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Figure 8. Sequence Difference in pw/2-2 Responsible for Lack of
Activity.

Diagrammatic representation of the sequence differences in the 2.3-kb
Kpnl-Mlul clones containing the PWL2 and pw/2-2 genes cloned from
4392-1-6 (pCB791, black bar) and 4224-7-8 (pCB822, white bar), respec-
tively. DNA sequences in pCB791 and pCB822 differ in that pCB791
has three copies of the 47-bp repeat (3), whereas pCB822 has two
copies (2). The sequences also differ by a single base pair (G or A).
The hybrid constructs pCB825 and pCB826 separate the two sequence
differences at the lone Apal site. All plasmids were transformed into
strain 4091-5-8. The ratios of nonpathogenic transformants per total
transformants are given below.

4392-1-6, subcloned as pCB791, did contain the active PWL2
gene as expected (Figure 8).

The nucleotide sequence of the pw/2 allele in pCB822, here-
after named pw!2-2, was determined. The sequence of this
nonfunctional allele was identical to the sequence of the func-
tional clone (Figure 6) for base pairs 1 to 1149, with three
exceptions: (1) nucleotides 340 to 390, part of the 47-bp repeat,
were deleted in the pw/2-2 sequence, and this deletion left the
4224-7-8 gene with two copies of the 47-bp repeat; (2) nucleo-
tide 857, a G residue in PWL2, was an A residue in pw/2-2;
and (3) nucleotide 1076, an A residue in PWL2, was a G resi-
due in pvv/2-2. This latter change occurred in the 3' untranslated
region of the gene but within three of the four sequenced
cDNAs.

The identity of nucleotide 1076 does not appear to be criti-
cal for gene function, because plasmid pCB789, which lacks
sequences downstream of nucleotide 1071, was fully functional.
To determine whether either the 50-bp deletion or the single
base pair change at nucleotide 857 was responsible for the
lack of function of pw/2-2, chimeric constructs were made be-
tween pCB791 and pCB822 using the single Apal site as a
division point. As shown in Figure 8, plasmid pCB825, which
contains the single base pair change and not the deletion, failed
to produce nonpathogenic transformants. In contrast, pCB826,
which contains the deletion but lacks the single nucleotide
change, produced large numbers of nonpathogenic transfor-
mants. This result suggests that the G-to-A transition in pw/2-2
is responsible for the lack of function of this allele.

Origin, Mutational Events, and Distribution of PVVL2

DNA gel blot analysis confirmed the hypothesized origin of
the PWL2 gene from the rice pathogen Guy11, isolated from
the field in French Guiana (Figure 7). The gene that we cloned

from strain 4392-1-6 was inherited from Guy11 via 6043, ei-
ther 4360-17-1 or 4360-R-12, and 4375-R-6 (Figure 1). Strain
2539 contained no apparent homology with PWL2 under these
hybridization conditions (Figure 7, lane 9). Spontaneous mu-
tations occurring in laboratory studies of strain 6043 and
progeny of crosses 4360 and 4375 all involved deletion of the
PWL2 gene (data not shown). DNA gel blot analysis during
chromosome walking experiments suggested that the dele-
tions were large, on the order of 30 kb, and that different deletion
events occurred in different parental strains (see Figure 2B).

The distribution of sequences homologous with PWL2 in
strains isolated from Oryza spp, including commercial rice
varieties and wild rices, was analyzed by DNA gel blot hybrid-
ization, and the pathogenicity of each rice pathogen toward
weeping lovegrass was determined (Figure 9 and Table 4).
Twenty-six of the 27 additional field isolates examined contain
sequences strongly homologous with the PWL2 gene from
Guy11. Twenty-four of these field isolates failed to infect weep-
ing lovegrass, suggesting that they might contain active PWL2
genes. The only rice pathogen we tested (O-142) that lacked
sequences homologous with PWL2 produced extreme disease
symptoms on weeping lovegrass. The hybridization results
demonstrated that the PWL2 locus is highly polymorphic among
rice pathogens of diverse geographic origin.
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Figure 9. DNA Gel Blot Analysis of Rice Pathogens from Diverse Geo-
graphic Regions.

Genomic DMAs were digested with EcoRI. The blot was hybridized
with the 1-kb Hpal fragment containing PWL2. Positions of molecular
length markers (in kilobases) are indicated at the right. Lane 1 con-
tains DNA from O-256; lane 2, O-250; lane 3, O-231; lane 4, O-222;
lane 5,0-220; lane 6,0-190; lane 7,0-188; lane 8,0-172; lane 9,0-142;
lane 10,0-70; and lane 11, O-42. Lane 9 contains equivalent amounts
of DNA. See Table 4 for the origin of strains.
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Table 4. Survey of M. grisea Field lsolates from Oryza spp for 
the Ability To lnfect Weeping Lovegrass and Presence of DNA 
Sequences Homologous with PWL2 

WLGa PWL2 
Country of Path- Homo- 

lsolate Host Origin ogen logy 

Ken60-19 O. sativa 
0-27 O. sativa 
0-42 O. sativa 
0-70 O. sativa 
0-135 O. sativa 
0-1 37 O. sativa 
0-1 42 O. sativa 
0-1 72 O. sativa 
0-188 O. sativa 
0-1 90 O. sativa 
0-21 9 O. sativa 
0-220 O. sativa 
0-222 O. sativa 
0-224 O. sativa 
0-225 O. sativa 
0-230 O. sativa 
0-231 O. sativa 
0-250 O. sativa 
0-256 O. sativa 
0-258 O. sativa 
0-261 O. sativa 
0-31 2 O. glaberrima 
0-31 3 O. glaberrima 
0-314 O. glaberrima 
0-315 O. longistaminata 
0-316 O. longistaminata 

Japan 
USA 
Japan 
Philippines 
China 
China 
China 
USA 
USA 
Korea 
lvory Coast 
Ghana 
Guinea 
Nigeria 
Philippines 
Philippines 
Philippines 
lndia 
South Africa 
EgYPt 
Nepal 
Burkina Faso 
lvory Coast 
Senegal 
Cameroon 
Senegal 

No 
No 
No 
No 
Yes 
No 
Yes 
No 
No 
Yes 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 

0-318 O. longistaminata lvory Coast No 

Y es 
Yes 
Yesb 
Yesb 
Yes 
Yes 
Nob 
Yesb 
Yesb 
Yesb 
Yes 
Yesb 
Yesb 
Yes 
Yes 
Yes 
Yesb 
Yesb 
Yesb 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

a Weeping lovegrass pathogen 
lncluded in Figure 9. 

DISCUSSION 

The molecular mechanisms that determine host species spec- 
ificity in fungal-plant pathogen systems are poorly understood. 
We initiated research in this area using an emerging model 
system for pathogenesis, the rice blast fungus. A genetic cross 
between pathogens of rice identified a gene, PWLP, that con- 
trols specificity toward a host, weeping lovegrass, from a 
different grass species. Avirulence genes that control rice cul- 
tivar specificity were also segregating in this cross (B. Valent, 
L. Farrall, and F.G. Chumley, unpublished results). The cloned 
PWLP gene resembles classical avirulence genes (Keen, 1990; 
Long and Staskawicz, 1993) in two major respects. First, PWLP 
is highly specific. Expression of PWLP plays a major role in 
blocking pathogenicity toward weeping lovegrass without al- 
tering pathogenicity toward rice and barley. Second, PWLP is 
dominant: the expression of the gene confers the nonpatho- 
genic phenotype. PWLP functions to confer nonpathogenicity 

even in a strain, 4224-7-8, that contains a virulent allele of the 
gene. 

Subcloning, in vitro mutagenesis, and cDNA characteriza- 
tion suggest that PWLP corresponds to ORF3 (Figures 4 and 
6) and encodes a protein with 145 amino acids. This conclu- 
sion is also supported by sequences of PWLP homologs, 
including the genetically identified PWL7 gene, cloned from 
M. grisea strains that infect grasses other than rice (S. Kang, 
J.A. Sweigard, and B. Valent, submitted manuscript). The 
amino acid sequence of the probable PWLP gene product gave 
no clues about gene function. The difference in function 
between the PWLP gene and the one pathogenic allele charac- 
terized so far, thepwl2-2 gene from laboratory strain 4224-7-8, 
appears to be due to a single base pair change. The amino 
acid sequence DKS in the PWLP gene product becomes NKS 
in the pw12-2 gene product, creating a signal sequence for 
glycosylation. It is not known, however, whether the reduced 
activity of the protein from 4224-7-8 is due to glycosylation. 

A putative signal peptide suggested that the protein encoded 
by the PWLP gene may have an extracellular location. If the 
PWLP gene product is extracellular, then one model, the elici- 
torheceptor model (Albersheim and Anderson-Prouty, 1975), 
would predict direct recognition of the protein by weeping 
lovegrass leading to a hypersensitive response and resistance. 
Preliminary attempts to demonstrate that the PWLP gene prod- 
uct, as produced in Escherichia coli, acts as a direct elicitor 
of hypersensitive resistance when infiltrated into weeping 
lovegrass tissue have not been successful (J.A. Sweigard, un- 
published results). If, indeed, the PWLP gene product did not 
act as a direct elicitor, its mode of action would differ from that 
of the other cloned funga1 avirulence genes, avr4 (Joosten et 
al., 1994) and avr9 (van den Ackerveken et al., 1992), from 
Cladosporium fulvum. These genes encode elicitors of hyper- 
sensitivity in tomato. A lack of direct elicitor activity would also 
differentiate PWLP from the elicitins, host species-specific eli- 
citors of necrosis in tobacco produced by Phytophfhora spp 
(Kamoun et al., 1993), and from the putative avirulence gene 
nip7 from the barley pathogen Rhynchosporium secalis (Knogge 
et al., 1994). 

The virulent allele from the laboratory strain 4224-7-8 was 
presumably derived from one of severa1 field isolates in its 
genetic background. In our subsequent survey of field isolates, 
two of 27 strains in Table 4 (0-135 from China and 0-190 from 
Korea) might contain virulent PWLP alleles. Cloning these al- 
leles will determine whether the virulence phenotype is due 
to sequence differences at the PWLP locus or to unrelated sup- 
pressor functions. Although all spontaneous pw12- mutants 
examined in our laboratory had deletions of the PWLP gene, 
only one field isolate among those we surveyed lacked DNA 
sequences strongly homologous with PWLP. 

A few of the cloned bacterial avirulence genes appear to 
have an effect on pathogenic fitness in addition to controlling 
host specificity (Long and Staskawicz, 1993; Lorang et al., 
1994). Spontaneous deletion of the PWLP gene in the strains 
we studied had no apparent effect on fitness under laboratory 
conditions. Unless PWLP provides an unknown fitness 
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component under field conditions, we would have expected 
deletion of PWLP to occur in rice pathogens in nature. More 
extensive surveys of rice pathogen populations worldwide sup- 
port our preliminary finding that most rice pathogens in the 
field have one or more copies of the PWLP gene (Zeigler et 
al., 1995; M. Levy, A.K.M. Shahjahan, and B. Valent, unpub- 
lished results). Rare rice pathogens that lack homology with 
PWLP may contain other PWL homologs (S. Kang, J.A. 
Sweigard, and B. Valent, submitted manuscript). The wide- 
spread occurrence of PWLP in field isolates suggests that the 
gene may not be totally gratuitous under field conditions. Texas 
would be an interesting geographic location in which to test 
this hypothesis; there, weeping lovegrass is grown as a for- 
age crop close to cultivated rice. The rice-pathogen-specific 
repetitive DNA probe MGR586 (Hamer et al., 1989) provides 
a valuable fingerprinting tool for determining whether weep- 
ing lovegrass pathogens in this area are rice pathogens that 
have lost the function of P W L P  or whether they are a completely 
distinct pathogen population. 

The frequencies of mutation to pw/2- in various M. griesa 
laboratory strains are difficult to estimate due to difficulties 
in estimating the number of cell divisions during growth of a 
filamentous fungus and in quantifying inoculum efficiencies in 
infection assays. Spontaneous pw12- mutants are easily iso- 
lated from nonpathogenic 4360 and 4375 progeny. In several 
independent experiments, inoculation with 2 x 105 spores 
from a nonpathogen produced from one to six susceptible le- 
sions on weeping lovegrass. Not more than half of the spores 
misted onto the plants actually land on plant tissue. Typical 
low inoculum efficiencies suggest that 4% of the pathogenic 
spores that actually land on plant tissue develop into lesions. 
This leads to a very rough estimate of the mutation frequency 
at 142 x 105 x 0.5 x 0.011 = 10-3. Estimates of mutation fre- 
quencies between 10-3 and 10-4 in the 4360 and 4375 
progeny are probably reasonable. ldentifying mutations in strain 
6043 requires screening larger numbers of conidia, suggest- 
ing that the mutation frequency in this strain is somewhat lower. 
Our inability to isolate mutants from strain Guyl l  might indi- 
cate that the gene is more stable in Guyl l ,  or it might indicate 
that the inability of Guy l l  to infect weeping lovegrass is due 
to more than just the presence of PWLP. Gene disruption strate- 
gies to answer this question are now possible. 

Deletion of the PWL2 gene and surrounding sequences in 
our laboratory strains might have been due to homologous 
recombination between flanking repetitive DNAs. The genomic 
region near PWLP is rich in both high-copy and low-copy 
repeated DNAs. Cosmids identified during the chromosome 
walking studies contain DNA homologous with four previously 
identified repetitive DNA sequences: MGR583, MGR586, 
MGR608 (Hamer et al., 1989), MGR619 (J.E. Hamer, F.G. 
Chumley, and B. Valent, unpublished data), and a new repeat, 
MGR768 (S. Kang, J.A. Sweigard, and B. Valent, unpublished 
data). Homology with several low-copy repeat sequences (for 
example, see Figure 2A) mapped to several different locations 
in the genome, often near chromosome tips and/or other aviru- 
lence genes. Cloning of deletion end points will be required 

to understand whether these or other repetitive DNA sequences 
are involved in deletion formation. 

Some bacterial avirulence genes (Whalen et al., 1988,1991; 
Kobayashi et al., 1989; Fillingham et al., 1992; Swarup et al., 
1992) can also function as host species specificity genes. When 
these genes are moved into other bacterial species or patho- 
vars, transformants become avirulent toward the new plant 
species. For example, Fillingham et al. (1992) showed that 
strains of the pea pathogen Pseudomonas syringae pv pisi, 
harboring avrPph3 from the bean pathogen /? syringae pv 
phaseolicola, were avirulent toward all pea cultivars tested. 
Likewise, strains of the bean pathogen, harboring avrPpi2 from 
the pea pathogen, were avirulent toward bean cultivars, with 
some specificity for type of resistance induced in different bean 
cultivars. 

Host specificity mechanisms in M. grisea appear complex. 
Not all examples of differences in host species specificity in 
this system segregate as single genes with major effects on 
pathogenicity phenotypes (Valent et al., 1991). Genetic analy- 
sis showed that a weeping lovegrass pathogen, 4091-5-8, differs 
from a rice pathogen, 0-135, by several genes that have a role 
in the infection of rice. Unlike results in crosses involving only 
avirulence genes, many progeny in these crosses produced 
intermediate-sized lesions on rice. The results were consis- 
tent with segregation of several minor genes that individually 
have small effects on lesion size. In this particular case, the 
polygenic segregation of host species specificity determinants 
appeared superimposed on the segregation of avirulence 
genes from the weeping lovegrass pathogen that are effec- 
tive against specific rice cultivars. 

Determining whether PWLP corresponds to a single domi- 
nant resistance gene in weeping lovegrass requires a search 
for naturally occurring host variants that are susceptible to 
PWLP-containing strains or a mutational analysis of weeping 
lovegrass to isolate susceptible variants. Alternatively, one 
could transform PWLP into M. grisea strains with diverse host 
specificities to assess its effects on a range of plant species 
ora range of rice cultivars. This would determine whether PWLP 
might correspond to a resistance gene in particular varieties 
of rice or some other agronomically important grass. 

There is increasing evidence that some plant resistance to 
pathogens may involve related mechanisms in diverse plant 
species. For example, bacterial avirulence genes have identi- 
fied plant resistance homologs in species as diverse as 
Arabidopsis, bean, pea, and soybean (Dangl et al., 1992; lnnes 
et al., 1993). Also, cloned resistance genes such as the /? syrin- 
gae resistance gene of tomato, Pto, hybridize to sequences 
in a variety of plants (Martin et al., 1993). If PWLP corresponds 
to a resistance gene in weeping lovegrass or some other host 
plant, eventually one might be able to identify this gene by 
its homology with a previously cloned resistance gene. 

Can knowledge about a funga1 gene conferring disease 
specificity to a relatively insignificant forage grass provide any 
practical utility in producing rice cultivars with resistance to 
blast? Because almost all M. grisea rice pathogens have PWLP,  
a corresponding weeping lovegrass resistance gene might 
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become a good broad-spectrum source of resistance in rice. 
In the meantime, development of a molecular understanding 
of host species specificity in the rice blast system may help 
to engineer stable resistance in agronomically important crop 
plants. 

METHODS 

Fungal Strains, Transformation, and Culture Conditions 

Fungal strains are described in Tables 1 and 4. Genetic crosses are 
diagrammed in Figure 1. The rice pathogen Guyll was generously 
provided by J.L. Notteghem (Centre de Coopération lnternationale en 
Recherche Agronomique pour le DBveloppemenUCA, Montpellier, 
France), and laboratory strains 6043 and 2539 were generously 
provided by H. Leung (Washington State University, Pullman, WA). 
The weeping lovegrass pathogens 4091-5-8, CP987,0-135, and 4224- 
7-8 were used as recipients in transformation studies. 

Media used in this study have been described previously (Sweigard 
et al., 1992; Talbot et al., 1993). Transformation was performed as de- 
scribed previously (Sweigard et al., 1992), except that 20% (wh) sucrose 
was substituted for 1 M sorbitol after cell wall digestion. When cotrans- 
formation was performed, the unselected plasmid was used in fivefold 
excess (by weight) of the selected plasmid carrying the gene (HPH) 
conferring resistance to hygromycin B. Generally, cotransformation ex- 
periments gave nearly identical results to transformation experiments 
with plasmids, such as pCB805, that contain both HPH and the weeping 
lovegrass specificity gene PWLP. Typically, <100% of transformants 
express the nonselected phenotype. 

Bacterial Strains, Cosmids, and Plasmids 

Strains DH5a (Hanahan, 1983) and JMllO (Yanisch-Perron et al., 1985) 
of Escherichia co/i were used for subcloning. Recombinant plasmids 
were made using pSL1180 (Brosius, 1989), pBC SK+ (Stratagene), 
pBluescript II KS+ (Stratagene), and pUC18 (Yanisch-Perron et al., 
1985). A plasmid, pCB725, constructed to permit selection for hygromy- 
cin B resistance, was made by ligating the Sall-Mlul fragment of pCSN43 
containing HPH (Staben et al., 1989) into the XhoCBssHll sites of 
pSL1180. A similar plasmid, pCB819, was made by ligating the same 
fragment into the Sall-BssH11 sites of pCB818. Plasmid pCB818 is 
pUCl3Cmr (Buckley, 1985), with the polylinker of pSL1180 replacing 
the original polylinker. Most of the plasmids containing PWLPorpw12-2 
are listed in Table 3. For those plasmids with restriction site modifica- 
tions, the modified site was verified by loss of the restriction site as 
well as DNA sequencing. 

Cosmid clones (designated COS; for example, cos222) were isolated 
from a random cosmid library constructed in pArc (F.G. Chumley, un- 
published results) containing insert DNA from the weeping lovegrass 
pathogen 4091-5-8. The "A" cosmid library was constructed in pMOcosX 
(Orbach, 1994) using DNA from strain 4392-1-6, which was constructed 
to contain severa1 avirulence genes (B. Valent, unpublished results). 
Clones from this library were stored individually in 96-well microtiter 
plates and named according to their location in these plates. For ex- 
ample, A12G1 represents the cosmid clone from plate 12, row G, column 
1. A library of DNA from 4224-7-8 constructed in vector lGEMll was 
generously supplied by M.J. Orbach (University of Arizona, Tucson, AZ). 

Genetic Crosses, lnfection Assays, and lsolation of Mutants 

Genetic crosses and infection of rice and barley were performed as 
described previously (Valent et al., 1991; Kang et al., 1994). lnfection 
assays with weeping lovegrass were performed with pots containing 
-30 plants from 2 to 3 weeks old. Humidity in the incubation cham- 
bers was maintained below 85% to inhibit sporulation and subsequent 
reinoculation of the plants. The plants had two or three leaves each. 
The leaves of these plants were narrow (1 to 3 mm) but relatively long 
(8 to 10 cm), curving downward -3 cm from the tip. In interactions 
that we have termed pathogenic, ali inoculated leaf tissue dies. Be- 
cause the leaves continued to grow after inoculation, the top 4 to 6 
cm of inoculated leaves from all plants were shriveled and brown 3 
to 4 days after inoculation. This pathogenic phenotype is easily distin- 
guished from nonpathogenic phenotypes by the extreme differences 
in growth of the plants (Figure 3). Among nonpathogenic interactions, 
a range of phenotypes has been found. One extreme shows no visi- 
ble symptoms. The most severe reaction shows multiple small brown 
flecks and an occasional withered leaf. This flecking is frequently con- 
centrated near the curve in the leaf, where droplets often collect after 
misting with the conidial suspensions. Multiple infection sites at this 
point appear to lead to the occasional withered leaf seen in the non- 
pathogenic interaction. Because of the potential for infection phenotype 
misscoring due to the genetic instability of the PWL2 gene, infection 
assays used for mapping of the PWLP gene were repeated four and 
sometimes five times. 

The first spontaneous mutants were discovered in an effort to char- 
acterize fully pathogenic lesions that occasionally occur after inoculation 
with a nonpathogenic strain. For example, CP920 (Table 1) was iso- 
lated after inoculation of one pot of plants with 200,000 spores of 
strain 4360-17-1 yielded six fully pathogenic lesions. A single conidial 
culture taken from one of these lesions was stored in a nonmetaboliz- 
ing state as described previously (Valent et al., 1991). Most inoculations 
with strain 4360-17-1 produced such rare lesions, and in all cases tested, 
mutants were identified. We retained only one mutant per purified non- 
pathogenic culture to ensure independence. CP987 was derived from 
strain 4360-17-1 by a two-step process. The pv12- mutant was derived 
from strain CP917, which is a spontaneous mutant of strain 4360-17-1 
that had lost the function of AVRP-YAMO, an avirulence gene that pre- 
vents infection of rice cultivar Yashiwmochi (Valent and Chumley, 1991). 
Although mutants of strain 6043 were not found in every inoculation, 
such mutants could be isolated with relatively little effort. For exam- 
ple, in one experiment, 29 independent cultures were each inoculated 
on pots of weeping lovegrass at an inoculum rate of 2 x 106 conidia 
per pot. Two of these inoculations produced rare lesions that identi- 
fied pw/T mutants. 

Nucleic Acid lsolations and Analyses 

Enzymes for the restriction, ligation, and modification of DNA were 
purchased from Bethesda Research Laboratories or New England Bio- 
labs (Boston, MA) and used according to the manufacturers'directions. 
lsolation of funga1 genomic DNA and bacterial plasmids, oligonucleo- 
tide labeling of probes, gel electrophoresis, gel blotting, and blot 
hybridization analysis were performed as described previously 
(Sweigard et al., 1990,1992). Nucleotide sequences were determined 
using the method of Sanger et al. (1977). 
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Cloning of PWLP 

Chromosome walking was initiated in the cosmid A library produced 
from strain 4392-1-6 (Figure 1). 60th cosmids that mapped near PWL2 
contain abundant, highly repetitive DNA. Therefore, low-copy-number 
restriction fragments were identified by gel blot analysis using labeled 
genomic DNA as a hybridization probe. Strongly hybridizing bands 
were considered to have repeated DNA and were avoided. Low-copy- 
number sequences were analyzed by gel blot analysis with genomic 
DNAs from wild-type strains and pw12- mutants, and homologous 
bands were mapped. Those that we examined appeared to identify 
DNA from severa1 different regions of the fungal genome. A 10-kb Xhol 
fragment from cosmid A10H8 identified seven distinct BamHl bands 
by gel blot analysis (data not shown); four of these were present in 
both restriction fragment length polymorphism (RFLP) mapping par- 
ents. Three bands segregated in the mapping population-one to the 
PWL2 locus on linkage group 2c (LG2c), one to the AVR2-YAMO locus 
at the opposite telomere of LG2c, and one with cos72 on LG1 (Sweigard 
et al., 1993). A 7-kb EcoRl fragment from cosmid A41612 hybridized 
to at least six EcoRl bands (Figure 2A) and eight Hindlll fragments. 
Individual fragments mapped to the PWL2 locus on LG2c, to the AVRL- 
YAMO locus at the opposite telomere of LG2c, near the cos246 locus 
on LGPb, and near one telomere of LG2a. Thus, only a subset of the 
cosmids identified by homology to these sequences was derived from 
the PWL2 genomic region. Three of a total of 44 cosmids identified 
in this analysis were active in transforming a weeping lovegrass patho- 
gen into a nonpathogen. 

The PWLP gene was subcloned as follows. Plasmids containing re- 
striction fragments at the edges of the cosmid inserts were produced 
by digestion of cosmids A1A7 and A13E5 with enzymes lacking re- 
striction sites within the vector followed by religation. In this manner, 
the PWL2 gene was subcloned on an 11-kb Xhol-Notl fragment from 
A13E5, with the Xhol site originating from the genomic insert and the 
Notl site originating from the vector. This subclone was designated 
pCB775 (Figure 4A and Table 3). To localize the PWLP gene further, 
cotransformation of CP987 with restriction digests of pCB775 and a 
plasmid containing HPH showed that digestion with Sall, Mlul, Bglll, 
Hpal, and BamHl did not eliminate PWL2 activity, suggesting that these 
restriction sites do not occur in critical gene sequences. Digestion of 
plasmid DNA with Hindlll, however, eliminated activity. Various sub- 
clones of pCB775 were then constructed and tested. Plasmid pCB789, 
containing the central I-kb Hpal fragment (Figure 48) in the EcoRV 
site of pBC SK+, retained full activity. 

cDNA Cloning 

RNA was isolated by the single-step guanidinium hydrochloride method 
(Ausubel et al., 1987) from 5 g of barley leaves 40 hr after inoculation 
with a transformant, CP2115, containing the PWLP gene. Ten to 15 barley 
plants were inoculated with six million conidia. Reverse transcrip- 
tion-polymerase chain reaction (RT-PCR) was performed as described 
by Frohman et al. (1988) using 2.5 pg of total RNA. An initial round 
(40 cycles) of PCR was performed using a rapid amplification of cDNA 
ends (RACE) primer and oligonucleotide 22 (B’-CAATTAAGCTCGGAA- 
AATCTC-3’) or 28 (5’-CTTATTATGGTCCCGGGTG-3’). An aliquot of this 
product (1% of the total) was then reamplified for 25 cycles using the 
RACE adapter and oligonucleotide 14 (5’-TAAAAGGATCCAAATGAA- 
ATGCAACAAC-3’; BamHl site underlined) or 27 (5‘-GATAAAATCTTC- 
ACAGCTCCC-3’). The RACE adapter/oligonucleotide 14 product was 

cut with Sal1 and BamHl and ligated into pSL1180. The RACE adapter/ 
oligonucleotide 27 product was treated with the Klenow fragment of 
DNA polymerase I, cut with Sall, and then ligated into the Sall-Smal 
site of pBluescript II KS+. Other primers relevant to mRNA detection 
were primers 5 (5’-GGATGGTACGGGTTCATG-3’),7 (5’-GCCCTCTCT- 

GCGACGGATATTATGG-37, and 10 (5‘-CCTGATGATCAGGGCCTAG-3’). 
The relative positions of these oligonucleotides are indicated in Fig- 
ure 48. 

TTCGCCTTTGT-3’), 8 (5’-CATATACAATAAGGGGTTGGC-3’), 9 (5’- GGG- 

Site-Directed Mutagenesis 

Mutations were made using megaprimer mutagenesis (Aiyar and Leis, 
1993). The potential translation initiation codons at nucleotides 590 
and 532 (Figure 48) were mutated to ATT using the oligonucleotides 
40 (5’-AnAAATGCAACAACATCATCC-3’) and 41 (5’-TTTTTTATTC- 
AGAATTACAA-33, respectively. The underlined nucleotides correspond 
to the mutations being introduced. The megaprimers were produced 
using 20 PCR cycles and the following primer combinations: 
T3/oligonucloetide 40, T3/oligonucleotide 41, and T7/oligonucleotide 
7. The products of the mutant oligonucleotide reaction were then puri- 
fied by gel electrophoresis, mixed with the purified T7/oligonucleotide 
7 product, and amplified through 20 cycles using the T3 and T7 primers. 
The reaction products were cut with Sal1 and BamHl and ligated into 
the Sall-Bglll sites of pCB725. lncorporation of the expected mutation 
was verified by sequencing. 
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