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Homologs of barley Mlo are found in syntenic positions in
all three genomes of hexaploid bread wheat, Triticum aesti-
vum, and in rice, Oryza sativa. Candidate wheat orthologs,
designated TaMlo-Al, TaMlo-B1, and TaMlo-D1, encode
three distinct but highly related proteins that are 88%
identical to barley ML O and appear to originate from the
three diploid ancestral genomes of wheat. TaMlo-B1 and
the rice ortholog, OsMlo2, are able to complement powdery
mildew-resistant barley mlo mutants at the single-cell level.
Overexpression of TaMlo-B1 or barley Mlo leads to super-
susceptibility to the appropriate powdery mildew formae
speciales in both wild-type barley and wheat. Surprisingly,
overexpression of either Mlo or TaMlo-B1 also mediates en-
hanced fungal development to tested inappropriate formae
speciales. These results underline a regulatory role for
MLO and its wheat and rice orthologs in a basal defense
mechanism that can interfere with forma specialis resis-
tance to powdery mildews.

Additional keywords: nonhost resistance, transient expression.

During the last decade, compelling evidence has been accumu-
lated that gene orders are highly conserved between different
species within the family of monocotyledonous plants, both at
the genetic map and megabase levels (Devos and Gale 1997,
2000). This concept has been termed ‘synteny’ and predicts that
related genes in two species are located in genomic regions shar-
ing similar ancestral origin. Genes of two species residing in
syntenic genomic locations are the result of speciation and can
thus be envisaged as orthologs. In many cases, proteins encoded
by orthologous genes are thought to have the same or very simi-
lar functions in both species, as often indicated by similar mutant
phenotypes of the respective genes (Dubcovsky et al. 1998; Peng
et al. 1999). Orthologous relationships can be substantiated if
wild-type orthologs of a mutated gene complement the mutant
phenotype when expressed in the mutant background (Maes et al.
2001; Suzuki et al. 2001).

Nonhost resistance can be defined as the resistance dis-
played by an entire plant species against all genetic variants of
a pathogen species and thus affects the host range of a patho-
gen (Heath 2000). Nonhost resistance may be due to preformed
or inducible defense responses, but it may also reflect lack of
host compatibility or absence of effective pathogen virulence
factors. In contrast, host resistance is defined as the resistance
of plant genotypes within an otherwise susceptible host species
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(Heath 2000). Grass powdery mildews (Blumeria graminis),
obligate biotrophic ascomycete fungi, have a highly selective
host range of single-plant genera, which forms the basis for the
classification of eight known B. graminis formae speciales
(Salmon 1905). For B. graminis f. sp. agropyron and B.
graminis f. sp. tritici, Matsumura and Tosa (1995) discovered a
rare common host, weeping lovegrass, that enabled crosses be-
tween the two forms and genetic analysis of fungal progeny.
This showed that single resistance (R) loci that control strain-
specific resistance to the compatible forma specialis of a par-
ticular grass species can also recognize single powdery mildew
avirulence (Avr) genes in other formae speciales.

Genetic analysis of barley resistance responses to the com-
patible B. graminis f. sp. hordei revealed two pathways: race-
specific resistance triggered by single R gene products, a sub-
set of which requires the signaling genes Rarl and Sgtl
(Azevedo et al. 2002); and broad-spectrum powdery mildew
resistance mediated by mutant alleles (mlo) of the Mlo gene,
which requires the presence of the wild-type genes Rorl and
Ror2 (Freialdenhoven et al. 1996). The seven transmembrane
wild-type MLO protein (Devoto et al. 1999) is thought to me-
diate defense suppression to B. graminis f. sp. hordei attack via
direct Ca**-dependent interaction with calmodulin (Kim et al.
2002b). MLO-mediated defense suppression also likely in-
volves one or several small GTP-binding proteins of the ROP
(Rho-related GTPases from plants) family (Schultheiss et al.
2002). Overexpression of Mlo in an Mlo wild-type background
results in a supersusceptibility phenotype, suggesting that the
homozygous wild-type Mlo gene under its own promoter is an
incomplete suppressor of resistance (Kim et al. 2002b). Since
mlo resistance was found to be ineffective against the barley
leaf rust, stripe rust, stem rust, scald, and take-all fungal dis-
eases (Jgrgensen 1977), it is possible that only B. graminis f.
sp. hordei can effectively target MLO to mediate defense sup-
pression. Conceptually, however, it is also conceivable that
MLO functions as a docking molecule for successful powdery
mildew pathogenesis. This is consistent with an early abortion
of pathogenesis coincident with fungal penetration through the
cell wall of attacked epidermal cells and by an epistatic action
of mlo resistance in the presence of tested race-specific pow-
dery mildew R genes (Peterhénsel et al. 1997). MLO must also
have functions unrelated to pathogenesis/disease resistance,
since leaf senescence is accelerated in mlo mutants (Piffanelli
et al. 2002).

No naturally occurring broad-spectrum resistance against
powdery mildew attack has been demonstrated in wheat
against B. graminis f. sp. tritici, and no mlo mutants have been
detected. This may be because of the hexaploid nature of bread
wheat and the likelihood that mutations may have to occur in
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all six copies of presumptive Mlo orthologs. In this study, we
show that wheat harbors at least three expressed genes encod-
ing proteins that are highly homologous to barley MLO, pre-
sumably originating from the three progenitor species of
wheat. We used a transient single-cell gene expression assay to
demonstrate that 7aMlo-Bl and a rice homolog, OsMlo2, are
functional orthologs of barley MLO. Furthermore, enhanced
fungal development of both appropriate and inappropriate pow-
dery mildew formae speciales upon overexpression of TaMlo-
Bl or Mlo in wheat and barley suggests a conserved role of
MLO in plant defense modulation.

RESULTS

Mlo homologs localize to syntenic positions
in wheat and rice.

Barley Mlo is located on the long arm of chromosome 4H
between restriction fragment length polymorphism (RFLP)
markers bAL88 and bAO11 (Biischges et al. 1997). We were
interested whether wheat Mlo homologs localize to syntenic
positions in the genome of hexaploid bread wheat. We per-
formed RFLP-based mapping of wheat Mlo homologs with the
international wheat mapping population derived from a cross
between the hexaploid wheat cultivar Opata 85 and a synthetic
wheat cultivar (discussed below). The full-length barley Mlo
cDNA (Biischges et al. 1997) was used as a hybridization
probe to map Mlo homologs in 57 of 114 recombinant inbred
lines. By using the restriction enzyme HindIIl, seven hybridiz-
ing bands were detected via Southern blot analysis, four of
which were polymorphic between the parental lines (data not
shown). Two of these fragments segregated as dominant mark-
ers and were mapped to separate loci on linkage groups 4BL

S5AL

and 4DL, whereas the two other bands were positioned to the
corresponding locus on SAL approximately 3.4 cM proximal to
marker Xabg366 (Fig. 1). The Mlo homologs on 5AL map
within the homoeologous group 4 region that was shown to
originate from 4AL and is supposed to be translocated in an
early tetraploid ancestor of wheat (Nelson et al. 1995). The
data demonstrate that, in all three genomes of wheat, Mlo ho-
mologs are present in syntenic positions to barley Mlo.

The rice OsMlo2 homolog was first identified by BLAST
analysis using barley MLO as the query sequence. From a total
of 12 predicted Mlo homologs identified in the rice genome
(Goff et al. 2002), OsMlo2 shows the highest sequence similar-
ity with barley Mlo. It was found to reside on P1 artificial
chromosome (PAC) clone PO043EO1 (GenBank accession no.
AP000615), which is anchored by the presence of RFLP mark-
ers (e.g., C51476S, E3445S, S1554, and E61570S) to the end
of rice chromosome 3 (Fig. 1). This region is considered to be
syntenic to the part of linkage group 4 of the Triticeae that con-
tains barley and wheat Mlo genes (Sharif Maroof et al. 1996;
Van Deynze et al. 1995). In barley, genes residing immediately
downstream of Mlo encode an oligosaccharyltransferase and a
putative zinc finger protein (Panstruga et al. 1998). Interest-
ingly, neither of these genes is found on the rice PAC clone
harboring OsMlo2, indicating that synteny between barley and
rice is apparently not maintained at the microlevel in this chro-
mosomal region.

Isolation of full-length wheat and rice Mlo cDNAs.

We screened a hexaploid wheat (Triticum aestivum) root
cDNA library with a barley Mlo cDNA probe (discussed be-
low). Two partial-length wheat cDNA clones sharing similarity
to HvMlo were isolated. One, designated pBS 4_1, consisted of
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Fig. 1. Wheat and rice Mlo homologs are located in syntenic positions to barley Mlo. Schematic representation of part of the wheat linkage groups 4BL,
4DL, and SAL, rice chromosome 3, and barley chromosome 4HL. The positions of TaMIo homologs are indicated relative to known restriction fragment
length polymorphism (RFLP) markers (discussed in text). Numbers indicate approximate genetic distances in centimorgans. Map positions of rice RFLP
markers are from the Cornell RFLP 2001 map (available on-line from Gramene). Rice homolog OsMIlo2 resides on P1 artificial chromosome (PAC) clone
PO043E01 (GenBank accession no. AP000615 together with RFLP markers E3445S, C51476S, S1554, and E61570S that have been mapped at ap-
proximately 7.5-8 ¢cM from the top of chromosome 3 (JRGP RFLP 2000 map; available on-line from Gramene). Positions and genetic distances of RFLP
markers WG114 and ABG366 relative to barley Mlo on chromosome 4HL are taken from the work by Biischges and colleagues (1997). Approximate posi-
tions of markers WG114 on wheat 4BL, SAL, and rice linkage group 3 are from the Synthetic/Opata 1995 and the AijiaoNante/P16 1997 RFLP maps

(available on-line from Gramene). Presence of selected shared RFLP markers is highlighted by boxes in different shades of grey.
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927 base pairs (bp) of the C-terminal sequence, including a
poly-A tail. The second clone, pBS 9_2, was much shorter,
consisting of 376 bp of the C-terminal sequence, including a
poly-A tail. We performed 5' rapid amplification of cDNA ends
(RACE) to extend DNA sequences of the two partial cDNAs
toward their 5’ ends. This revealed the complete DNA sequence
for one clone (designated TaMlo-Bl, including the putative
ATG initiation codon and part of the 5’ untranslated region),
whereas we could only partially extend the second sequence
(designated TaMlo-Al; GenBank accession no. AF361933).
We focused on TaMlo-BI in subsequent work and generated
oligonucleotides according to the 5’ and 3’ ends of 7TaMlo-BI
to reverse-transcription polymerase chain reaction (RT-PCR)
amplify a continuous coding sequence for this gene (GenBank
accession no. AF361932). TaMlo-B1 shares 90% identity to
barley Mlo at the nucleotide level, whereas the predicted en-
coded protein is 92% similar and 88% identical to MLO (Table
1). Two other groups independently cloned expressed wheat
Milo sequences. Salmeron and coworkers (2000) isolated three
full-length wheat Mlo cDNAs (GenBank accession nos.
AX063294, AX063296, and AX063298) and Yu and coworkers
(L. Yu, J.-S. Niu, Z.-Q. Ma, P.-D. Chen, and D.-J. Liu, unpub-
lished data) also cloned a wheat Mlo cDNA (GenBank acces-
sion no. AF384145). Alignment of the nucleotide sequences
and predicted encoded amino acid sequences (Fig. 2A) re-
vealed that AX063298 is almost identical to TaMlo-Al de-
scribed here, whereas AX063294 and AF384145 are nearly
identical to TaMlo-BI (even in their 5’ and 3’ untranslated re-
gions). We therefore considered differences between these se-
quences to be cultivar-specific variations and designated
AF361933 and AX063298 as TaMlo-Ala and b, respectively;
AF361932, AX063294, and AF384145 as TaMlo-Bla, b, and c,
respectively; and AX063296 as TaMlo-D1 (Fig. 2A). Predicted
encoded proteins of all three types of wheat Mlo cDNAs share
88% identical and 92% similar amino acid residues with barley
MLO (Table 1).

The high sequence similarity between TauMlo-Al, TaMlo-Bl,
and TaMlo-D1 suggests that these three genes represent either
paralogs or homoeologous copies of the same gene originating
from the A, B, and D genomes of hexaploid bread wheat. We
performed RT-PCR analysis (discussed below) of diploid
wheat cultivars (7. urartu, Aegilops speltoides, and A. tauschii)
that are thought to represent progenitor species of hexaploid
wheat (Ishii et al. 2001). A combination of oligonucleotides
specific for a 404-bp internal fragment of TaMlo-Al resulted in
an amplification product only for T. urartu, the putative ances-
tor of the A genome (Fig. 2B and C). In addition, the sequence
of the PCR product matched precisely to TaMlo-Al. In con-
trast, a primer combination that hybridizes to all three TaMlo
sequences gave 308-bp amplification products in all cases (Fig.
2B and C). Sequence analysis of the respective amplicons re-
vealed that the product from A. tauschii, the ancestor of the D
genome, shared 100% identity with TaMlo-D1. The product
obtained from A. speltoides, a close relative of the ancestor for
the B genome, was identical to 7aMlo-B2. In summary, the
findings suggest that TaMlo-Al and TaMlo-D1 originate from
T. urartu and A. tauschii, the progenitors of the A and D ge-
nomes, respectively, whereas TaMlo-B1 derives from A. spel-
toides, a putative ancestor of the B genome.

Oligonucleotide primers were designed based on the ge-
nomic sequence available in GenBank to amplify the full-
length OsMlo2 cDNA by RT-PCR (discussed below). We ob-
tained a 1,740-bp product that encodes a predicted protein of
555 amino acids (plus 55 and 17 bp of the 5’ and 3’ untrans-
lated regions, respectively). This polypeptide shares 70% iden-
tity and 79% similarity with barley MLO and the wheat ortho-
logs described above (Table 1; Fig. 2A).

Mlo orthologs complement the mlo mutant phenotype
in barley.

Transient expression of Mlo in single epidermal cells of re-
sistant mlo mutant leaves results in restoration of susceptibility
to B. graminis f. sp. hordei (Kim et al. 2002b; Shirasu et al.
1999). Thus, Mlo is able to complement mlo mutations in a
cell-autonomous manner. We were interested whether the full-
length wheat and rice Mlo cDNAs (TaMlo-Bla and OsMlo2)
described above were also able to restore B. graminis f. sp.
hordei susceptibility to mlo leaves. We used constructs con-
taining the respective wheat and rice genes for the cobombard-
ment of the GUS-containing plasmid pUGN into mlo leaf seg-
ments (discussed below). Control transfections were performed
with the reporter construct pUGN alone, with plasmid
pUGLUM harboring the Mlo wild-type gene, and with
pUGLU-mlo7 encoding the inactive mlo-7 mutant variant that
contains a Gly??’-to-Asp substitution (Shirasu et al. 1999). Af-
ter pathogen challenge with B. graminis f. sp. hordei conidia
(isolate A6), haustorium formation was assessed microscopi-
cally in transfected, GUS-stained epidermal cells as a measure
of fungal penetration success. The vast majority of powdery
mildew conidia were not able to penetrate cells bombarded
with either GUS alone or GUS plus the mlo-7 mutant con-
structs (Fig. 3). In contrast, susceptibility was restored in 27 *
14% (mean = standard deviation) of the cells transfected with
barley Mlo and GUS and in 21 £+ 13% of cells cobombarded
with the 7aMlo-B1 and GUS constructs. Similarly, the OsMio2
construct was able to complement the mlo mutation, although
to a lesser degree (14 + 1%). Taken together, the syntenic ge-
nomic location and functional equivalence of TaMlo-BI and
OsMlo2 suggest that these are orthologs of barley Mlo. This
adds Mlo and its wheat and rice orthologs to a growing list of
examples in which grass genes occupying syntenic positions in
different grass species have been shown to maintain a conser-
vation of function (Dubcovsky et al. 1998; Peng et al. 1999).

Overexpression of TaMlo-B1

confers increased susceptibility

to appropriate powdery mildew isolates
in barley and wheat.

We recently reported that overexpression of barley Mlo in a
barley Mlo wild-type genetic background renders epidermal
cells supersusceptible to the barley powdery mildew fungus, B.
graminis f. sp. hordei (Kim et al. 2002b). Since the wheat
ortholog 7aMlo-BI is able to complement the mlo-5 mutant
genotype with an efficiency similar to barley Mlo (discussed
above; Fig. 3), we asked whether TaMlo-B1 also confers super-
susceptibility to wild-type barley and wheat cultivars. After in-
fection with their appropriate powdery mildew isolates (barley:
B. graminis f. sp. hordei A6; wheat: B. graminis f. sp. tritici
JIW2), we assessed penetration frequencies of barley and
wheat leaves bombarded with an analogous set of constructs
(GUS, mlo-7, Mlo, and TaMlo-BI). Transfection with GUS
only or GUS plus mlo-7 resulted in a frequency of haustorium
formation similar to the wild type in both species, whereas
bombardment with barley Mlo lead to the previously observed
supersusceptibility phenotype (Kim et al. 2002b) in both tested
cereal species (Fig. 4A and B). Bombardment with 7aMlo-BI
resulted in an increased average susceptibility in both plant
species, with penetration frequencies higher than the negative

Table 1. Amino acid identity/similarity (%) of MLO orthologs

TaMLOs OsMLO
HvMLO 88/92 70/79
TaMLOs 70/79
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controls (GUS and GUS plus mlo-7) but lower compared with
delivery of barley Mlo (Fig. 4A and B). In conclusion, overex-
pression of TaMlo-B1 also enhances susceptibility to powdery
mildew attack in compatible interactions with appropriate for-
mae speciales, albeit to a lesser degree than barley Mlo.

Overexpression of Mlo or TaMlo-B1
confers supersusceptibility

to inappropriate powdery mildew isolates
in barley and wheat.

Although barley and wheat leaves are resistant to infection
by B. graminis f. sp. tritici and B. graminis f. sp. hordei, re-
spectively, conidia of the inappropriate forma specialis nor-
mally germinate and form appressorial germ tubes and appres-
soria without penetrating host cells. Occasionally, a conidium
successfully penetrates a host epidermal cell but terminates
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growth before a mature haustorium is formed, resulting in a ru-
dimentary haustorium or haustorial initial. Depending on the
host/pathogen combination, some isolates will form mature
haustoria in rare cases but stop fungal development after for-
mation of a few secondary hyphae (Hiickelhoven et al. 2001;
Tosa and Shishiyama 1984; and data not shown). Since we ob-
served an enhanced susceptibility phenotype to appropriate iso-
lates of B. graminis upon overexpression of either Mlo or
TaMlo-B1 in barley and wheat (discussed above; Fig. 4A and
B), we speculated that overexpression of these genes might
also affect the inappropriate forma specialis infection pheno-
type. To test this, we biolistically introduced the same set of
constructs as described above (GUS, mlo-7, Mlo, and TaMIlo-
BI) into barley and wheat epidermal cells and subsequently
challenged the leaf segments with A6 or JIW2. This resulted in
comparable frequencies of haustorium formation for the GUS
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Fig. 2. Wheat Mlo homologs TuMlo-Al, TaMlo-B1, and TaMlo-D1 encode three highly related but distinct proteins. A, Amino acid sequence alignment of
barley MLO (HvMLO; GenBank accession no. Z83834), wheat MLO isoforms encoded by TaMlo-Ala (GenBank accession no. AF361933), TaMlo-Alb
(GenBank accession no. AX063298), TaMlo-B1a (GenBank accession no. AF361932), TaMlo-B1b (GenBank accession no. AX063294), TaMlo-B1c (GenBank

accession no. AF384145), TuMlo-D1 (GenBank accession no. AX063296),

and rice homolog OsMLO?2 (GenBank accession no. AF384030). Approximate

positions of the seven transmembrane regions (Devoto et al. 1999) are indicated by black bars above the sequences and numbered by Roman numerals.
Positions of differences between 7auMLO-Ala and TauMLO-A1b are indicated by an asterisk, and deviations between 7aMLO-B1a, b, and c, by an arrow above
the sequence. B, Schematic representation of approximate binding sites of oligonucleotide primers 39, 58, and CE31 within the Mlo cDNA. C, Reverse-
transcription polymerase chain reaction (RT-PCR) analysis of TuMlo transcripts from Aegilops speltoides (sp), Aegilops tauschii (ta), and Triticum urartu
(ur). RT-PCR products were amplified as described in text with the given primer combinations (B) and analyzed by agarose gel electrophoresis.
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and mlo-7 control bombardments, whereas leaf segments bom-
barded with either barley Mlo or wheat TaMlo-BI showed a
markedly increased haustorial index (percent attacked epider-
mal cells containing haustoria; Fig. 5SA and B). Taken together,
the data indicate that overexpression of either ortholog in epi-
dermal cells of either species leads to enhanced penetration
success rates to the tested inappropriate formae speciales.

DISCUSSION

Powdery mildew-resistant barley mlo mutants were identi-
fied more than 60 years ago and have been extensively used in
agriculture for more than 20 years (Jgrgensen 1992). Mutants
conferring a similar durable, broad-spectrum resistance pheno-
type have never been described for hexaploid bread wheat, T.
aestivum. It has been tempting to speculate that this might be
because of the polyploidy of wheat, resulting in multiple cop-
ies of putative wheat Mlo genes that are not amenable to
mutagenic approaches. However, a molecular basis for this hy-
pothesis has thus far been lacking. We and others have now
isolated cDNA clones that are predicted to encode three dis-
tinct but highly related proteins exhibiting 88% identity to bar-
ley MLO (Table 1). Thus, T. aestivum contains at least three
expressed genes that are highly homologous to barley Mlo.
Similarly, Takumi and colleagues (2000) reported the cloning
of three different but highly homologous wheat cDNAs repre-
senting presumptive orthologs of the barley Knox3 homeobox
gene. RT-PCR analysis of putative ancestral diploid wheat cul-
tivars suggests that each TaMlo gene originates from a differ-
ent genome, representing the distinct progenitor species of
bread wheat (Fig. 2B and C). Although the identity of the B
genome ancestor is still controversial, our analysis supports the
view that A. speltoides could be the donor or a close relative
thereof.

RFLP-based mapping of wheat Mlo homologs places the
genes in genomic positions that are syntenic to the location of
barley Mlo (Fig. 1). In addition to the four polymorphic bands,
wheat DNA hybridization blots identified three further bands
that might represent additional genes with high homology to
barley Mlo. In fact, expressed sequence tag (EST) database
analysis revealed other wheat cDNA sequences with signifi-
cant homology to barley Mlo. This is not unexpected, since
Arabidopsis comprises 15 Mlo genes (Devoto et al., in press).
In summary, the data indicate that wheat contains multiple
transcribed genes encoding polypeptides with a significant se-
quence identity to MLO. If TaMlo-Al and TaMlo-D1 are also
functionally equivalent to MLO, as shown here with TaMlo-
B1, then this would indeed provide an explanation why no
wheat mlo mutants have been identified to date. However,
novel powerful biotechnological tools like double-stranded
RNA interference (dsRNAi)-mediated gene silencing may fa-
cilitate the generation of mlo-resistant phenocopies in wheat in
the near future.

Extensive areas of collinear RFLP marker order have been
identified between barley and rice (and between other mono-
cotyledonous species). However, there is still little known
about the conservation of collinearity at the megabase or gene
level between these two species. Dunford and colleagues
(1995) showed that the order of markers present on a single
rice yeast artificial chromosome (YAC) clone (and thus sepa-
rated by less than 1 Mb) was conserved in barley. Similarly,
Kilian and colleagues (1997) reported that the majority of
probes derived from a rice bacterial artificial chromosome
(BAC) clone syntenic to the barley Rpg locus mapped in a col-
linear order in barley, but they also identified markers mapping
out of synteny. Analysis of a rice BAC covering the region
syntenic to Rpgl revealed a highly conserved order of genes,

although the Rpgl resistance gene was apparently missing in
rice (Han et al. 1999). Feuillet and Keller (1999) and
Dubcovsky and colleagues (2001) reported local rearrange-
ments including single-gene duplication, inversion, deletion,
and translocation events within regions that are collinear at the
macrolevel. Apparently, yet another example of this phenome-
non is the region harboring the rice OsMlo2 ortholog on chro-
mosome 3, which was shown here at the macrolevel to be
syntenic with the barley chromosomal segment harboring Mlo.
While the latter is located adjacent to genes encoding an oligo-
saccharyltransferase and a putative ring finger protein (Panstruga
et al. 1998), OsMlo2 is flanked upstream by a homolog of the
human Dis3 gene (encoding a mitotic control protein) and
downstream next to genes encoding a hypothetical protein of
unknown function and a sugar transporter. Even the examina-
tion of sequences further away on the PAC clone (OsMlo2 re-
sides at approximately 40 kilobases (kb) in the 154-kb PAC)
failed to reveal genes with any similarity to the neighboring
genes of barley Mlo. It remains, however, a possibility that
OsMIlo2 is not the true ortholog but a paralog thereof, which
was generated through a local duplication event followed by
deletion of the ortholog. If the putative OsMlo2 paralog has un-
dergone substantial sequence diversification, this may explain
the observed partial OsMLQO?2 activity in barley.

Single-cell expression of TaMlo-B1 in resistant (mlo) barley
epidermal cells restores susceptibility to barley powdery mil-
dew to an extent similar to barley Mlo, whereas the comple-
mentation efficiency of OsMlo2 is about 50% thereof (Fig. 3).
Thus, 7aMLO must contain all amino acid residues critical for
MLO function in barley, while some of the sequence variation
found between OsMLO2 and MLO/7TaMLO must contribute to
the partial activity of OsMLO?2 in barley cells. Interestingly,
two rice Mlo homologs that are distinct from OsMlo2 were
completely inactive when tested in the transient barley gene
expression system, although they share 85 and 78% sequence
identity with OsMLO2 and 66 and 67% identity with barley
MLO (Kim et al. 2002a; and data not shown). This may indi-
cate that only orthologs but not other family members are able
to substitute for barley MLO, which is consistent with the find-
ings that mutational analysis of barley has failed to identify
any other Mlo homologs with a powdery mildew resistance-
suppressing activity.

The first extracellular loop and the cytoplasmic C-terminus
(except a conserved calmodulin-binding domain) are highly di-
verged amongst MLO family members, both in sequence and
length (Devoto et al., in press). However, sequences encoding
the first extracellular loop in barley Mlo and its direct ortho-
logs in other Hordeum species, as well as the three 7. aestivum
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Fig. 3. TaMlo-Bl1 is able to complement a barley mlo mutant. Leaf seg-
ments of the resistant barley cultivar BC Ingrid mlo-5 were either bom-
barded with a GUS reporter plasmid or cobombarded with a GUS re-
porter plasmid and a construct containing either mlo-7, Mlo, TaMlo-B1,
or OsMlo2. Leaves were then inoculated with Blumeria graminis f. sp.
hordei A6 and stained for GUS activity and fungal structures as de-
scribed in text.
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orthologs described here, have undergone purifying selection
(Devoto et al., in press). It is tempting to speculate that, similar
to metazoan G-protein-coupled receptors, this part of the
plasma-membrane-localized protein is involved in binding iso-
form-specific extracellular ligands. Unlike the 7aMlo ortho-
logs, sequences of the first extracellular loop of the rice ortho-
log OsMLO?2 have diverged from barley Mlo to an extent that
makes it difficult to identify corresponding coding triplets, in-
dicating absence of purifying selection. Since both wheat and
rice orthologs were shown to complement barley mlo mutants,
this may suggest that extracellular loop 1 is not essential for
MLO defense suppression but may have a role in other proc-
esses (e.g., leaf senescence) (Piffanelli et al. 2002).

We previously reported that overexpression of Mlo in an Mlo
wild-type background results in a supersusceptibility pheno-
type, indicating that the homozygous wild-type Mlo gene under
its own promoter is an incomplete suppressor of resistance
(Kim et al. 2002b). This suggests that B. graminis f. sp. hordei
penetration success is either directly related to the abundance
of the MLO protein or that the timing of Mlo expression is
critical. Here, we have shown that overexpression of 7aMlo-B1
in wild-type barley epidermal cells leads to a similar enhanced-
susceptibility phenotype (Fig. 4A). Further evidence for func-
tional similarity of 7aMlo-B1 and barley Mlo results from the
observation that either gene also mediates supersusceptibility
in wheat (Fig. 4B) and complements resistant barley mlo mu-
tants. However, the haustorial index was consistently higher af-
ter bombardment with barley Mlo than with wheat TaMlo-B1 in
all experiments of this study (Figs. 3, 4A and B, and 5A and B).

A

H. vulgare Ingrid/Bgh A6

100
80
60
40 |
20 |

penetration success (%)

GUS milo-7 Mio TaMlo-B1

T. aestivum/Bgt JIW2

100
80 | *
60
40 T
20 -

penetration success (%)

GUS milo-7 Mio TaMlo-B1

Fig. 4. Overexpression of TauMlo-BI confers increased susceptibility to
barley and wheat. Leaf segments of A, wild-type barley cultivar Ingrid or
B, wheat cultivar Cerco were either bombarded with a GUS reporter
plasmid or cobombarded with a GUS reporter plasmid and a construct
containing either mlo-7, Mlo, or TaMlo-B1. Leaves were then inoculated
either with Blumeria graminis f. sp. hordei A6 (barley) or B. graminis f.
sp. tritici JIW2 (wheat) and stained for GUS activity and fungal struc-
tures as described in text. Asterisks indicate P < 0.05 (Student’s ¢ test)
compared with GUS.
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We do not yet know whether this lower defense-suppression
activity is a peculiarity of 7aMLO-B1 or is a general feature of
wheat MLO orthologs.

We demonstrated that overexpression of Mlo or TaMlo-BI in
either barley or wheat wild-type plants not only leads to an in-
creased haustorial index to the appropriate powdery mildew
formae speciales but also to increased haustorium formation
against the tested inappropriate B. graminis f. sp. tritici/B.
graminis f. sp. hordei forms (Fig. SA and B). This implies the
potential of MLO to suppress a defense response or responses
in interactions involving an inappropriate forma specialis,
thereby supporting the view that B. graminis forma specialis
incompatibility is not because of a lack of virulence or absence
of host-compatibility factors. Mlo gene expression under its
own promoter can also modulate infection phenotypes upon
challenge with an inappropriate B. graminis forma specialis
(Peterhinsel et al. 1997). An isolate of B. graminis f. sp. tritici
penetrated epidermal cell walls of a barley Mlo-susceptible line
at 2.3% of interaction sites and only 1 out of 600 (0.2%) in-
spected sites on an mlo near-isogenic line. Since this effect was
dependent on Rorl and Ror2, the mechanism of MLO function
in forma specialis incompatibility is likely to be similar to
MLO-mediated defense suppression against the appropriate
powdery mildew form. However, Hiickelhoven and colleagues
(2001) detected unaltered infection phenotypes on the same set
of barley nonhost lines upon inoculation with a different B.
graminis f. sp. tritici isolate. These seemingly conflicting data
might be resolved by observations of Tosa and Shishiyama
(1984) showing that the outcome of nonhost interactions be-
tween barley and B. graminis f. sp. tritici can be strongly influ-
enced by both plant and pathogen genotype.

MATERIALS AND METHODS

Plant and fungal material.

Barley cultivars Ingrid (Mlo), mlo-5 (backcross Ingrid), and
Golden Promise (Mlo), as well as the hexaploid wheat cultivar
Cerco, were cultivated at 22°C (16-h light/8-h darkness). Dip-
loid wheat cultivars 7. urartu, A. speltoides, and A. tauschii
were germinated on wet filter paper and grown at 22°C (16-h
light/8-h darkness). The barley powdery mildew isolate A6 and
wheat powdery mildew isolate JIW2 were propagated as de-
scribed (Zhou et al. 2001).

Mapping of wheat homologs.

A subset of 57 lines from the recombinant inbred mapping
family developed by the International Triticeae Mapping Initia-
tive (ITMI) and derived from a cross between the bread wheat
cultivar Opata and a synthetic hexaploid (Altar84/A. tauschii)
were used for RFLP mapping. The full-length barley Mlo cDNA
(Biischges et al. 1997) was hybridized to genomic DNA of pa-
rental lines digested with a range of restriction enzymes to iden-
tify polymorphism. Using the restriction enzyme HindIIl, RFLP
markers were mapped in relation to existing framework markers
with log of the likelihood ratio (LOD) scores greater than 3.0 by
using the MAPMAKER program (Lander et al. 1987).

Library screening.

Bacteriophage plaques (1 x 10% of a hexaploid wheat (T. aes-
tivum cv. Chinese Spring) root cDNA library were screened with
a barley Mlo cDNA probe corresponding to a 1.7-kb HindIll/EcoRI
fragment of pRT2E (Biischges et al. 1997) by using the following
hybridization conditions: 6x SSC (1x SSC is 0.15 M NaCl plus
0.015 M sodium citrate), 5x Denhardt’s, 0.2% sodium dodecyl
sulfate, and sonicated and denatured salmon sperm DNA (50
pg/ml) at 65°C. This technique was used to isolate the partial-
length clones for TuMlo-Al and TaMlo-B1.



RACE.

Total RNA was extracted from 1 g of flash frozen T. aesti-
vum (cv. Bob White) primary leaves using TRI reagent (Sigma-
Aldrich, St. Louis, MO, U.S.A.) according to the manufac-
turer’s protocol. The resulting RNA was processed with the
Oligotex mRNA purification kit (Qiagen, Valencia, CA,
U.S.A)) to yield approximately 4 pg of poly-A*-enriched RNA.
The Marathon cDNA amplification kit (Clontech, Palo Alto,
CA, U.S.A)) was used according to manufacturer’s instructions
to generate an oligo(dT)-primed RACE library with the above
mRNA as a template. Full-length TaMlo-B1 was amplified by
35 cycles of PCR (10 s at 94°C and 4 min at 68°C) using oli-
gonucleotide primers CE62 and CE40 (Table 2).

Isolation of a rice homolog cDNA.

Total RNA was prepared from 7-day-old rice (Oryza sativa)
seedling leaves (Indica variety IR64) using TRI reagent
(Sigma-Aldrich). RNA was reverse transcribed using Expand
reverse transcriptase (Roche, Branchburg, NJ, U.S.A.) and
CE28 (Table 2), an Mlo-specific primer, according to the
manufacturer’s instructions. The reverse-transcribed RNA was
treated with 5 units of RNaseH (Roche) for 30 min at 37°C. A
full-length OsMlo2 cDNA was amplified from the above tem-
plate using primers KS455 and KS458 (Table 2) and Expand
Hi Fidelity PCR polymerase (Roche).
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Fig. 5. Overexpression of Mlo and TaMlo-BI confer enhanced hausto-
rium formation of inappropriate powdery mildew formae speciales in
barley and wheat. Leaf segments of A, wild-type barley cultivar Golden
Promise or B, wheat cultivar Cerco were either bombarded with a GUS
reporter plasmid or cobombarded with a GUS reporter plasmid and a
construct containing either mlo-7, Mlo, or TaMlo-B1. Leaves were then
inoculated with either Blumeria graminis f. sp. tritici JIW2 (barley) or B.
graminis f. sp. hordei A6 (wheat) and stained for GUS activity and fungal
structures as described in text. Note the different scales on y axes in A
and B. Asterisks indicate P < 0.05 (Student’s ¢ test) compared with GUS.

RT-PCR analysis.

Total RNA was isolated from the leaves of three diploid cul-
tivars of wheat (A. tauschii, A. speltoides, and T. urartu) by us-
ing the same procedures outlined above. RNA was reverse
transcribed by using CE40 and Expand reverse transcriptase
(Roche) according to the manufacturer’s instructions. RT-PCR
was performed using the Expand Hi Fidelity PCR polymerase
(Roche) and either oligonucleotide primers 39 and 58 to am-
plify all 7aMlo homologs, or primers 39 and CE31 to specifi-
cally amplify TaMlo1-Al (Table 2). Thirty PCR cycles (10 s at
94°C, 45 s at 50°C, and 30 s at 72°C) were completed followed
by agarose gel electrophoresis. The 308-bp fragments corre-
sponding to amplification with primers 39 and 58, and the 404-
bp fragment corresponding to amplification with 39 and CE31,
were extracted from the agarose gel and DNA was further puri-
fied using the Qiaquick gel extraction kit (Qiagen) before se-
quencing with ABI PRISM BigDye terminator cycle sequenc-
ing kit (Applied Biosystems, Foster City, CA, U.S.A.).

Biolistic delivery of plasmids
using the Particle Inflow Gun (PIG).

Rice and wheat Mlo homolog cDNAs and the barley mlo
cDNA variant mlo-7 (Shirasu et al. 1999) were subcloned into
the Asp718 and Notl sites of the pUGLUM vector (Zhou et al.
2001) before biolistic delivery. All genes tested in this study
were driven by the constitutive maize ubiquitin promoter.

DNA was precipitated onto gold particles immediately prior
to bombardment as follows: 20 ul of DNA (10-20 pg), 10 ul of
gold particles (100 ng/ul), 10 pl of 0.1 M spermidine, and 25 pl
of 2.5 M CaCl, were mixed and placed on ice. After 5 min, 45 pl
of the supernatant was removed, and 2 pl of the resulting gold
solution was used for each biolistic delivery. Three hours prior
to bombardment, the apical 3.5 cm of the primary leaves of
5-day-old barley or wheat seedlings were cut with a sterile
scalpel blade and laid adaxial side up in groups of three on a 5-
cm-diameter petri dish containing 1% phytoagar and 10% su-
crose. The petri dishes were opened and placed into the PIG
(built by the John Innes Centre Building and Engineering Sup-
port Services according to Finer et al. [1992]) at a distance of
15 cm from the syringe filter and covered by a stainless steel
baffle (0.2-um mesh). The chamber was evacuated to 0.9 x 10°
Pa and 2 pl of gold solution was delivered to the leaves with 5 x
10° Pa of helium. Postbombardment, the leaves were allowed
to rest on the same dishes for 4 h before inoculation with pow-
dery mildew spores.

Fungal inoculation and microscopic examination.

Leaf segments were placed adaxial side up in a 64-cm? rectan-
gular dish containing 1% phytoagar and 100 mg of benzimida-
zole per liter. The plastic dishes were placed inside a container
covered with a layer of nylon mesh (0.2-um pore size), and bar-
ley plants bearing freshly sporulating colonies were brushed
across the mesh, allowing even distribution of single spores.

Leaf segments were vacuum-infiltrated 48—66 h postinocula-
tion with GUS staining solution and incubated overnight at

Table 2. Oligonucleotide primers used in this study

Primer Sequence

39 5'-TCG ACT TCC ACA AGT ACA-3'

58 5'-GAA GAA GAG GAC CCA GTC-3'

CE28 5'-GCG GAA TTC TCA CCG TTG TGC GCT GAA-3'
CE31 5'-GAT GTT CAT ATG GAA GCA GTC C-3'

CE40 5'-TCA TCC CTG GCT GAA GGA AAA ATC TGC G-3'
CE62 5'-AAA GAG GTT GCG CTC GGG GAC CGA TG-3'

KS455 5'-CAG CGA GAG GCG TAC GTG AGT GCG T-3'
KS458 5'-GAG AAA CCT TTC GGC CAT CAC CGT TGT A-3'
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37°C according to Schweizer and colleagues (1999). Prior to
observation, leaf segments were counterstained with Coomassie
Brilliant Blue R 250 solution (0.3% [wt/vol]) trichloroacetic
acid and 30% [vol/vol] methanol) for 5 min and then rinsed
twice with distilled water.

Microscopic examination of the transformed cells was used
to determine the frequency with which challenge by powdery
mildew resulted in cell wall penetration and fungal growth.
GUS-expressing cells were inspected for the presence of an ap-
pressorium, indicating an attempted penetration by a fungal
spore, or a haustorium, indicating a successful penetration
event. Percent penetration success was defined as the fraction
of GUS cells with a haustorium to the total number of exam-
ined GUS cells with a penetration attempt (successful or not).
Data for each construct are means and standard deviation from
at least three independent experiments.
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