror genes are required for mlo func- 
tion in the context of different mlo resistance alleles andlor 
different genetic backgrounds, crosses were performed with 
the mutagen-induced alleles mlo-3 and mlo-4 and with the 
ml0-77 allele originally collected from a natural barley habitat. 
Crosses were also performed with the mlo-5 allele originally 
used for Ror mutant identification but backcrossed into culti- 
var Pallas (BCPallas mlo-5). Qualitatively identical data were 
obtained with F1 and F2 progeny after inoculation with K1 
spores for each of the respective crosses, as summarized in 
Table 4. The F1 individuals exhibited only resistant pheno- 
types, and selfed F2 individuals segregated susceptible and 
resistant phenotypes in a manner compatible with the expected 
1:3 ratio. Thus, even in different genetic backgrounds, Ror7 
and Ror2 are required for the function of ali tested mlo resis- 
tance alleles. 

Quantitative Cytological Analysis of Single 
lnteraction Sites 

A quantitative cytological analysis of single plant-fungus in- 
teraction sites on primary leaves of the Ror mutants was 
performed in the time course experiment shown in Figure 3. 
Previous studies have shown repeatedly that a cell wall appo- 
sition (CWA) is formed directly beneath the site of attempted 
penetration in both compatible and incompatible interactions 
(Zeyen and Bushnell, 1979; Aist and lsrael, 1986). In the pres- 
ente of mlo resistance alleles, however, funga1 development 
is invariably arrested in this subcellular structure (Jdrgensen 
and Mortensen, 1977). As expected, we found that mlo- 
associated CWAs in attacked epidermal cells of the resistant 
cultivar BClngrid mlo-5 were, with few exceptions, not 
penetrated by the fungus during the first 72 hr after inocula- 
tion (observed maximal penetration frequency, 0.5%). In 
contrast, an initial continuous increase in the number of 
penetrated CWAs between 15 and 36 hr after inoculation, fol- 
lowed by a high constant penetration frequency of -7o%, was 
observed in the susceptible (Mlo) near-isogenic cultivar Ingrid. 

Table 2. Phenotypes and Segregation Ratios for the F1 and F2 
Generations from Crosses of Susceptible Mutants with the 
Susceptible Near-lsogenic Line lngrid (Mo) 

Fi Fz 

Suscep- Suscep- 
tible Resistant tible Resistant 

Mutants Plants Plants Plants Plants xz(13:3) 

A39 16 O 544 116 P > 0.1 
A44 3 O 155 29 P > 0.1 
A89 10 O 348 79 P > 0.5 
C36 4 O 355 83 P > 0.9 
C69 4 O 257 69 P > 0.1 
C88 5 O 348 93 P > 0.1 
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Table 3. Phenotypes and Segregation Ratios for the F, and F2 
Generations from Crosses between Susceptible Mutants A39, 
A44, A89, C36, C69, and C88 

Fi FZ 

Suscep- Resis- Suscep- Resis- 
tible tant tible tant 

Crosses Plants Plants Plants Plants x2(7:9) 

A39 x A44 O 4 105 113 P > 0.1 
x C36 8 O 233 o '. 

x C69 4 O 53 O 
A89 x C36 4 O 41 O 
C36 x C69 14 O 95 O 

x C88 16 o 120 O 
C69 x A39 10 O 65 O 

x A44 O 10 126 164 P > 0.9 
x C88 2 O 180 O 

C88 x A39 14 O 94 O 
x C36 10 O 60 O 

Each of the allelic Ror7 mutants showed a comparable time 
course, characterized by an initial increase in the number of 
penetrated CWAs between 15 and 48 hr after inoculation, which 
approximated 20 to 30% and did not change significantly in 
the subsequent 24 hr. The time course of host cell penetration 
on the Ror2 mutant A44 could be discriminated clearly from 
each of the Ror7 mutants. Maximal recorded penetration 
frequencies in A44 approximated only 10%. Thus, the identi- 
fication of two Ror complementation groups by genetic analysis 
was reflected at the cytological leve1 by a separable efficiency 
of ror7- and ror2-defective plants to resist fungal penetration 
into the host cell attacked first. 

Ror Mutants Are Susceptible to Various Powdery 
Mildew lsolates 

Because mlo resistance alleles confer a non-race-specific re- 
sistance reaction on almost all tested isolates of E. g. f sp hordei, 

we asked whether mutations in the Rorgenes confer suscep- 
tibility on powdery mildew isolates different from K1 used in 
the initial screening of the M2 populations. Two isolates, A6 
and R146, each carrying characterized avirulence functions, 
were tested for this purpose (see Methods). Both isolates are 
avirulent on the BClngrid mlo-5 l he  but virulent on the near- 
isogenic Mlo cultivar Ingrid. A quantitative cytological analy- 
sis of single interaction sites on primary leaves of the various 
genotypes was performed 48 hr after inoculation. As expected, 
high and comparable penetration frequencies (64 to 79%) of 
CWAs were observed on the MIO cultivar Ingrid, and a very 
low frequency (maximum 0.5%) was detected in the resistant 
BClngrid mlo-5 tine after attempted attacks of each of the tested 
isolates (A6, R146, and Kl). The representatively chosen Ror7 
mutant A89 showed mean penetration frequencies of 33% in 
interactions with A6, 29% in interactions with R146, and 17% 
in interactions with K1. A similar pattern, albeit with lower 
penetration frequencies  OVO), was found for the Ror2 mu- 
tant A44 attacked by the tested isolates K1 and A6. With each 
fungal isolate, we detected sporulating aerial mycelium i' days 
after inoculation on the leaf surface of the Ror7 and Ror2 mu- 
tants. Therefore, the susceptibility caused by defective Ror 
genes is not restricted to the fungal K1 genotype, but the mu- 
tations suppress do-mediated resistance in interactions with 
different isolates of E. g. f sp hordei. 

Ror Mutants Suppress Spontaneous CWA Formation 
in Epidermal Tissue 

We have reported previously that even aseptically grown mlo- 
resistant seedlings show a very high frequency of spontane- 
ous CWA formation in a manner specific for the different cell 
types of a leaf epidermis (Wolter et al., 1993). In this study, we 
recorded the frequency of spontaneous CWA formation in the 
Rorf mutant A89 and the Rori! mutant A44 grown under mildew- 
free conditions. Table 5 summarizes the number of observed 
spontaneous CWAs per square centimeter of epidermal tissue 
from primary leaves of the relevant genotypes. Spontaneous 

Table 4. Phenotypes and Segregation Ratios from Crosses of Susceptible Ror Mutants with Different mlc-Resistant Cultivars 

F i  Fz 

Susceptible Resistant Susceptible Resistant 
Crossesa Plants Plants Plants Plants x2( 1 : 3) 

A89 (rorl-2) x BClngrid mlo-4 O 7 73 244 P > 0.1 
A89 (ror7-2) x BCPallas mlo-5 O 10 114 374 P > 0.1 

C69 (rorl-4) x Gr. Zw. m/O-77 O 5 12 27 P > 0.1 

A44 (ror2) x BClngrid mlo-4 O 9 25 91 P > 0.1 
A44 (ror2) x Gr. Zw. mlo-77 O 5 18 67 P > 0.1 

A39 (ror7-7) x BClngrid mlo-4 O 14 98 358 P > 0.05 

C36 (rorl-3) x Gr. Zw. m/O-71 O 5 7 24 P > 0.5 

C88 (ror7-5) x M. Heda mlo-3 O 4 33 91 P > 0.5 

a Gr. Zw., Grannenlose Zweizeilige; M. Heda, Malteria Heda. 
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Figure 3. Frequency of Successful Penetration Attempts of Powdery 
Mildew lsolate K1 at Different Time Points after Inoculation. 

lnteraction sites were analyzed microscopically and scored only i f  the 
fungus had developed an appressorium and if the plant had reacted 
with the formation of a cell wall apposition. Very few interaction sites 
were found with an appressorium but without a cell wall apposition 
at the inspected time points. Penetration attempts were scored as suc- 
cessful if a haustorium was visible in the attacked cell. Each data point 
is the mean of at least 200 inspected interactions from four indepen- 
dent leaves. Vertical lines indicate standard deviations. Ingrid, 
near-isogenic susceptible cultivar (Mlo Ror7 Ror2); BClngrid (BCl) mlo-5, 
resistant backcross line in cultivar lngrid (mlo Ror7 Ror2); A39 to C88, 
Ror7 mutants (mlo for7 Ror2); A44, Ror2 mutant (mlo Ror7 ror2). 

CWA formation was recorded separately for different cell types 
of the epidermis (subsidiary cells of stomata, epidermal cells 
contacting subsidiary cells, and small epidermal cells not in 
contact with subsidiary cells). No spontaneous CWA formation 
was noticed in subsidiary cells of stomatae in any of the tested 
genotypes. A dramatic increase in CWA formation was detected 
in short epidermal cells contacting subsidiary cells in BCln- 
grid m/o-5 @/o-5 Ror7 ROR)  compared with the near-isogenic 
cultivar lngrid (Mlo  Ror7 Ror2). A clear suppression of consti- 
tutive CWA formation was found in this cell type in mutant A89 
(mlo-5 ror7 Ror2). The suppression was also observed, albeit 

to a lesser extent, in mutant A44 (mlo-5 Rorl ror2). A qualita- 
tively similar distribution was found between the tested 
genotypes in short epidermal cells that do not contact sub- 
sidiary cells. The data show that defective Ror genes suppress 
both the resistance and the constitutive CWA formation medi- 
ated by d o  alleles. 

Ror Mutants Retain the Capability to Accumulate Major 
Structural Components of CWAs 

In contrast with constitutive CWA development, initial micro- 
scopic inspections revealed that pathogen-triggered CWA 
formation was not suppressed by Ror-defective alleles. We 
therefore asked whether qualitative alterations of pathogen- 
induced CWAs would be detectable by histochemical methods. 
Major components of CWAs are phenolic-like substances 
(Mayama and Shishiyama, 1978; Aist and Israel, 1986) and 
b-l,8glucans (Smart et al., 1985). Figure 4A shows the yellow 
autofluorescence characteristic of a CWA of the Ror7 mutant 
A89, indicating a retained capability to accumulate phenolic- 
like substances in appositions. As shown in Figure 46, the Rorl 
mutant also accumulated P-1,3-glucans, detected by sirofluor- 
mediated fluorescence in penetrated CWAs. ldentical results 
were obtained with the Ror2 mutant A44 (data not shown). The 
findings suggest that susceptibility in the Ror7 mutant A89 and 
the Ror2 mutant A44 is not associated with major structural 
alterations or a major disturbance in the accumulation of the 
tested compounds. 

DlSCUSSlON 

This study describes the successful identification of two genes 
required for the function of a resistance gene (mlo) acting in 
a non-race-specific manner. Similar analyses have identified 
genes required for the function of race-specific resistance 
genes in tomato, barley, and Arabidopsis (Freialdenhoven et 
al., 1994; Hammond-Kosacket al., 1994; Salmeron et al., 1994; 
Century et al., 1995). All previous studies have shown sus- 
ceptible mutants affected in the resistance genes and in genes 

Table'5. Cell Type-Specific Evaluation of the Number of Spontaneous CWAs per crn2 Epidermal Tissue of Primary Leaves in Wild-Type 
and Ror Mutant Genotypes 

BClngrid d o - 5  lngrid A89 A44 
(mlo Ror7 ROR) (Mlo Ror1 Ror2) (mlo for7 ROR)  ( d o  Ror7 fOf2) 

Cell iypea 1 2 3 1 2 3 1 2 3 1 2 3 

a cells O O O O O O O O O O O O 
b cells 1364 1446 2571 70 26 45 202 461 276 834 726 1057 
c cells 350 403 720 26 11 13 104 115 78 363 31 1 429 

a a cells, subsidiary cells of stomata; b cells, cells contacting subsidiary cells; c cells, other cells (only short type; <400 wm in length). 
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Figure 4. Detection of Phenolics and (5-1,3-Glucans in Cell Wall Ap-
positions of the Ror1 Mutant A89 by Fluorescence Microscopy.
Single interaction sites on primary leaves 27 hr after inoculation with
powdery mildew isolate K1 are shown.
(A) The characteristic yellow autofluorescence in the CWA indicates
the presence of phenolics (excitation wavelength X of 470 nm). The
autofluorescence under the spore is a result of a CWA formed in re-
sponse to the primary germ tube.
(B) The whitish yellow sirofluor-mediated fluorescence in the CWA in-
dicates the presence of p-1,3-glucans (excitation wavelength X of 360
nm).
Magnification is x400. agt, appressorial germ tube; cwa, cell wall ap-
position; esh, elongated secondary hypha; pgt, primary germ tube;
s, spore.

required for their function. In contrast, in this investigation we
detected only mutants affected in genes required for mlo func-
tion (Tables 2 and 3). This was expected because previous
genetic evidence suggested that the EMS-derived mlo-5 re-
sistance allele represents a mutation-induced loss of function
in the Mlo wild-type allele (Jtfrgensen, 1983). Therefore, it is
more likely to isolate loss-of-function alleles in genes required
for mlo function than to isolate a gain of function in Mlo. The
observation that each of the six isolated susceptible mutants

represents a recessively inherited defective allele in a florgene
supports our assumption. Thus, the susceptible M2 plants iso-
lated here represent double mutants: they carry a defect in
the dominant Mlo wild-type allele and defects in either the Ror1
or the Ror2 gene.

It is important to determine how many host genes contrib-
ute to the function of resistance genes. This study revealed
five allelic mutants of the Rorl locus and a single mutant of
the Ror2 locus. In general, it is believed that the entire num-
ber of nonredundant genes with nonlethal defective alleles
controlling the expression of a phenotype would have been
uncovered if multiple mutant alleles from each locus had been
isolated. This is obviously not the case in our study, but we
believe that it would be arduous to identify additional mutant
genes conferring higher infection types because the five mu-
tants with the most drastically altered infection types (Figures
2 and 3) are allelic. However, we are aware that the accessibil-
ity of different loci to identification by mutagenesis can vary
substantially (Lundqvist, 1991). Mutants exhibiting very low in-
fection types similar to the only ror2 allele in A44 have probably
escaped our stringent screening procedure, which relies on
the macroscopic detection of sporulating colonies on the leaf
surface. More sensitive screening procedures that involve
3-glucuronidase-mediated detection of few fungal hyphae
(Hammond-Kosack et al., 1994) or haustoria, for example,
should be helpful for this purpose. Thus, an exhaustive detec-
tion of loci required for the function of a resistance gene will
depend primarily on the sensitivity and stringency of the
screening procedure to detect modified infection types.

None of the isolated Ror mutants showed the fully suscepti-
ble infection type as defined by the Mlo genotype (Figures 2
and 3). Similarly, the Rar1 and Rar2 mutants (former designa-
tion Nar-1 and Nar-2; Freialdenhoven et al., 1994), which are
required for the function of M/a-72-specified resistance in bar-
ley, and the Rcr-1 and Rcr-2 mutants, which are required for
Cf-9 function in tomato (Hammond-Kosack et al., 1994), have
shown new infection types on a scale between the resistant
and susceptible wild-type parents. Whether this indicates re-
sidual gene product activities of the isolated mutant alleles
or bypass mechanisms that can partially compensate the func-
tional defects remains an open question.

CWA formation is a ubiquitous phenomenon accompany-
ing host wall penetration attempts in interactions between
cereal hosts and powdery mildews (Aist, 1976). It is believed
that this structure represents a physical reinforcement of the
host cell wall directly beneath the fungal appressorium. Be-
cause CWA formation is detectable in both susceptible and
resistant plants and because the CWAs from both genotypes
cannot be qualitatively discriminated at the ultrastructural or
histochemical level (Smart et al., 1985; Zeyen and Ahlstrand,
1993), it is not known whether the temporal and spatial corre-
lation between CWA formation and m/o-mediated defense
indicates a causal relationship. Physiological experiments with
m/o-resistant plants have shown that micromolar concentra-
tions of both 2-deoxy-D-glucose, an effective inhibitor of callose
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deposition in plants, and chlortetracycline, a Caz+ chelator, 
drastically decrease CWA formation in response to pathogen 
attack. Correspondingly, the inhibitors increase penetration 
rates of the residual CWAs. These investigations show that the 
timing of CWA formation is likely to be crucial for the outcome 
of the interaction (Gold et al., 1986; Bayles et al., 1990). This 
hypothesis is compatible with our data from histochemical anal- 
ysis of penetrated and nonpenetrated CWAs in the susceptible 
Ror mutants that revealed neither significant major structural 
alterations nor major disturbances in the accumulation of CWA 
compounds (Figure 4). However, a detailed biochemical anal- 
ysis is necessary to substantiate the absence of qualitative 
differences and to prove the existence of a differential timing 
of CWA formation in mlo-resistant plants and susceptible mlo/ror 
mutants. 

Although mlo-resistant plants confer a broad, non-race- 
specific resistance response to E. g. f sp hordei, they are sus- 
ceptible to infection by Rhynchosporium secalis, a pathogen 
of barley that uses the identical target tissue (leaf epidermis) 
to colonize the host (W. Knogge and P. Schulze-Lefert, unpub- 
lished results). The same holds true for barley leaf rust and 
stem rust, which attack mesophyll cells (J@rgensen, 1977). 
Therefore, the effectiveness of the mlo resistance exhibits at 
least some level of pathogen specificity. It was important to 
demonstrate in this context that the susceptibility of the ml0-5/ 
ror genotypes is not restricted to the fungal isolate K1. Thus, 
mutations in the Ror genes seemingly confer a similar broad 
susceptibility to powdery mildew isolates compared with the 
resistance mediated by mlo alleles. 

Recently, it has been proposed that the Mlo wild-type allele 
might function as a susceptibility factor that interacts with a 
putative compatibility factor from the biotrophic fungus to es- 
tablish basic compatibility (Johal et al., 1995). Compatibility 
is thought to result from the suppression of a defense reac- 
tion through the interaction between Mlo and the fungal 
compatibility factor. Accordingly, Ror genes could represent 
any positive regulatory component of the suppressed defense. 
Alternatively, it is conceivable that the Mlo wild-type allele func- 
tions as a negative regulator of a defense response without 
interacting with a basic compatibility factor. Consistent with 
this hypothesis is the observation that mlo-resistant plants ex- 
hibit a constitutive expression of the resistance response, as 
indicated by a spontaneous CWA formation in the absence 
of the pathogen (Wolter et al., 1993). The reduction of sponta- 
neous CWA formation in ror mlo genotypes (Table 5) provides 
additional evidence to support the latter model. The finding 
that ror alleles inactivate the function of different mlo alleles 
is expected i f  resistance in mlo plants is due to a loss of the 
negative regulator Mlo (Table 3). 

The strongest argument that the Rorgenes represent posi- 
tive regulatory genes and not effector components at the end 
of a putative signaling pathway is based on the fact that both 
Ror7 and Ror2 are required for high-level, constitutive CWA 
formation (Table 5). Until now, our study has been confined 
to the quantitative analysis of plant/fungus interaction sites on 
genotypes carrying either ror mlo, Ror Mlo, or Ror mlo allele 

combinations (Figure 3). In context with the proposed nega- 
tive.regulatory function of Mlo in a defense response, it would 
be interesting to test whether a ror Mlo genotype increases 
the penetration frequency of CWAs even above the level ob- 
served in susceptible Mlo Ror plants (Figure 3). Such a 
“supersusceptibility” has been reported in compatible barley/ 
powdery mildew interactions after application of a-aminooxy- 
P-phenylproprionic acid-inhibiting phenylalanine ammonia- 
lyase (Carver et al., 1992). 

We have recently identified two genes, Rar7 and Rar2, that 
are required for the function of the race-specific resistance 
gene Mla-72 (previous gene designation Nar-7 and Nar-2; 
Freialdenhoven et al., 1994). The mlo resistance is retained 
in plants with defective Rar genes, suggesting that the Rar 
genes are not required for mlo function (A. Freialdenhoven, 
unpublished results). ldentification of the Rorgenes allows us 
to address the question of whether defects in Ror abolish the 
function of the various race-specific resistance genes to pow- 
dery mildew in barley. However, such experiments require DNA 
markers that are linked to the Ror genes for marker-assisted 
selection of the appropriate genotypes. Thus, the availability 
of mutants required for the function of either a race-specific 
(Mla-72) or non-race-specific (mlo) resistance gene allows us 
to direct our attention to questions concerning separate, shared, 
or common pathways for resistance gene function to the same 
pathogen. 

METHODS 

Plant Material 

The do-5  allele has been isolated through ethyl methanesulfonate 
(EMS) mutagenesis in Hordeum vulgare subsp. vulgare cultivar Carls- 
berg II, as described by Jgrgensen (1983). The mlo backcross (BC) 
lines in the genetic background of cultivar lngrid were kindly provided 
by James McKey (Uppsala, Sweden). They were generated through 
seven backcrosses with cultivar Ingrid, followed by at least six self- 
ings. The generation of the m/O-5 backcross line in cultivar Pallas has 
been described by Kblster et ai. (1986). The allele mlo-3 has been in- 
duced by y-rays in the genetic background of cultivar Malteria Heda, 
whereas the allele mlo-77 has been collected from a natural habitat 
(Jfrgensen, 1983). Mutant plants were pollinated with pollen derived 
from male parent plants, as listed in Tables 1 to 4. F1 progeny and 
F2 plants generated by selfings were grown to maturity in the green- 
house. We have designated the ror7 alleles in mutants A39, A89, C36, 
C69, and C88 rorl-7 to fOf7-5 and the defective allele in A44 ror2. 

Mutagenesis 

Seed of the backcross line BClngrid mlo-5 were presoaked in water 
at 4’C overnight. Subsequently, they were treated with a solution of 
1% (vlv) EMS (Sigma, Munich, Germany) or l O +  M NaN3 for 2 hr. 
EMS treatment was performed in 0.1 M sodium phosphate buffer, pH 
7.4, using a volume of -1 mL per seed. NaN3 treatment was per- 
formed in 0.1 M potassium phosphate buffer, pH 3.0, under extensive 
aeration. The treated M1 kernels were rinsed thereafter in water for 
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12 hr, sown in soil, and grown to maturity in the greenhouse. One spike 
was harvested from each Ml plant. Therefore, mutants derived from 
different M1 spikes must represent independent mutational events. In- 
tact M1 spikes were sown in a peat-clay mixture, and the 7-day-old 
M2 seedlings were tested for susceptibility in inoculation experiments, 
as described below. 

Tests for Resistance 

Powdery mildew inoculations were performed with E. g. f sp hordei 
isolates K1, A6, and 13146. K1 is a field isolate collected near Cologne 
(Germany) that has been used in previous studies (Hinze et al., 1991). 
lsolate A6 and isolate R146 were provided by H.P. Jensen (Ris6 Na- 
tional Laboratory, Ris@, Denmark). Tests for resistance were performed 
in a phytochamber at 15OC, 70% relative humidity, and a photoperiod 
of 16 hr. F1 and F2 individuals were sown in a peat-clay mixture, and 
primary leaves were inoculated at day 7 on the adaxial and abaxial 
surfaces with spore densities of 100 to 200 per cm2. Plants were 
scored for resistance 7 days after inoculation. 

DNA Fingerprint Analysis 

Restriction fragment length polyrnorphism markers bAL88/2, bAP91, 
Bmyl, and bBE54 (Hinze et al., 1991) were used to test the genotype 
origin of the isolated susceptible M2 individuals. The first three mark- 
ers detect each a single-copy locus, whereas the latter marker detects 
at least 10 loci on different barley chromosomes. Markers bAL88/2 and 
bAP91 are tightly linked to the Mlo locus and are located within the 
introgressed chromosomal segment of the BClngrid mlo-5 line (Hinze 
et al., 1991). DNA from the resistant BClngrid mlo-5 line, the isolated 
susceptible M2 mutants, and the near-isogenic susceptible Mlo culti- 
var lngrid were included in the restriction fragment length polymorphism 
analysis. Hybridization filters were prepared using methods described 
by Gebhardt et al. (1989), using a high-resolution polyacrylamide-based 
electrophoretic separation of DNA fragments. Each of the 13 inspected 
loci in the susceptible mutants showed identical hybridization patterns 
when compared with the BClngrid mlo-5 line. As expected, the mu- 
tants and the BClngrid m/O-5 line were polymorphic in comparison 
with DNA from cultivar lngrid (Mlo) for loci bAL88/2 and bAP91. 

Microscopic Analysis and Histochemical Tests 

Barley primary leaves were harvested at the indicated time points, fixed, 
and cleared in alcoholic lactophenol (ethanol-lactophenol 2:l [v/v]). 
The solution was changed twice after 1 day and then after an addi- 
tional 2 days. Specimens were stored in stoppered tubes at room 
temperature in the dark. Funga1 structures were inspected by bright- 
field microscopy (Leitz Dialux 20; Leica Instrs. GmbH, Cologne, Ger- 
many) using segments from the middle part of the leaf. The segments 
were stained for 5 sec in Coomassie blue (0.6% [w/v] Coomassie Bril- 
liant Blue R 250 [Sigma] in methanol), rinsed in distilled water, and 
mounted in 50% (v/v) glycerol. 

The presence of phenolics in cell wall appositions was tested by 
incident-light fluorescence rnicroscopy, using a mercury vapor lamp 
(model No. HBO 50 W; Osram, Niederau, Germany), 450-nm exciter 
filter, 510-nm dichroic mirror, and >515-nm barrier filter. 

Detection of B-1,3-glucans in the cell wall appositions was performed 
mainly as described by Stone et al. (1984) and Bayles et al. (1990). 

Briefly, cleared primary leaves were treated with periodic acid and 
Schiffs reagent to degrade p-l,4glucans and to mask autofluorescence 
of phenolic compounds. Leaf segments were then mounted in 0.1 M 
potassium phosphate buffer, pH 11, containing the highly specific 
fluorochrome sirofluor (Biosupplies, Parkville Victoria, Australia) at a 
final concentration of 0.25 mglmL. Incident-light fluorescence micro- 
scopy was performed as described above but with a 360-nm exciter 
filter, 400-nm dichroic mirror, and >430-nm barrier filter. 

The frequency of spontaneous cell wall appositions in epidermal 
cells was determined by fluorescence microscopy, as described above 
for the detection of phenolics. Plants were grown under mildew- 
free conditions, and primary leaves were fixed 23 days after sowing. 
The different epidermal cell types (Koga et al., 1990) were scored 
independently. 
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