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SUMMARY

 

Durability and effectiveness against all genetic variants of a
microbial species are hallmarks of so-called plant ‘non-host’
resistance. Highly effective immunity of monocotyledonous
barley against the fungal powdery mildew pathogen, which is
conferred by loss-of-function mutant alleles of the barley 

 

Mlo

 

locus, likewise is a durable and broad-spectrum type of resistance.
Although this was long considered as being a barley-specific
phenomenon, recent findings indicate that 

 

mlo

 

 resistance can
also occur in the distantly related dicotyledonous species 

 

Arabi-
dopsis thaliana

 

. Shared histological and phytopathological
characteristics plus a conserved requirement for a set of genes in
Arabidopsis 

 

mlo

 

 and non-host powdery mildew resistance
indicate a potential common mechanism for these two seemingly

 

distinct types of immunity.

 

A TIDY HOUSE, A TIDY MIND

 

To simplify their lives, humans love to classify and categorize their
surrounding world. Scientists are no exception in this respect,
as can be most obviously seen from the taxonomy of living
organisms. Plant pathologists also like to organize their subject:
in plants, various seemingly distinct forms of defence have been
discovered. Based on the range of microorganisms covered by a
particular type of immunity, its underlying molecular components
discovered so far and other characteristics, these types of
resistance have been operationally categorized in various classes.
These include ‘basal defence’ (Nomura 

 

et al

 

., 2005), ‘resistance
(

 

R

 

) gene-mediated immunity’ (also referred to as isolate- or
race-specific resistance; Martin 

 

et al

 

., 2003), ‘systemic acquired
resistance’ (Metraux 

 

et al

 

., 2002), ‘quantitative (also termed
polygenic) resistance’ (Lindhout, 2002) and ‘non-host-resistance’

(Nürnberger and Lipka, 2005). Owing to its recessive mode of
inheritance, the pathogen-specific impact and its uncommon
durability in agricultural settings, broad-spectrum powdery
mildew resistance conferred by barley loss-of-function 

 

mlo

 

 alleles
has been considered until now to be another and hitherto unique
type of disease resistance (Jørgensen, 1992, 1994).

Although historically the above classifications have been quite
stringent, plant pathologists have recently begun to appreciate
major genetic and molecular intersections between the various
types of plant immunity. For example, genes such as 

 

NPR1

 

 and

 

EDS1/PAD4

 

, which encode key components of salicylic acid-
mediated plant defence signalling, were found to be essential for
various types of disease resistance (Aarts 

 

et al

 

., 1998; Lipka

 

et al

 

., 2005; Rairdan and Delaney, 2002). Likewise, global trans-
cription profiling revealed similar sets of genes whose expression
is altered during basal defence, 

 

R

 

 gene-triggered immunity and in
non-host interactions (Caldo 

 

et al

 

., 2004; Navarro 

 

et al

 

., 2004;
Zimmerli 

 

et al

 

., 2004). On this note, we hypothesize here that 

 

mlo

 

resistance is mechanistically identical to non-host resistance.

 

PLANT NON-HOST RESISTANCE: KEEPING THE 
BUGS AT BAY

 

Most microorganisms fail to colonize most plant species success-
fully because plants possess an elaborate surveillance system
that readily uncovers the presence of potentially pathogenic
agents by the occurrence of conserved microbial molecules,
so-called pathogen-associated molecular patterns (PAMPs)
(Nürnberger and Lipka, 2005). This surveillance system is based
on membrane-localized receptors that guard the apoplastic
space as well as on presumably intracellular pattern recognition
receptors that monitor the cytoplasm. PAMP recognition triggers
(a) signalling cascade(s) that ultimately leads to activation of a
bouquet of defences that suffice to reject the attempted attacks
of most microbes. This capacity is frequently also referred to as
‘innate immunity’ or ‘non-host resistance’ (Nürnberger and Lipka,
2005). Few bacteria and fungi have evolved means to overcome
this barrier and, as a consequence, few are able to colonize and
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reproduce on a given plant species. The molecular mechanisms
underlying the presumptive defence suppression that is required
to overcome plant innate immunity are, however, elusive for most
parasites (Nomura 

 

et al

 

., 2005; Panstruga, 2003). It is thought
that the plant’s multifaceted detection and response machinery
renders this non-specific type of immunity particularly effective
and durable (Nürnberger and Lipka, 2005; Thordal-Christensen,
2003). The evolutionary success of non-host resistance can be
judged from the fact that indeed most plants are resistant to most
microorganisms.

 

MLO

 

 RESISTANCE: A BIG HIT IN POWDERY 
MILDEW IMMUNITY

 

In the course of evolution, powdery mildew fungi evolved means
to overcome non-host resistance in a particular plant species
(referred to as the plant host species) and became able to cause
disease. Barley, for example, is susceptible to the ascomycete

 

Blumeria graminis

 

 f.sp. 

 

hordei

 

 (

 

Bgh

 

), a powdery mildew patho-
gen with a very narrow host spectrum that fails to colonize any
other plant species. Genetic data indicate that the presence of a
particular protein of the barley host plant, the MLO protein, is a
prerequisite for successful colonization by the powdery mildew
fungus (Büschges 

 

et al

 

., 1997; Jørgensen, 1992). In the absence
of MLO, such as in barley 

 

mlo

 

 mutants, germinated fungal spores
fail to enter epidermal host cells; as a consequence, the mutant
plant is resistant. This phenomenon was originally discovered
more than 60 years ago when the first 

 

mlo

 

 mutant was isolated
in a forward genetic screen in barley (Freisleben and Lein, 1942).
Subsequently, many 

 

mlo

 

 alleles were recovered (e.g. Jørgensen,
1976), and it was found that 

 

mlo

 

 resistance is effective against
all known isolates of 

 

Bgh

 

 but does not affect a range of other
foliar pathogens (Jørgensen, 1977). Following breeding into barley
elite varieties, 

 

mlo

 

 resistance has been successfully employed
in agriculture for more than 25 years (Lyngkjaer 

 

et al

 

., 2000).
Despite its success in barley cultivation, until recently there was
no report regarding a similarly effective powdery mildew resistance
locus in any other plant species. For a long time, barley 

 

mlo

 

resistance has thus been considered as a potentially unique type
of plant immunity (Jørgensen, 1992, 1994). However, the recent
finding that 

 

mlo

 

 resistance with comparable characteristics as
in barley can also occur in the dicotyldenous reference plant

 

Arabidopsis thaliana

 

 indicates that 

 

mlo

 

-based powdery mildew
resistance is not a barley-specific phenomenon and probably may
be inducible in any higher plant species (Consonni 

 

et al

 

., 2006).
It is therefore tempting to speculate that the absence of

reports of powdery mildew-resistant mutants with 

 

mlo

 

-like
characteristics in other plant species is either due to a lack of
respective forward genetic screens or a potential functional
redundancy of multiple MLO isoforms in some plant species.
Evidence for the latter comes from a recent analysis of the situation

in 

 

A. thaliana

 

. In the dicotyledonous reference species, three out
of 15 

 

MLO

 

 genes encode sequence-related proteins with partially
overlapping functions in the modulation of defence responses to
powdery mildews (Consonni 

 

et al

 

., 2006). It is, however, worth-
while mentioning that pea and tomato accessions have been
identified which exhibit powdery mildew resistance that is
reminiscent of 

 

mlo

 

-based immunity (Bai 

 

et al

 

., 2005; Fondevilla

 

et al

 

., 2006). It remains to be seen whether resistance in these
accessions is in fact due to natural loss-of-function polymorphisms
in 

 

MLO

 

 genes, as previously found in the Ethiopian barley
landrace carrying the 

 

mlo

 

-11 allele (Piffanelli 

 

et al

 

., 2004).

 

KNOCK, KNOCK (YOU CAN’T COME IN)

 

Grass powdery mildews such as 

 

Bgh

 

 or its close relative, the
wheat powdery mildew fungus 

 

Blumeria graminis

 

 f.sp. 

 

tritici

 

(

 

Bgt

 

), have been recently employed in a range of studies to
unravel the molecular principles of (powdery mildew) non-host
resistance in 

 

A. thaliana

 

 (Assaad 

 

et al

 

., 2004; Collins 

 

et al

 

., 2003;
Lipka 

 

et al

 

., 2005; Stein 

 

et al

 

., 2006; Yun 

 

et al

 

., 2003; Zimmerli

 

et al

 

., 2004). When inoculated on Arabidopsis wild-type plants,
most germinated 

 

Bgh

 

 or 

 

Bgt

 

 spores fail to enter the leaf epider-
mal cells of the dicotyledonous plant species. Reminiscent of 

 

mlo

 

resistance (Skou, 1982), pathogen arrest in these incompatible
interactions usually coincides with the formation of callose-
containing papillae (Thordal-Christensen, 2003; Fig. 1). In the few
cases where the pathogen successfully invades an epidermal cell
and establishes its feeding organ, designated the haustorium, a
cell death response is commonly triggered that terminates any
further development of the fungal parasite (Collins 

 

et al

 

., 2003;
Lipka 

 

et al

 

., 2005; Thordal-Christensen, 2003; Yun 

 

et al

 

., 2003).
Consequently, post-invasive hyphal growth (microcolony forma-
tion) represents an extremely rare phenomenon in this non-host
interaction (Lipka 

 

et al

 

., 2005). In summary, reminiscent of barley

 

mlo

 

 mutants, non-host resistance of Arabidopsis to the non-adapted
grass powdery mildews, 

 

Bgh

 

 and 

 

Bgt

 

, is largely determined at the
pre-invasive stage.

 

THE USUAL SUSPECTS? BY NO MEANS!

 

Salicylic acid (SA), jasmonic acid (JA) and ethylene (ET) are
messenger molecules that define well-characterized defence
signalling pathways in 

 

A. thaliana

 

 (Hammond-Kosack & Parker,
2003). SA-mediated signalling, for example, has been shown to
play a crucial role in 

 

R

 

-gene mediated immunity, systemic
acquired resistance and basal defence to adapted biotrophic
pathogens (Glazebrook, 2005). By contrast, JA and ET are thought
to mediate signalling during basal defence against necrotrophic
pathogens (Glazebrook, 2005). A comprehensive analysis employ-
ing a range of mutants defective in the SA-, JA- or ET-mediated
defence signalling pathways revealed that neither of the three
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signal transduction pathways significantly contributes to
penetration resistance against the non-adapted grass powdery
mildew 

 

Bgh

 

 (Zimmerli 

 

et al

 

., 2004). A similar study employing
double mutants defective in 

 

AtMLO2

 

 and any of the three signal-
ling pathways (using a comparable set of mutants as described
above) revealed that 

 

mlo

 

-mediated resistance in Arabidopsis
against the adapted powdery mildew species 

 

Golovinomyces
orontii

 

 and 

 

Golovinomyces

 

 (formerly 

 

Erysiphe

 

) 

 

cichoracearum

 

likewise does not require SA-, JA- or ET-mediated signalling (Con-
sonni 

 

et al

 

., 2006). Taken together, it appears that in 

 

A. thaliana

 

powdery mildew non-host resistance and 

 

mlo

 

-based immunity
both function largely independent of the common defence signal-
ling pathways described for this model plant species.

Transcript profiling of plant responses to adapted and non-
adapted mildews, however, has revealed that very few genes,
including plant defensins such as 

 

PDF1.2

 

, were uniquely and
transiently induced at around 1 day following inoculation with

 

Bgh

 

, suggesting that the JA/ET pathways may play a role in basal
defence responses that the adapted mildews either evade or fail
to elicit (Zimmerli 

 

et al

 

., 2004). Similarly, transcript profiling of

 

G. cichoracearum

 

-inoculated plants also revealed a transient
peak of 

 

PDF1.2

 

 expression in 

 

pmr2

 

 (= 

 

Atmlo2

 

) mutants, but not
in wild-type plants, at approximately the same time point as that
observed by Vogel and Somerville (2000). This suggests that the
adapted mildew fungus may elicit the same unique responses in

 

Atmlo2

 

 individuals as 

 

Bgh

 

 in Arabidopsis wild-type plants.

 

PENNING DOWN THE COMPONENTS OF 
ARABIDOPSIS NON-HOST RESISTANCE

 

Forward genetic screens in 

 

A. thaliana

 

 have thus far identified
three genes (

 

PENETRATION 1–3

 

) that are each required for the
highly effective penetration resistance against non-adapted
powdery mildews. Loss-of-function mutations in any of the three
genes, 

 

PEN1

 

, 

 

PEN2

 

 or 

 

PEN3

 

, result in enhanced 

 

Bgh

 

 entry rates
into Arabidopsis leaf epidermal cells (Collins 

 

et al

 

., 2003; Lipka

 

et al

 

., 2005; Stein 

 

et al

 

., 2006), demonstrating that all three
genes are necessary to mount an effective defence response

against 

 

Bgh

 

 at the cell periphery. 

 

PEN1

 

 encodes a syntaxin, a
member of the super-family of SNARE domain proteins, and is
assumed to be involved in membrane fusion events during
exocytosis at the plasma membrane (Collins 

 

et al

 

., 2003). 

 

PEN2

 

encodes a peroxisome-associated glycosyl hydrolase (Lipka 

 

et al

 

.,
2005), while 

 

PEN3 has

 

 been found to encode an ATP-binding
cassette multi-drug transporter (Stein 

 

et al

 

., 2006). Intriguingly,
full 

 

mlo

 

 resistance in Arabidopsis requires the very same set of
genes as powdery mildew non-host resistance. Host cell entry,
but not conidiophore formation (asexual sporulation), is restored
in 

 

Atmlo2 pen1

 

 double mutants (Consonni 

 

et al

 

., 2006). This
finding is consistent with previous data from barley, where the
orthologue of the Arabidopsis PEN1 syntaxin, barley ROR2, has
been shown to be required for full 

 

mlo

 

 resistance (Collins 

 

et al

 

.,
2003; Freialdenhoven 

 

et al

 

., 1996). Barley genes 

 

Ror2

 

 and 

 

Ror1

 

were originally discovered in a genetic suppressor screen for
compromised 

 

mlo

 

 resistance, and mutations in either gene
partially (

 

ror2

 

) or fully (ror1 alleles) abolish immunity against
powdery mildew in mlo genotypes (Freialdenhoven et al., 1996).
Although Ror2 has been shown to encode a syntaxin orthologous
to Arabidopsis PEN1 (Collins et al., 2003), the identity of Ror1
has remained elusive to date. Contrary to Atmlo2 pen1 mutants,
Atmlo2 pen2 or Atmlo2 pen3 double mutants not only exhibit
restored pathogen entry rates but also wild-type-like conidiation
(Consonni et al., 2006).

ENCORE: FURTHER SIMILARITIES BETWEEN 
MLO AND NON-HOST RESISTANCE

Identification of the PEN1/ROR2 syntaxins as key mediators of
mlo and non-host immunity suggested a chief role for exocytosis
in both types of resistance (Collins et al., 2003). Consistent with
this hypothesis, transient gene silencing experiments in single
barley leaf epidermal cells uncovered a further SNARE domain
protein, the SNAP25 homologue HvSNAP34, as an additional
contributor to both types of immunity (Collins et al., 2003;
Douchkov et al., 2005). In yeast and animal cells, syntaxins and
SNAP25 interact with each other to form the so-called binary

Fig. 1 Arrest of fungal penetration attempts 
coincident with the formation of callose-containing 
papillae. The micrographs depict the attempted 
penetration of an epidermal cell of an Arabidopsis 
wild-type plant by the non-adapted Bgh pathogen 
(left) or of an Arabidopsis mlo2 mutant genotype 
by the usually compatible powdery mildew fungus 
Golovinomyces orontii (right). Deposition of callose 
in cell wall appositions (white arrowheads) is 
highlighted by UV epifluorescence upon aniline 
blue staining; fungal structures [spore (s) and 
appressorial germ tubes] were highlighted by 
Coomassie Blue staining. Scale bar, 25 µm.
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SNARE complex of prototypical eukaryotic SNARE complexes.
Further supporting a role for transport processes in both types of
resistance, pharmacological and/or genetic interference with
actin cytoskeleton function partially abolishes host cell entry
by adapted (mlo genotype) or non-adapted mildew species
(Kobayashi et al., 1997; Yun et al., 2003; M. Miklis et al., un-
published results).

Transient gene expression studies in single barley leaf
epidermal cells revealed that over-expression of the presumed
apoptosis suppressor, Bax inhibitor 1, partially compromises
mlo resistance to Bgh (Hückelhoven et al., 2003). Although a
plausible explanation for this phenomenon is still lacking,
transient over-expression of Bax inhibitor 1 likewise affects
non-host immunity to Bgt (Eichmann et al., 2004). Additionally,
transient over-expression of a constitutive active variant of a
barley calcium-dependent protein kinase (CDPK) isoform also
partially impairs both mlo and non-host resistance in single
barley leaf epidermal cells, further corroborating a mechanistic
link between mlo resistance and non-host immunity (T. Diehl
et al., unpublished results).

MLO RESISTANCE AND NON-HOST IMMUNITY: 
TWO FACES OF THE SAME COIN

When comparing histological and phytopathological characteristics
as well as genetically defined requirements of powdery mildew
non-host resistance and mlo-based immunity in barley and
Arabidopsis, it becomes evident that both types of resistance
share analogous features (Table 1). We therefore hypothesize
that powdery mildew non-host resistance and mlo-based
immunity are mechanistically identical. The absence of the key
host protein for successful cell entry, MLO, appears to convert a

compatible interaction between an adapted powdery mildew
pathogen and its respective host plant into a genuine non-host
interaction. It seems that on mlo mutants, the fungal parasite
faces the same hurdles and obstacles (Thordal-Christensen, 2003)
as any non-adapted powdery mildew fungus. This hypothesis
provides a plausible explanation as to why mlo-based resistance
is in fact broad-spectrum and durable. It also suggests that
any mutation that affects non-host resistance should also com-
promise mlo immunity and vice versa. This prediction has been
shown to be true for the three Arabidopsis PEN genes known so
far, but it remains to be shown whether it also holds true for the
recently cloned PEN4 gene (M. Lim and S. Somerville, personal
communication). In barley, mutations in Ror1, a gene required
for mlo resistance (see above; Freialdenhoven et al., 1996)
also affect defence against at least one further non-adapted
pathogen species, the rice blast fungus Magnaporthe grisea
(Jarosch et al., 2005), and it might be that the weak phenotype
of the single existing ror2 allele masks obvious phenotypes of
this mutant in interactions with non-adapted pathogens. Thus,
reminiscent of the Arabidopsis PEN genes (see above), barley
Ror1 may encode a further component with a role in both mlo
immunity and basal defence/non-host resistance.

The fact that the presence of MLO is indeed required to turn a
non-host interaction into a compatible interaction is consistent
with the hypothesis that the adapted powdery mildew pathogen
is able to target MLO for manipulation of innate immunity
(Panstruga, 2005). It is currently thought that MLO proteins
function as regulatory components of plant secretory processes
involving SNARE domain proteins such as the above mentioned
Arabidopsis PEN1 and barley ROR2 syntaxins (Panstruga, 2005).
The low level of successful cell entry by non-adapted mildew
species may consequently reflect the extensive inability of the

Table 1 Comparison between mlo and non-host powdery mildew resistance.

mlo resistance Non-host resistance References

Resistance spectrum broad*† broad*† Jørgensen (1977), Consonni et al. (2006)
Constancy durable† durable*† Jørgensen (1992), Nürnberger and Lipka (2005)
Stage of fungal pathogenesis primarily affected plant cell entry*† plant cell entry*† Consonni et al. (2006), Collins et al. (2003)
Pathogen arrest associated with formation of 
callose-containing cell wall appositions (papillae)

yes*† yes*† Skou (1982), Collins et al. (2003), Fig. 1 (this work)

Dependent on SA-, JA- or ET-mediated defence signalling no* no* Consonni et al. (2006)
Dependent on actin cytoskeleton function yes† yes* Kobayashi et al. (1997), Yun et al. (2003), 

M. Miklis et al. (unpublished results)
Dependent on PEN1, PEN2 and PEN3 (Arabidopsis) or 
ROR2 (the barley orthologue of PEN1) function

yes*† yes*† Consonni et al. (2006), Collins et al. (2003), 
Lipka et al. (2005), Stein et al. (2006), 
Freialdenhoven et al. (1996), Jarosch et al. (2005)

Dependent on SNAP34 function yes† yes† Collins et al. (2003), Douchkov et al. (2005)
Resistance compromised by over-expression of the 
apoptosis suppressor BAX inhibitor 1

yes† yes† Hückelhoven et al. (2003), Eichmann et al. (2004)

*Based on findings in Arabidopsis thaliana.
†Based on findings in barley (Hordeum vulgare).
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fungal pathogen to exploit a foreign (heterologous) MLO protein
for the suppression of secretion-associated defence processes
at the plant cell periphery. This assumption is supported by the
findings that (i) mlo resistance not only affects the adapted but
also non-adapted powdery mildew species (Consonni et al., 2006;
Peterhänsel et al., 1997) and (ii) over-expression of barley Mlo
enhances susceptibility to the non-adapted wheat powdery
mildew, Bgt (Elliott et al., 2002). In conclusion, it appears that
there is no longer any mystery associated with mlo resistance as
it simply seems to correspond to common non-host penetration
resistance. If this hypothesis holds true, then research into mlo
immunity and non-host resistance will continue to complement
each other.
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