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The PWL2 gene, isolated from a Magnaporthe grisea rice
pathogen, prevents this fungus from infecting a second
host grass, weeping lovegrass. We have investigated the
distribution of sequences homologous to PWL2 in M.
grisea strains isolated from diverse grass species. Multiple
PWL2 homologs with varying degrees of sequence homol-
ogy were identified. The presence of PWL2 homologs does
not correlate with an avirulent phenotype on weeping
lovegrass in many cases: some strains were fully patho-
genic on weeping lovegrass although they carry multiple
PWL2 homologs. Three weakly hybridizing PWL2 ho-
mologs were cloned and characterized. One of these, the
PWLI gene previously identified by genetic analysis,
functioned to prevent infection of weeping lovegrass.
Cloned PWL3 and PWL4 genes were nonfunctional, al-
though PWL4 became functional if its expression was
driven by either the PWLI or the PWL2 promoter. The
PWL1, PWL2, and PWL3/PWL4 genes map to different
genomic locations. The amino acid sequences of the pre-
dicted PWL1, PWL3, and PWL4 proteins have 75, 51, and
57% identity, respectively, to the PWL2 protein. Our
studies indicate that PWL genes are members of a dy-
namic, rapidly evolving gene family.

Additional keywords: fungal-plant interactions, gramineous
species, repetitive DNA sequences, Pyricularia grisea, rice
blast.

The filamentous ascomycete Magnaporthe grisea (Hebert)
Barr is a pathogen of many gramineous species (Ou 1985).
Rice blast disease, caused by this pathogen, threatens rice
crops worldwide. In addition, this fungus causes disease on
crops such as finger millet (Eleusine coracana; Kato 1978),
pearl millet (Pennisetum glaucum L.; Pandotra 1976), barley
(Hordeum vulgare L.; Yaegashi 1988), wheat (Triticum aesti-
vum L.; Urashima et al. 1993) and maize (Zea mays L.; Not-
teghem 1990). Weeping lovegrass (Eragrostis curvula),
sometimes grown as a forage crop, is highly susceptible to the
blast fungus. Many wild gramineous species that grow near
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crops represent potential inoculum sources for disease on
these crops (Borromeo et al. 1993; Mackill and Bonman
1986). Although the collective host range of M. grisea is ex-
tensive, individual isolates of the fungus are limited to infect-
ing a small number of grass species. Understanding the mo-
lecular basis for host specificity will aid in designing methods
to control the disease, whether it involves understanding the
necessity to control disease on relevant weed plants, or devel-
oping successful strategies to engineer resistant crops by
transferring resistance between grass species.

The interfertility of M. grisea strains that infect different
grass species has allowed genetic analysis of specificity at the
host species level. Examples of both monogenic and poly-
genic inheritance of host species specificity have been dem-
onstrated (Notteghem 1990; Leung et al. 1988; Ellingboe et
al. 1988; Valent and Chumley 1991). Single genes that de-
termine specificity toward the host weeping lovegrass have
been identified in independent crosses (Valent et al. 1986;
Valent and Chumley 1991; Yaegashi 1978). PWLI, a gene
that has a major effect on pathogenicity toward weeping love-
grass, was identified in a cross between the finger millet
pathogen WGG-FA40 and the weeping lovegrass pathogen
K76-79 (Valent et al. 1986). Crosses involving laboratory
strains pathogenic on rice (Valent and Chumley 1991) identi-
fied a second gene, PWL2, with a similar phenotype to PWLI.
PWL2 was not genetically linked to PWLI.

Frequent mutation to pathogenicity on weeping lovegrass
suggested that the PWL2 gene functioned to prevent infection
of weeping lovegrass, as predicted for classical avirulence
genes controlling cultivar specificity within a particular host
species. The PWL2 gene was subsequently cloned by chro-
mosome walking techniques, and was predicted to encode a
glycine-rich, hydrophilic protein of 145 amino acids (Sweigard
et al. 1995). Most rice pathogens appear to have one or more
copies of this gene (Sweigard et al. 1995; Zeigler et al. 1995).

In this work, distribution of sequences homologous to
PWL2 has been investigated in M. grisea strains with diverse
host specificity. This investigation has led to the discovery of
a PWL multigene family. No correlation could be found be-
tween the presence of PWL gene sequences and lack of ability
to infect weeping lovegrass. We report the cloning and char-
acterization of the PWL! gene, as well as a nonfunctional
homolog from each parent of the cross in which PWLI was
identified. The four cloned genes define three subgroups
within the PWL gene family, based on sequence homologies
and genomic locations. We also report here sequences corre-
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sponding to the middle repetitive DNA elements MGR608
(Hamer et al. 1989) and MGR619 (J. E. Hamer, F. G. Chum-
ley and B. Valent, unpublished results), which are found adja-
cent to each other near the PWL/ gene.

Table 1. Magnaporthe grisea field isolates used in this study

Country of
Strain  Host® origin Comments®
K76-79 Weeping lovegrass Japan G-17, H. Yaegashi, 1976
T-5 Wheat Brazil S. Igarashi, 1988
T-29 Wheat Brazil K. Kmetz, 1989
T-47 Wheat Brazil S. Igarashi, 1985
G-158  Feral Triticale Brazil Infects wheat, K. Kmetz,

1989

G-48  Setariaitalica USA F. M. Latterell, 1982
G-188  Setaria sp. USA J. A. Sweigard, 1991
G-225  Setaria italica Japan JP37, J. L. Notteghem
G-160  Leersia hexandra Philippines  Lh-A8401, J. M. Bonman
G-194  Leersia oryzoides Japan JP36, J. L. Notteghem
G-227  Ginger Japan JP41, J. L. Notteghem
G-228  Ginger Reunion RNI, J. L. Notteghem

G-229  Cyperus brevifolus
G-231  Cyperus rotundus

Philippines PH54, J. L. Notteghem
Philippines PHS52, J. L. Notteghem

G-197.  Barley Thailand TH2, J. L. Notteghem
WGG-  Eleusine coracana Japan G-22, H. Yaegashi, 1977
FA40
G-172  Eleusine coracana Uganda UG77-3-2-1, H. Kato
G-176  Eleusine coracana Nepal NP10-17-4-1-3, H. Kato
G-177  Eleusine coracana India In77-24-1-1, H. Kato
G-199  Eleusine coracana Rwanda RW12, J. L. Notteghem
G-26  Eleusine indica Japan SMB81-11, H. Yaegashi

G-77 Eleusine indica Philippines  J. M. Bonman

G-167  Eleusine indica Philippines  Ei-A8309, J. M. Bonman
G-200  Eleusine indica Ivory Coast CD156, J. L. Notteghem
G-201  Eleusine indica Brazil BR62, J. L. Notteghem
G-202  Eleusine indica Madagascar MD112, J. L. Notteghem
G-81 Pennisetum glaucum USA 83P-161, H. Wells
G-123  Pennisetum glaucum USA 84P-19, H. Wells

G-221  Pennisetum clandesti-  Japan JP35, J. L. Notteghem

num

G-222  Pennisetum pedicela-  Mali ML30, J. L. Notteghem
tum

G-78 Pennisetum Philippines  R. Gopinath
polystachyon

G-161  Pennisetum purpureum  Philippines Pp-A8201, J. M. Bonman

G-223  Pennisetum typhoideum  Burkina BF17, J. L. Notteghem
Faso

G-224  Pennisetum typhoideum Ivory Coast CD86, J. L. Notteghem

G-58  Panicum repens Philippines  Pr-8212, J. M. Bonman

G-220  Panicum repens India IN3, J. L. Notteghem
G-218  Panicum coloratum Japan JP31, J. L. Notteghem
G-219  Panicum maximum India INS, J. L. Notteghem

G-216  Paspalum distichum Philippines PH62, J. L. Notteghem
G-66  Paspalum paspaloides  Philippines Pp-8250, J. M. Bonman
G-156  Digitaria horizontalis ~ Brazil A. S. Prabhu
G-210  Digitaria horizontalis  Burkina BF16, J. L. Notteghem
Faso
G-1 Digitaria sanguinalis ~ USA
G-11 Digitaria sanguinalis  Japan
G-211  Digitaria sanguinalis ~ Brazil BR29, J. L. Notteghem
G-212  Digitaria sanguinalis India IN6, J. L. Notteghem
G-60  Digitaria ciliaris Philippines  Dc-8217, J. M. Bonman
G-163  Digitaria ciliaris Philippines DcA8301, J. M. Bonman
G-213  Digitaria smutsii Japan JP34, J. L. Notteghem
G-209  Digitaria exilis Ivory Coast CD143, J.L. Notteghem

F. M. Latterell, 1981
A26, H. Yaegashi

G-32  Digitaria sp. Japan H. Kato, 1982
G-189  Digitaria sp. USA J. A. Sweigard, 1991
G-190  Digitaria sp. USA A.R. Kubelik, 1991

? The host plant on which the isolate was found.
® Other name if applicable, individual providing the strain, and/or date
of collection.
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RESULTS

The PWL2 gene is a member of a multigene family.

We have surveyed 52 M. grisea strains isolated from di-
verse grass species other than rice (Table 1) for sequences
homologous to the rice pathogen PWL2 gene, and for ability
to infect weeping lovegrass (Fig. 1). The Southern analysis in
Figure 1A showed that most Digitaria pathogens have multi-
ple bands with strong homology to PWL2, in addition to
bands with weaker homology. Among the 13 Digitaria
pathogens analyzed, G-209 was exceptional in having one
hybridizing band (Fig. 1A). No correlation was found be-
tween PWL sequences and ability to cause disease on weep-
ing lovegrass.

Ginger and Cyperus pathogens (Fig. 1B) are the only
strains that lack homology to PWL2 under hybridization
conditions used in this study. These strains are genetically
distant from M. grisea strains infecting the other hosts listed
and probably should be classified as separate species (Bor-
romeo et al. 1993; S. Kang and B. Valent, unpublished re-
sults). All remaining strains analyzed in Figure 1B-D had at
least one EcoRI fragment hybridizing to the PWL2 gene. The
sizes and numbers of the EcoRI fragments were often differ-
ent even among strains isolated from the same host species.
Hybridization intensities ranged from strong to weak, in some
cases even among strains infecting the same host plants. For
example, Digitaria pathogens, Pennisetum pathogens, and
wheat pathogens were highly variable in the intensity of the
bands hybridizing to PWL2 (Fig. 1A-C).

Magnaporthe grisea strains isolated from Eleusine spp.
were of particular interest because PWLI was originally
identified in strain WGG-FA40 isolated from this host species
(Fig. 1D). All Eleusine pathogens tested contained one or two
faintly hybridizing EcoRI fragments. One out of five strains
(WGG-FA40, G-172, G-176, G-177, and G-199) isolated
from finger millet (E. coracana) was pathogenic on weeping
lovegrass. In contrast, all six strains (the remaining strains
shown in Fig. 1D) isolated from goosegrass (E. indica) were
pathogenic on weeping lovegrass. While all the strains iso-
lated from Eleusine spp. had an EcoRI fragment in the 4 to 5
kb range, only the nonpathogens of weeping lovegrass con-
tained an EcoRI band in the 2 kb range. This result was con-
sistent with the cloning of PWLI on a 1.8 kb EcoRI fragment
(see below).

Cloning and characterization of PWL2 homologs.

The Eleusine pathogen WGG-FA40 has two EcoRI frag-
ments, 4.8 kb and 1.8 kb (Fig. 1D), and the weeping love-
grass pathogen K76-79 has a single 4.3 kb EcoRI fragment
(data not shown), all of which hybridized weakly to PWL2.
Since PWLI was first identified in a cross between these two
strains (Valent et al. 1986), we analyzed progeny of this cross
for segregation of these EcoRI fragments with PWLI] (data
not shown). The 1.8 kb fragment co-segregated with PWL/ in
the members of four tetrads, suggesting that the PWL2 ho-
molog residing on the 1.8 kb fragment might be the PWLI
gene. The 4.8 kb and 4.3 kb fragments segregated independ-
ently from the PWLI gene.

Genomic DNA libraries of WGG-FA40 and K76-79 were
screened with the labeled PWL2 gene. Two A clones, desig-
nated as PL-B and PL-C, respectively, were isolated from



WGG-FA40, and one A clone, designated as PL-A, was iso- To determine whether these PWL2 homologs could prevent

lated from K76-79 (Fig. 2). Restriction mapping and segrega- M. grisea from infecting weeping lovegrass, two weeping
tion data suggested that PL-B and PL-C correspond, respec- lovegrass pathogens, CP987 and 4091-5-8, were co-trans-
tively, to the homologous 4.8 kb and 1.8 kb EcoRI fragments formed with each PL clone along with a vector conferring
from WGG-FA40. hygromycin B resistance. Only transformants obtained with
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Fig. 1. Distribution pattern of PWL gene sequences in Magnaporthe grisea pathogens of diverse grass species. Genomic DNAs (1 ug) were digested with
EcoRI, fractionated on 0.7% agarose gels, transferred to Hybond-N membranes, and probed with the PWL2 gene (Sweigard et al. 1995) as described in
Materials and Methods. Gels (A-D) were loaded with equivalent amounts of the digested genomic DNAs. Differences in hybridization intensity reflect
differences in homology to the PWL2 gene probe. Genus (or common name) of host plant from which individual strains (Table 1) were isolated is shown
on top of each panel. Virulence of individual strains on weeping lovegrass is recorded as + (virulent), ? (not determined), or blank (avirulent). Size stan-
dards included in experiment were 1 kb Ladder Standards (BRL, Gaithersburg, MD).
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Fig. 2. Restriction maps of Magnaporthe grisea genomic DNA se-
quences flanking the PWL genes. Gene locations are indicated. Restric-
tion sites for BamHI (B), EcoRI (E), and Sacl (Sc) within the insert
DNAs for A clones PL-C, PL-B, and PL-A are marked. HindIIl (H) site
used to construct pSK10 was included in the map for PL-C. Not all Hin-
dIII sites are shown. The map for PWL2 (from Sweigard et al. 1995)
includes restriction sites for three additional enzymes (Bglll, Bg; Hpal,
Hp; S, Sall). Not indicated here are restriction sites from the multiple
cloning site in AGEM-12, including the BamHI site used in construction
of the PWLI subclone pSK10, and the second EcoRI site used in con-
struction of the PWL3 subclone pSK47. Probe used for mapping each
PWL gene is marked by bar at bottom of map. Positions of the repetitive
DNA sequences were determined by hybridizing individual restriction
fragments to a blot that contains all previously cloned MGR sequences.

PL-C were nonpathogenic on weeping lovegrass. These re-
sults along with the mapping data indicated that the PWL2
homolog in PL-C is the PWLI gene. Hereafter, we designate
the PWL2 homologs in PL-A, PL-B, and PL-C as PWI4,
PWL3, and PWLI, respectively (Fig. 2). A 1.8 kb HindIIl-
BamHI fragment of PL-C (BamHI site from the vector), which
was able to transform CP987 and 4091-5-8 to nonpathogenicity
on weeping lovegrass, was subcloned as pSK10. The 6.1 kb
Sacl fragment of PL-A and the 4.8 kb EcoRI fragment of PL-B
(second EcoRI site from the vector) were also subcloned, and
designated pSK49 and pSK47, respectively.

Cross-hybridization under identical conditions suggested
that the sequences of the two finger millet pathogen genes,
PWLI and PWL3, were more diverged from each other than
those of the rice pathogen gene PWL2 and each homolog.
This result was confirmed by sequence analyses (see below).
Cross-hybridization between PWL3 and PWL4 gave the
strongest hybridization signal, suggesting that they are the
most closely related. Except in the case of PWL3 and PWL4,
homology between the flanking sequences of the PWL genes
was limited to the repetitive DNA sequences present on the
clones (Fig. 2).

Several types of repetitive DNA were found in the PL
clones (see Figure 2). PL-A had three different types of re-
petitive DNA, MGR583 and MGR608 (Hamer et al. 1989)

TTTTTTTTTTAAAACAAATAAAACGTTGCATGTCCTGTCGCCATGCTCTTTACCGCGCTTGTGAACCTCCCTGCACCTCGTGTTGTGCGTCGTATAGATT
CAGGAGCGCCCTGAAATGCTCGAATTTACTCAGGGAGAGTGGTTTTGTAAGTCCGTCTGCAGGCATCAGGCTCAGTCTCCAGGTAGGAAGCTTTAACCCT
AgGGCATACTTGGAGAAQCTCAGTGTATTAGGCGCTATTAACGAAAATTTTAAAATTGAAGAGAAGAGAGAAATTACCATTAACGACGCGCTGGAGAGAQ
GCGCTTAAATCTGGACTTAQTGGACCé%TTGTCCGATCCCTQGCTCQGCGTGGAGACATTGTGATTQTGAGGQTAGGTCTQQGGGCCTGATCCTCACATT
ATTATngTATGTTTGCATAGTTATAAGTTTACTTGCATTATTATAATTTTACCTCCACTACTATTAATAACTTTCAATAACTTACTATTAATTTACTTC
GATGATTTCTAATTTTATTGCATTGTTACTAATTTTACTGCATTATTGTCGATTTAATTAAGT TTCTATTAGCTCAATTACGTTCTTACTAATTCAATTT
CGCTGTTATTGATGCGAATTCCCTTACTAGTTATTTACAAAGTAGTTATATAAAGCTGGCGTATGAAAAACTTTACTTGGAAGTAATAGGAGTGTTGGTT

GAGATTTTACAAGTTCCAAAAACCACGATTAAGTTTGCCGAACATTATTCTTACACATTAAAGCTCTTACAATGAAATTCAACAAAACTATCCCTCTCTA
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TATTCTTGCCTTTTTCTCGACCGCTGTAATCGCTGGTGGTCGCAAATGGACTAACAAAGTTATTTATAACGACAAAGGCCCAAGGGAGGGCTCAATATCA
I L AF F S T AUV IAOGOG RIEKWTNI KUV I Y NUDIZEXKGUZPUZRETGS I s

ATTAGAAAAGGCGCGGAAGGCGACTTCAACTGTGGCCCCGGTTACCCTGGGGGGCCCGACAGGATGGTGCGGGTTCATGAGGATAATGGGAACATTCGCG
I R XK G A EGDVFNCG?PGY P GGG PDURMVIRVYV HEUDNDNGNI R G

GAATGCCCCCGGGCTACCGTTTAGGCCCTGATGACAAAGAAGATAAAGGGGATAACCAGTACTATAGCCGARACGGATATCATGTTGGCGATGGTCCGGC
M P P G Y R L G P DD KEUDI KGDNQY Y S RNGY HV G D G P A

CGAGTACCAAAATCACGGTGGAGGACAATGGGGTGACGGATATTATGGACCGCCTGGGCAAATTACCAATCAACACGGGAAACGTCAGGGAGATCAGGGC
E Y @ NH G G G Q WG D G Y Y GG P P G Q I T NQHGI KU R QG D Q G

TGCCATATTATGTARACTGCTGGAATAGGGTTTTATTTGGCGTTTATTTATATTC TAAGCTACTTTGCTACGTCGTTTTACTTGAAATAATGGAGTGGAG
C H I M End

ATAAATATAAAAAGTACAAGGTGTAAAACATAAGTAGGAAAAAGTAGAAAAGAAATAAACGAARAAATAAAATCCTAAAAGAGACGGAAAAAGTAAATAAR
AGAAAGGAAAACATACGCGTACTTAGAAATAAAGGAAACTAGCGAGCGTGGTTAGTAAAAGGAAAATAATGGATAATAAAATAAAAATAAAAATAAAAAT
AAAAATAAAAATAAAAATAAAAATAAAAATAAAAATAAAAATAAAAATAAAAATANAAATAAAAATAARAATAAAAATAAAAATAAAAATAAAAATAAAA
ATAAAAATAAAAATAAAAATAAAAATAAAAATAAAAATAAAAATAAAAATAAAAATAAAAATAAAAATAAAAATAAAAATAAAAATAAAAATAAAAATAA
AAATAAAAATAAAAATAAAAATAAAAATAAAAATAAAAATAAAAATAAAAATAAAATAAGAGTAARACTAAACACAAAAACAAAAGAAAAGGGATATTAA
TTCCGTCGTGGTAAATCGTTTGCAATCGAAATTGCAACCGTCGTTCTGGACCGCAATAACGCCAACGAAATCGACGTATCCAACCAATGGATACTACAGG

ACCTATTAGCTTTTGCAGCTGTTTATAGGCCTGGGCAGTGCTTTTTTCCATAACGGTCCGGCACTTATAATAATCGGATGGAARAAAGGATCC
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Fig. 3. DNA sequence of the PWLI locus and deduced amino acid sequence of the PWLI1 protein. The repetitive DNA sequences MGR608 (202-327)

and MGR619 (328-406) are underlined and marked by arrows. The AAAAAT repeats at the 3" end of the gene are italicized and underlined.
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Fig. 4. Amino acid sequence alignment of the PWL proteins. Identities to PWL2 are boxed and shaded. The predicted cleavage site of the putative signal

sequence is marked by an arrow.

and MGR619 (J. E. Hamer, F. G. Chumley, and B. Valent, un-
published results). MGR768 (S. Kang, J. A. Sweigard, and B.
Valent, unpublished results) was present in PL-B. The PWLI
gene in PL-C was closely associated with MGR608 and
MGR619.

Genetic mapping of the PWL2 homologs.

The chromosomal locations of PWLI, PWL3, and PWL4
were determined by following the segregation of restriction
fragment length polymorphisms (RFLPs) in 66 randomly
picked ascospores that had been used to construct an RFLP
map of M. grisea (Sweigard et al. 1993). The PWL2 gene was
previously mapped to chromosome 2c¢ of mapping strain
6043. Since neither parent of the mapping cross contained the
PWLI gene, flanking sequences (Fig. 2) were used for map-
ping. The PWLI gene probe co-segregated with one of the
telomeres (TEL33) of chromosome 2a. The PWL3 gene was
linked to the marker cos125 on chromosome 2¢ of strain 6043
(two recombinants), at the opposite end of the chromosome
from the PWL2 gene. The PWL4 gene mapped to the PWL3
locus, suggesting that the PWL3 and PWLA4 genes are allelic.

Sequence analysis.

The regions with homology to PWL2 were sequenced. In
all three cases an open reading frame (ORF) was found with
homology to ORF3 of PWL2 (Sweigard et al. 1995). The
PWL1 OREF (Fig. 3) encodes a protein of 147 amino acids (aa)
with a molecular mass of 16.2 kDa. The PWL3 and PWL4
ORFs would encode proteins with 137 aa (14.9 kDa) and 138
aa (15.0 kDa), respectively. These PWL proteins do not have
significant primary amino acid sequence homologies to pro-
teins of known function. Sequence alignment of the PWL
proteins is shown in Figure 4.

The PWL proteins have several common characteristics
(see Table 2 and Figure 4). First, the amino terminus has fea-
tures common among the eukaryotic signal sequences (von
Heijne 1992). As shown in Figure 4, the first 21 aa residues
of the PWL proteins could be divided into a basic N-terminal
region, a central hydrophobic region, and a more polar C-ter-

Table 2. Characteristics of the PWL proteins

Composition of amino acids (%)

Protein Size? Net charge Gly Pro  Charged aa
PWLI 147 +2 19.0 7.5 26.5
PWL2 145 -5 17.9 6.9 27.6
PWL3 137 -5 17.5 5.1 26.3
PWL4 138 -5 18.1 5.8 275

* The number of amino acid (aa) residues.

minal region. The putative signal sequences of the PWL pro-
teins would be cleaved between alanine and glycine (residues
21 and 22). Second, many glycine residues (between 17 and
19% of all residues) are evenly distributed throughout the
protein, suggesting that few o helices could form. Third, the
PWL proteins are hydrophilic (approximately 27% of resi-
dues are charged aa). However, the net charges of the proteins
are significantly different between PWL1 (+2) and the three
others (all -5).

The sequence in Figure 3 includes two previously identi-
fied repetitive DNA sequences that occur in the PWLI pro-
moter region. The ends of these elements have been defined
by sequence comparisons of homologous elements, which are
often but not always adjacent to each other, from different
genomic regions (S. Kang and B. Valent, unpublished re-
sults). MGR619 (J. E. Hamer, E G. Chumley, and B. Valent,
unpublished results), which is approximately 80 bp long, is
present 366 bp upstream from the putative start codon of the
PWLI gene. MGR608 (Hamer et al. 1989), which is ap-
proximately 125 bp long, is adjacent to MGR619. At the 3’
end of PWLI (approximately 270 bp from the stop codon), a
long stretch of a 6 bp repeat (AAAAAT; 45 copies) is found.

Functional analysis of chimeric PWL genes.

Reasons for PWL3 and PWL4 being nonfunctional as host
specificity genes could be improper expression of the gene
and/or a protein that fails to function in conferring nonpatho-
genicity toward weeping lovegrass. We constructed chimeric
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genes to investigate if the PWL3 and PWL4 genes failed to
function due to problems with expression. The coding se-
quences of the PWL3 and PWL4 genes were fused to the
promoters of the PWLI and PWL2 genes. Based on subclon-
ing results, the PWLI and PWL2 promoter regions, approxi-
mately 670 bp and 850 bp, respectively, were amplified by
polymerase chain reaction (PCR) and subcloned into
pCB1004 to produce pWLIP and pWL2P, respectively. The
ORF and 3’-end flanking sequences (approximately 320 bp
after the stop codon) of the PWL3 and PWL4 genes were
amplified and each was cloned into pWL1P and pWL2P. The
PWL2 gene and the four chimeric constructs were each trans-
formed into weeping lovegrass pathogen 4091-5-8, and the
resulting transformants (at least 10 transformants for each
plasmid) were assayed for pathogenicity. Both PWLI::PWL4
and PWL2::PWL4 constructs transformed 4091-5-8 to non-
pathogenicity on weeping lovegrass as efficiently as did the
wild-type PWL2 gene (>70% of the transformants tested),
suggesting that the PWL4 gene failed to function because it
was not properly expressed. In contrast, neither PWL3 con-
struct transformed 4091-5-8 to nonpathogenicity (from a total
of 25 transformants tested), suggesting that the PWL3 coding
sequence does not encode a protein that confers avirulence
toward weeping lovegrass.

Sequence comparisons among the PWL genes.

Based on homologies in DNA and aa sequences and on
genomic locations, the PWL genes could be divided into three
groups: PWLI, PWL2, and (PWL3 + PWL4). The aa se-
quences of the PWL proteins diverged more than the DNA
sequences (Table 3). The PWL1 protein showed 75% identity
to the PWL2 protein, but only 46% and 50% identity to the
PWL3 and PWL4 proteins, respectively. The PWL2 protein
showed 51 and 57% identities to the PWL3 and PWL4 pro-

Table 3. Sequence homology between PWL genes

Identity (%)
Amino acids DNA
PWLI-PWL2 75 78
PWLI-PWL3 46 57
PWLI-PWL4 50 58
PWL2-PWL3 51 62.5
PWL2-PWL4 57 65
PWL3-PWL4 72 85
100 bp
905 70 It 778
m MTG PWLT TRALZA
I
905, | 70 yq 723
000 n“ RESIATE PWLZ TAALS]
I 1
151 135 It 852
‘ mre PWL3 TCAARA ERARAD
480 135 852
m TG PWLA TGA m
I il

Fig. 5. Schematic diagrams of DNA sequences of the PWL genes. Dif-
ferent patterns represent completely different sequences. Numbers on the
bar correspond to base pairs of sequence. Open reading frame of each
gene is marked by the start codon and the corresponding stop codon.
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teins, respectively. The amino acid sequence identity between
the PWL3 and PWL4 proteins was 72%.

At the DNA level, the homology between genes in different
groups was limited to the ORF, except for the case of PWL]
and PWL2 where a short 5" flanking sequence was also con-
served (Fig. 5). The homology between PWLI and PWL2
(78% nucleotide identity) began 70 bp upstream from the ini-
tiation codon of PWLI and ended immediately after the stop
codon. Beyond the conserved region, the sequences of the
two genes were completely unrelated. Homology between
PWL3 or PWL4 and PWLI or PWL2 (57 to 65%) was appar-
ent only in a part of the ORF: the homology begins at the ini-
tiation codon and ends around 30 bp upstream from the stop
codons of the PWL! and PWL2 genes. The homology be-
tween PWL3 and PWLA4 extended beyond the ORFs in both
directions (135 bp from the 5’ end and >800 bp from the 3’
end). Surprisingly, the homology between noncoding se-
quences (>98% identity) was significantly higher than that
between ORFs (85%). For the PWL3 and PWL4 ORFs, the
middle one-third of the ORF was most diverged (Fig. 6).

DISCUSSION

Members of a multigene family confer avirulence toward
weeping lovegrass.

Segregation analysis previously identified two genes,
PWL! and PWL2, that have an all-or-nothing effect on the
ability of M. grisea strains to infect weeping lovegrass
(Valent and Chumley 1991). These genes have now been
cloned; PWL2 by map-based cloning (Sweigard et al. 1995),
and PWLI from its limited homology to PWL2 (this study).
PWLI, from the finger millet pathogen WGG-FA40, and
PWL2, from the rice pathogen Guyll, map to different
genomic locations, as predicted by the genetic analysis. Both
genes have a mode of action that is analogous to that of clas-
sical avirulence (AVR) genes that determine cultivar specific-
ity. That is, fungal strains expressing either gene are blocked
from infecting a specific host, weeping lovegrass. Heath et al.
(1990) reported that the presence of the PWLI gene in an in-
vading fungal strain correlated with browning of weeping
lovegrass cells around developing colony margins. The fun-
gus was not able to grow beyond these brown cells. We hy-
pothesize that a specific resistance mechanism in weeping
lovegrass recognizes the products or by-products of active
PWL genes and subsequently initiates a defense response,
leading to the browning of plant cells.

Some members of the PWL gene family fail to function in
conferring nonpathogenicity toward weeping lovegrass. For
instance, some strains isolated from Digitaria and Eleusine
and all strains isolated from wheat were fully pathogenic,
even though they carry at least one restriction fragment with
sequences homologous to PWL2 (Fig. 1). Our results suggest
that the field isolate K76-79 is able to infect weeping love-
grass because its PWL4 gene is not properly expressed. The
PWLA gene becomes functional in preventing infection of
weeping lovegrass if its expression is driven by either the
PWLI or the PWL2 promoter. Several PWL genes isolated
from Digitaria pathogens and Pennisetum pathogens also ap-
pear to be improperly expressed (S. Kang, unpublished re-
sults). In contrast, the PWL3 gene, a second cloned gene from
strain WGG-FA40, does not become functional when its



coding sequence is fused to either the PWLI or the PWL2
promoter. The PWL3 gene may encode a protein that fails to
function in triggering a defense response in weeping love-
grass.

Magnaporthe grisea has evolved to parasitize a wide range
of grasses, yet individual isolates of the fungus have a very
narrow host range. Thus, specificity determinant(s) for all
grasses may be widely distributed in M. grisea. The PWL
gene family is large and highly diverse, and nearly ubiqui-
tous. Indeed, lower stringency hybridizations might detect
even more diversity. This gene family may represent broad
specificity determinants within M. grisea, and thus members
of this family may interact with a wide range of resistance (R)
genes in monocots. Three types of information would support
this view: (i) Cloned R genes corresponding to different
pathogens in different plant species show a surprising degree
of structural similarity (Bent et al. 1994; Jones et al. 1994,
Mindrinos et al. 1994; Whitham et al. 1994), suggesting that
pathogen molecules with diverse structures are recognized
through common biochemical mechanisms in diverse plant
species. Sequences homologous to the Pto gene, an R gene in
tomato, have been identified in a variety of dicots as well as
in a number of monocots (Martin et al. 1993); (ii) Many bac-
terial AVR genes function as specificity determinants toward
both host and nonhost species, suggesting that nonhost spe-
cies also carry R genes corresponding to these AVR genes
(Fillingham et al. 1992; Kobayashi et al. 1989; Swarup et al.
1992; Whalen et al. 1988 and 1991); and (iii) Surprising con-
servation of gene composition and colinearity of gene order
on chromosomes have been demonstrated within monocots
(Bennetzen and Freeling 1993).

Cloning of a broad collection of PWL genes now permits
testing of the possibility that some PWL genes act as speci-
ficity determinants toward other hosts as well. Multiple hosts

can be easily screened for resistance correlating with PWL
genes by transforming M. grisea pathogens of various grasses
with the cloned PWL genes. Alterations in host specificity in
the fungal transformants will suggest the presence of a corre-
sponding R gene in the host plant.

How frequently is host range determined by the presence of
host specificity genes similar to the PWL genes? Since at least
one pathogen strain isolated from each plant genus has the
ability to infect weeping lovegrass (Fig. 1), M. grisea must
have basic compatibility (Heath 1981) with this host. There-
fore, the PWL genes or some yet-to-be-identified AVR-like
host specificity genes are likely to determine the fate of
weeping lovegrass infections by M. grisea pathogens of di-
verse grass species. However, it does not appear that specific-
ity of M. grisea toward all potential hosts is controlled exclu-
sively by AVR genes like those in the PWL gene family.
Extensive analysis of the genetic differences between the
weeping lovegrass pathogen 4091-5-8 and the rice pathogen
O-135 showed that these two parental strains differ in two
types of genes that control ability to infect rice (Valent et al.
1991). In addition to AVR genes that control specificity to-
ward particular rice cultivars, these two strains differ in poly-
genic factors that determine the extent of lesion development
by those progeny that infect rice. It seems likely that these
particular quantitative rice specificity genes are involved in
determining basic compatibility toward rice.

Magnaporthe grisea has another multigene family of host
specificity genes. AVR2-YAMO, an avirulence gene that pre-
vents the fungus from infecting the rice cultivar Yashiro-
mochi, also belongs to a multigene family (S. Kang and B.
Valent, unpublished results). Although the members of this
gene family are not as widely distributed as those of the PWL
gene family, many grass pathogens that are unable to infect
rice, such as Digitaria pathogens and Pennisetum pathogens,

1 ACTTAAGTTCATTGAGTCCTTGTGACAACAGAGTACTGCTCCCAGCTGCATCCTCTGGAACATGACAATAGTAACATTAC PWL3
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Fig. 6. DNA sequence alignment between the PWL3 and PWLA genes. Start and stop codons of the gene are boxed and labeled. Sequences of the PWL3
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gene that differ from the PWL4 gene are boxed and shaded.
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carry functional family members. The presence of AVR-
YAMO genes in pathogens of diverse plant hosts supports the
suggestion that host specificity genes of M. grisea are widely
distributed. Results from genetic analyses also support this
possibility: nonpathogens of rice have been shown to carry
several AVR genes that elicit rice cultivar specific responses
(Yaegashi and Asaga 1981; Valent et al. 1991).

The PWL gene family appears to have rapidly diverged.

The number of PWL genes and the degree of their sequence
homology to PWL2 are variable even among the isolates from
the same host species, suggesting that this gene family is
highly dynamic. Sequence comparison between members of
the PWL gene family shows unusual patterns of sequence
evolution. First, sequence identity at the amino acid level is
consistently lower than that at the DNA level (Table 3). Sec-
ondly, some PWL genes have undergone faster sequence
changes than the rest of the genome, as shown in the PWL3
and PWL4 genes. The PWL3 and PWL4 genes isolated from
WGG-FA40 and K76-79, respectively, appear allelic based on
their genomic locations and the presence of nearly identical
sequences at the flanking regions. The genomes of these two
fungal strains are believed to be highly related based on
RFLPs in the mitochondrial genome (A. R. Kubelik, J. A.
Sweigard, F. G. Chumley, and B. Valent, unpublished results),
RFLPs and sequences in the ribosomal DNA cistron (Biju-
Duval 1994), and polymorphisms associated with single copy
regions of the nuclear genome (S. Kang and B. Valent, un-
published results). As expected, the sequences flanking these
PWL ORFs are highly conserved (>98% identity), and an-
other 400 bp, within 2 kb of these PWL genes, is 100% iden-
tical between two strains (S. Kang, unpublished results).
However, the coding regions of PWL3 and PWLA4 are signifi-
cantly diverged: the DNA sequence identity within the PWL3
and PWL4 ORFs is only 85%. Differences include a 3-bp
deletion and multiple nucleotide changes, mainly clustered in
the middle third of the ORF (see Figure 6). Highly localized
sequence changes between PWL3 and PWL4 suggest that se-
quence divergence among some members of the PWL gene
family might not be the consequence of early gene divergence
during evolution. _

How and why did the sequence of these PWL genes change
so rapidly? A clue to these intriguing questions probably lies
in the function of this gene family in the fungus. It is likely
that the PWL genes have alternative function(s) other than as
a trigger for defense responses in the host. If the sole function
of this gene family is simply to prevent the fungus from in-
fecting hosts carrying the corresponding resistance gene, it is
difficult to explain why, during evolution, M. grisea has not
only maintained but also amplified the PWL gene family. This
gene family has probably been maintained in the population
because the putative benefits of its presence outweigh the
penalties. Roles for host specificity genes as fitness factors
have been demonstrated. Four bacterial host specificity genes,
avrBs2 from X. campestris pv. vesicatoria (Kearney and Stas-
kawicz 1990), pthA from X. citri (Swarup et al. 1992), and
avrA and avrE from P. syringae pv. tomato (Lorang et al.
1994), have been shown to be necessary for the fitness of the
pathogen.

If the PWL genes have an alternative function that is neces-
sary for the fitness of the fungus, it would benefit the fungus
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to rapidly change this gene product in such a way that it can
no longer be recognized by the host, but maintains the other
function. The cluster of sequence changes in the middle third
of the ORF might suggest that this highly variable portion of
the protein is responsible for triggering the host defense re-
sponse. Host selection has been suggested as a driving force
for sequence variation in a host specificity gene family in the
genus Xanthomonas (Swarup et al. 1992; Hopkins et al. 1992;
De Feyter et al. 1993). Members of this gene family are
highly homologous in DNA sequence, but internal 102-bp
direct repeats, which determine race specificity, are “highly”
variable (Herbers et al. 1992; Yang et al. 1994).

Several mechanisms might be responsible for the diversi-
fication of the PWL gene family. All the characterized PWL
genes are associated with repetitive DNA (this study; Swei-
gard et al. 1995; S. Kang and B. Valent, unpublished results).
Recombination between homologous repetitive DNA se-
quences could generate deletions, inversions, duplications,
and translocations of the PWL genes depending on the rela-
tive orientation and position of the recombining sequences.
Successive unequal sister chromatid exchanges via recombi-
nation between homologous repetitive DNA present on both
sides of a PWL gene appear to be responsible for the genera-
tion of three tandem copies of the gene in a strain isolated
from Pennisetum (S. Kang, unpublished results).

Retrotransposition is another potential source of novel
genes in different locations, at times producing nonfunctional
pseudogenes in eukaryotes (Weiner et al. 1986). The location
and sequence organization of the PWL genes suggest that
retrotransposition might have had a role in the amplification
of the PWL gene family. In the Guyll-type genome (rep-
resented by strain 6043 in the RFLP map), PWLI is on a dif-
ferent chromosome from the PWL2, PWL3 and PWL4 genes,
and these latter three genes occur in two different locations on
the same chromosome. Most importantly, sequences flanking
the coding regions of the PWLI, PWL2, and PWL3/PWIL4
genes are different, suggesting that only the coding sequences
have been translocated. In addition, several PWL genes iso-
lated from other grass pathogens also have 5" and 3’ flanking
sequences completely different from those of the PWL genes
described in this study (S. Kang, unpublished results). It is
unlikely that DNA-mediated translocations are responsible for
such genetic changes. Magnaporthe grisea contains multiple
defined and potential retrotransposable elements that could
supply reverse transcriptase for retrotransposition (Dobinson
et al. 1993; S. Kang and B. Valent, unpublished results; M. H.
Lebrun, E G. Chumley, and B. Valent, unpublished results;
Valent and Chumley 1991). However, none of the sequenced
PWL genes appears to have poly(A) tracts at the 3’ end of the
gene, one of the characteristics commonly associated with
retrotransposed genes (Weiner et al. 1986). It remains to be
seen whether retrotransposition has had a role in the evolution
of the PWL gene family.

MATERIALS AND METHODS

Strains, transformation, and infection assays.
Magnaporthe grisea strains used in this study are listed in
Table 1. The laboratory strains CP987 and 4091-5-8, which
are pathogenic on weeping lovegrass, were used as transfor-
mation recipients to test the function of cloned PWL genes,



Transformation of M. grisea was performed as described
previously (Kang et al. 1994). Co-transformation, in which
unselected plasmid containing PWL gene sequences was co-
transformed along with the selected plasmid carrying the
HPH gene conferring resistance to hygromycin B, was de-
scribed in Sweigard et al. (1995). Both transformation proce-
dures result in >50% nonpathogenic transformants with an
active PWL gene. Escherichia coli DH50. was used for main-
taining plasmids (Hanahan 1983). Infection assays on weeping
lovegrass were performed as described (Sweigard et al. 1995).

DNA analyses.

Genomic DNAs of M. grisea were prepared from mycelia
grown in complete media (Valent et al. 1986) as described
(Hamer et al. 1989) except that DNA was purified by CsCl
gradient centrifugation. The A phage DNA was prepared us-
ing the plate lysate method (Sambrook et al. 1989). Southern
analysis was performed with Hybond-N membrane as rec-
ommended by the manufacturer (Amersham, Arlington
Heights, IL). Labeled DNA probes were prepared by random
priming (Feinberg and Vogelstein 1983). All nucleic acid hy-
bridizations were conducted at 65° C in 6x SSPE (1 x SSPE
is 0.15 M NaCl, 10 mM NaPO,, and 1 mM EDTA [ph 7.4]),
0.5% sodium dodecyl sulfate (SDS), and 5x Denhardt’s solu-
tion (Sambrook et al. 1989). The blots were subsequently
washed twice with 2x SSPE and 0.1% SDS for 30 min each
at 65°C. Membranes in Figure 1A-D were probed with the 1-
kb Hpal fragment containing the PWL2 gene (Sweigard et al.
1995). However, patterns identical to those in Figure 1 were
obtained using only PWL2 coding sequences as a hybridiza-
tion probe, ruling out the possibility that the 1-kb Hpal frag-
ment contains a low copy repetitive DNA sequence in addi-
tion to the PWL2 gene (data not shown). Computer analyses
of the sequences were carried out with programs from the
University of Wisconsin Genetics Computer Group (Dever-
eux et al. 1984) and Lasergene (DNASTAR, Madison, WI).
The GenBank accession numbers for the PWLI, PWL3, and
PWIA4 sequences are U36923, U36995, and U36996, respec-
tively.

Clones containing the PWL2 homologs were isolated from
genomic DNA libraries of K76-79 and WGG-FA40 con-
structed using the AGEM12 vector (Promega, Madison, WI).
High molecular weight genomic DNA was partially digested
with Mbol to result in an average size of 15 kb. To fill-in the
first two nucleotides of the 5° overhangings generated by
Mbol, partially digested genomic DNA was treated with DNA
polymerase I large fragment in the presence of dATP and
dGTP. Partially filled-in genomic DNA (1 pg) was ligated to
the same amount of AGEM12 vector arms that were partially
filled-in following Xhol digestion. Gigapack II Gold packag-
ing extract was used for packaging the A library as instructed
by the manufacturer (Stratagene, La Jolla, CA). The titers of
the K76-79 and WGG-FA40 libraries were 1.7 x 10° and 1.5
x 10° PFU/ml, respectively. The libraries were screened as
described previously (Sambrook et al. 1989).

Construction of chimeras between the coding sequence of
the PWL3 or PWL4 gene and the promoter of the PWLI or
PWL2 gene.

The oligonucleotides used to amplify the PWLI and PWL2
promoters are shown in Table 4. These oligos contain one to

Table 4. Oligonucleotides used in this study

Name Sequence®

P1-1 5’-TGCTCTTGGTACCGCGCTTGTG-3’
P1-2 5’-TTAATCGATGGTTTTTGGAAC-3’

P2-1 5’-ACGGGGTACCGCGTCAGTGAAC-3’
P2-2 5’-AAAAAGATCGATTTTCCGAGCT-3
P3-1 5"-ATTACATCGATAAATTTCTTGACA-3'
P3-2 5’-CGGTTCCCGCGGCAATCGACG-3’

? Nucleotide(s) added to create a new restriction site are italicized. The
resulting restriction site is underlined.

three extra nucleotide(s) in the middle in order to produce a
Kpnl site at the 5" end of the promoter and a Clal site at the 3’
end of the promoter after PCR (see Table 4). The PWLI pro-
moter region (sequences between 51 and 765; see Figure 3)
was amplified with the oligos P1-1 and P1-2 in 50 pl of PCR
mixture (80 mM Tris-HCl, pH 9, 20 mM NH,SO,, 1.5 mM
MgCl,, each dNTP at 0.15 mM, 0.1 pg of each primer, and 1
unit of Tag polymerase) using the GeneAmp PCR system
9600 (Perkin-Elmer Cetus, Norwalk, CT). The mixture was
subjected to 1 cycle of amplification at low annealing tem-
perature (1 min at 94°C, 1 min at 40°C, and 1 min at 72°C)
followed by 25 cycles of amplification at a higher annealing
temperature (40 s at 94°C, 1 min at 55°C, and 1 min at 72°C)
and a final 3 min extension at 72°C. The 848 bp PWL2 pro-
moter region (Sweigard et al. 1995) was amplified using the
oligos P2-1 and P2-2 under the same conditions described
above. Amplified DNA was digested with Kpnl and Clal,
separated on a 0.7% agarose gel, and the expected size frag-
ment was eluted. The eluted DNA was cloned into pCB1004
(Carroll et al. 1994) resulting in pWL1P containing the PWL]
promoter and pWL2P containing the PWL2 promoter. The
OREF and 3’ flanking sequences of the PWL3 and PWL4 genes
were amplified using P3-1 and P3-2 (see Table 4) as de-
scribed above. These oligos were designed to produce a Clal
site and a Sacll at the 5" end and 3’ end, respectively, of am-
plified PWL3 and PWL4 coding sequences. Amplified DNA
was digested with Clal and Sacll and was cloned into the
Clal-Sacll-digested pWLI1P and pWL2P plasmids. The re-
sulting constructs were sequenced to confirm that no muta-
tions were generated by PCR.
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