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Physical Mapping of the Magnaporthe grisea
AVR1-MARA Locus Reveals the Virulent Allele

Contains Two Deletions
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The avirulence genes that have been identified in Magna-
porthe grisea exhibit varying degrees of stability in infec-
tion assays. AVR1-MARA is considered one of the stable
avirulence genes. In an effort to understand this stability,
we analyzed the AVR1-MARA locus by physical mapping
and chromosome walking. By walking toward AVRI1-
MARA from restriction fragment length polymorphism
markers on both sides of the locus, we isolated sequences
that are inseparable from AVR1-MARA, but we were un-
able to clone the complete locus. In contrast, the virulent
locus avr1-MARA was isolated easily. A detailed compara-
tive map of the two loci was constructed that identifies two
deletions in the virulent locus, suggesting that virulence
may be due to partial or complete deletion of the gene.
Physical mapping also revealed that one progeny strain
from a cross between avirulent and virulent parents ap-
pear sto have spontaneously mutated to virulence.

The fungus Magnaporthe grisea is the causal agent of blast
disease on rice and other gramineous species (Ou 1985). Ge-
netic analyses of M. grisea have identified several avirulence

genes (Leung et a. 1988; Silué et al. 1992a, 1992b; Valent et

one progeny with a recombination crossover between the loci).
After 60, 15, and 7 genome equivalents were screened in
lambda, cosmid, and BAC libraries, respectively, only one
lambda clone (designatexb.2) was obtained (see Figure 1).
Like grh25, A6.2 contains both low-copy and high-copy repeti-
tive DNA. The low-copy repeated sequences linked to
AVRI-MARA are present in the avirulent parental strain,
4224-7-8, but not in the virulent parent, 6043, indicating a pos-
sible deletion of these sequences in 6043. One end of the insert
in A6.2, a 0.7-kb fragment designated AM726 (Fig. 1), is a sin-
gle-copy sequence that is present in both parental strains and
identifies RFLPs for all enzymes tested. Thus, this fragment
likely corresponds to the end of the deletion in strain 6043.

Due to the severe under-representation of clones from this
area of the locus in our libraries, a walk was started from
marker A12B5, which is located on the opposite side of
AVR1-MARA from grh25 (Fig. 2A). Cosmid A12B5 identified
four clones of our BAC library. The end fragment of one of
the BAC clones isolated, fragment AM711.1 from BAC 18C1
(see Figure 1), crossed three recombination crossover points
from A12B5 in the RFLP map cross of Sweigard et al. (1993).
With AM711.1 as a probe, no new BAC clones were identi-
fied, but cosmid clone AM732, which crossed the other two

al. 1991; Valent and Chumley 1994). Among these genes,recombination crossover points between A12B5 AleR1-
some are unstable, as indicated by the appearance of spont®ARA, was isolated. No clones were detected in any of our
neous virulent lesions during laboratory infection assays 4224-7-8 libraries with the end probe of cosmid AM732
(Valent and Chumley 1994). Others, for example those that(AM737.2), thus the walk from A12B5 had reached a gap.

were crossed into a rice-pathogen background from other

When AM711.1 was mapped, the breakpoints of only two

strains, appear to be stable. We are attempting to clone thef the four recombinant progeny between A12B5 aW&1-

stable avirulence ger®/R1-MARA that is responsible for the

resistance response in the rice cultivar Marafstilent and
Chumley 1991).

The AVR1-MARA locus is located on chromosome 2b, be-

tween molecular markers A12B5 agrth25 in the restriction

MARA had been crossed and, surprisingly, a new one was
identified in progeny 4360-R-20. This is the same strain that
contains the crossover point betwegh25 andAVR1-MARA,
suggesting that either there were three recombination cross-
over points between markers A12B5 agch25 in strain

fragment length polymorphism (RFLP) map constructed from 4360-R-20, or one of the markers was mis-scored. Further
cross 4360, between parental strains 4224-7-8 and 6043Jata (see below and Figure 2) suggest a third explanation: that
(Sweigard et al. 1993). In order to clone this gene, a chromo-the AVRI-MARA allele of 4360-R-20 had mutated to viru-
some walk was initiated in libraries of strain 4224-7-8 with a lence. A detailed analysis of t#/R1-MARA locus of strain

low-copy fragment of markegrh25, which originally mapped
1.5 map units away from th&/R1-MARA locus (equivalent to
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4360-R-20 was performed in order to determine the apparent
discrepancy between the RFLP data and our results. Both
probes, AM711.1 and AM737.2, detect restriction digestion
patterns that correspond to the avirulent parent 4224-7-8, as
do all markers including and beyomdh25 on chromosome



2b (Sweigard et a. 1993, and shown in Figures 2 and 3). In-
fection assays with strain 4360-R-20 indicated that it is much
less virulent (type 2 lesions; Valent et a. 1991) than the pa-
rental strain 6043 (type 5 lesions) on cv. Maratelli. Strain
4360-R-20 remains highly virulent on the susceptible check
cv. Sariceltik (data not shown), indicating it does not have a
genera pathogenicity defect. Since the AVR1-MARA locus of
progeny strain 4360-R-20 has the same restriction patterns as
the avirulent parent 4224-7-8, but is phenotypically virulent,
we therefore conclude that progeny strain 4360-R-20 likely
represents a spontaneous virulent mutant of AVR1-MARA.
Thus, there is no recombination crossover point between
grh25 and AVR1-MARA, and grh25 and A6.2 are inseparable
from AVR1-MARA. AM737.2 is aso inseparable from AVR1-
MARA (Figs. 1 and 2B).

To try to bridge the gap in the AVR1-MARA locus between
AM737.2 and A6.2, a cosmid library made from a strain con-
taining a virulent alele of this gene (4392-1-6) was screened
with AM737.2. Six cosmid clones were isolated and a detailed
map of one of them, 31G8, spanning the AVR1-MARA locus,
is shown in Figure 1. The ends of the cosmid 31G8 insert,
probes AM749.R.5 (a fragment of end clone AM749.N.1) and
AM749.N.2, map on opposite sides of AVR1-MARA, each 3
map units away. Thus, the locus of strain 4392-1-6 has been
isolated and is contained within a 43-kb cosmid insert. An ad-
ditiona marker inseparable from AVR1-MARA, AM750.N.1,
was identified as one of the insert ends of cosmid 38G12 that
hybridized to AM737.2 (see Figure 1). Although the origin of
avr1-MARA in 4392-1-6 may be different from that of 6043,
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Fig. 2. Chromosome 2b from progeny 4360-R-20. A, Schematic repre-
sentation of the region where the recombination crossover point was
considered to be before the chromosome walk toward AVR1-MARA.
This progeny showed restriction fragment length polymorphism (RFLP)
segregation that corresponded to the virulent parent 6043 from the te-
lomere marker TEL1 (upper part of the chromosome) to marker A12B5,
and to the avirulent parent 4224-7-8 from marker grh25 and beyond. B,
After several RFLP markers were added, the recombination crossover
point is located between markers A12B5 and AM711.1. The reduced
virulence of this strain is likely due to a spontaneous mutation of AVR1-

theloc! are indistinguishable in our analyses (Fig. 3A—C_:). The . MARA, indicated by an asterisk. Marker AM749.R4 is a 1.2-kb ECORI
only difference detected was with probe AM737.2 in genomic fragment from end probe AM749.N.2, and detects recombination cross-

DNAs digested witlBamHI (Fig. 3C), and those bands, 14 kb  over pointsin two other progeny strains (indicated by ).
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Fig. 1. AVR1-MARA loci from Magnaporthe grisea. Diagram of the avirulent locus AVR1-MARA from strain 4224-7-8 and virulent locus avr1-MARA
from strain 4392-1-6. Boxes represent end probes from different steps in the chromosome walk. Probes AM749.N.1, AM763.N.1, AM750.N.1, and
AM749.N.2 have DNA sequences from 4392-1-6, and probes AM773.R.2, AM726, AM737.2, and AM711.1 are from strain 4224-7-8. Dashed linesin
4224-7-8 represent uncloned DNA fragments. Asterisks (x) represent recombination crossover points (the genetic distance between two markers sepa-
rated by one recombination crossover is 1.5 map units). A 1.2-kb EcoRI fragment from probe AM749.N.2 detects recombination crossover points in two
progeny, as EcoRV restriction fragment length polymorphisms. Lambda and cosmid libraries were constructed in A-GEM 11 (Promega, Madison, WI)
and pMOcosX (Orbach 1994), respectively, by the partial fill-in method (Zabarovsky and Allikmets 1986). Construction of the BAC library has been
described elsewhere (Diaz-Perez et a. 1996).
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for 6043 versus 18 kb for 4392-1-6, correspond to sequences
outside of thelocus (i.e., to theright of AM737.2 in Figure 1).

A detailed physical comparison of the avirulent and virulent
loci was carried out by probing genomic and cloned DNASs
with severa of the markers located at, or tightly linked to,
AVR1-MARA (Figs. 1 and 3). Between AM726 and AM737.2,
a deletion of approximately 13.5 kb was detected in the
avr1-MARA locus, as seen by these markers being 4.5 kb apart
in 6043 and approximately 18 kb apart in 4224-7-8. (Fig. 3B
and C, BamHI| digestions). A second deletion of approxi-
mately 25 kb, which includes most of the M. grisea sequences
of A6.2, was detected in the avr1-MARA locus between mark-
ers AM726 and AM750.N.1.

To isolate sequences on the other side of the AVR1-MARA |o-
cus from strain 4224-7-8, the end fragment AM763.N.1 of an-
other of the 4392-1-6 cosmid clone inserts (12C6) was used to
probe the 4224-7-8 cosmid library. Clone AM771 was isolated
and, like AM763.N.1, its end nearest to AVR1-MARA mapped 3
map units away from the locus, at a physical distance of ap-
proximately 9 kb from marker AM750.N.1 (see Figure 1).

To test whether the cloned portions of the AVR1-MARA lo-

A B

BamH| | EcoRl |

BamHI |

cus contain the gene, clones A6.2 and cosmid 732 were sepa-
rately transformed into the virulent strain 6043. Severa trans-
formed strains containing these DNAs were screened on
Maratelli and Sariceltik seedlings for their virulence pheno-
types (data not shown). Neither clone transformed 6043 to
avirulence on Maratelli. The aternative hypothesis, that viru-
lence is dominant, was tested by transforming the avirulent
strain 4224-7-8 with cosmid 31G8, which contains the viru-
lent alele avrl-MARA. The resultant transformants remained
avirulent on Maratelli, thus demonstrating that avirulence is
indeed dominant over virulence.

In conclusion, we have cloned the virulent avr1-MARA lo-
cus from strain 4392-1-6 and have demonstrated that the
avirulent locus contains two segments of about 13.5 and 25 kb
that are absent in the virulent locus. We have also determined
that progeny strain 4360-R-20 likely has a spontaneous muta-
tion in the AVR1-MARA gene that has rendered it virulent.
This would be the first spontaneous mutation of this stable
locus to be identified. The low virulence of this strain suggests
that it may be a partial 1oss-of-function mutation, but verifica-
tion of this awaits cloning of thisvirulent alele.
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Fig. 3. DNA gel blot analyses of the avirulent and virulent AVR1-MARA loci. Genomic DNAs were digested with BamHI and EcoRl, electrophoresed on
0.7% agarose, and transferred onto a nylon membrane. The same blot was used for consecutive hybridizations with the following probes. A,
AM750.N.1; B, AM726; and C, AM737.2. The restriction patterns of 4224-7-8 and 4360-R-20 DNAs are identical within the locus. The virulent
avr1-MARA locus from strains 6043 and 4392-1-6 shows similar restriction patterns, with the exception of a polymorphism detected in BamHI with
probe AM737.2. These sequences are located beyond the locus, as shown in Figure 1. 4224-7-8 and 6043 are the parental strains used for the crosses in
the restriction fragment length polymorphism map, 4360-R-20 is the progeny shown in Figure 2, and 4392-1-6 is the strain used to prepare the cosmid
library from which avr1-MARA was isolated. Molecular markers are indicated in kilobases.
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That the virulent loci of strains 6043 and 4392-1-6 differ
from the avirulent locus by two large deletions leads to
speculation that AVR1-MARA might have been either partially
or completely deleted in these strains. The ease with which
the awrl-MARA locus was isolated, in comparison to the
AVR1-MARA locus, suggests that sequences represented by
those deletions may be lethal, or unclonable in Escherichia
coli. We are testing this prediction and attempting to circum-
vent cloning obstacles through direct physical isolation of the
sequences represented in the deletions and by cloning the
AVR1-MARA locus in yeast.
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