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Abstract Milo disease in sorghum is caused by isolates
of the soil-borne fungus Periconia circinata that produce
PC-toxin. Susceptibility to milo disease is conditioned by a
single, semi-dominant gene, termed Pc. The susceptible
allele (Pc) converts to a resistant form (pc) spontaneously
at a gametic frequency of 10¡3 to 10¡4. A high-density
genetic map was constructed around the Pc locus using
DNA markers, allowing the Pc gene to be delimited to a
0.9 cM region on the short arm of sorghum chromosome 9.
Physically, the Pc-region was covered by a single BAC
clone. Sequence analysis of this BAC revealed twelve gene
candidates. Several of the predicted genes in the region are
homologous to disease resistance loci, including one NBS-
LRR resistance gene analogue that is present in multiple
tandem copies. Analysis of pc isolines derived from Pc/Pc

sorghum suggests that one or more members of this NBS-
LRR gene family are the Pc genes that condition suscepti-
bility.

Introduction

Plant responses to potential pathogens are frequently gov-
erned by speciWc interactions between elicitor compounds
secreted by the pathogen and plant resistance gene prod-
ucts. Although the known pathogenic elicitors represent a
wide assortment of compounds, most resistance genes can
be classiWed into a few well-deWned groups (Nimchuk et al.
2003). Many of these resistance or R genes provide gene-
for-gene type resistance, wherein the dominant R gene and a
speciWc pathogen avirulence (avr) gene are needed to initiate
a signal transduction process that elicits a hypersensitive
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resistance response in the host. Many R genes encode NBS-
LRR proteins that are composed of three major structural
features: a nucleotide binding site (NBS), a leucine-rich
repeat (LRR) domain and either a coiled-coil (CC) or a
Toll-interleukin receptor (TIR) domain at their N-termini.

Some pathogenic fungi secrete phytotoxins that selec-
tively damage speciWc plant genotypes. These host-selec-
tive toxins are structurally quite diverse, including several
classes of low-molecular-weight metabolites or proteins
(Wolpert et al. 2002). Very little is known about toxin
resistance genes in plants. In contrast to the R genes, the
known genes conferring toxin resistance are highly variable
in their genetic and molecular properties. The HM1 gene
confers resistance against the HC-toxin produced by the
pathogen Cochliobolus carbonum in maize (Zea mays L.).
It encodes a carbonyl reductase that directly inactivates the
toxin molecule (Johal and Briggs 1992; Meeley and Walton
1991). The fungal AAL-toxin inhibits the tomato sphinga-
nine N-acyltransferase, an enzyme involved in sphingolipid
metabolism. The corresponding resistance gene (Asc-1),
probably as part of an enzyme complex, is involved in
sphingolipid metabolism and is insensitive to AAL-toxin
action (Brandwagt et al. 2000; Spassieva et al. 2002). The
mitochondrial gene T-Urf13 exists only in the maize lines
carrying the T male-sterile cytoplasm and causes sensitivity
to the T-toxin of C. heterostrophus. The T-Urf13 gene
product is a transmembrane protein that conditions mem-
brane leakage upon exposure to the T-toxin (Levings et al.
1995).

In the 1920s, a new disease of sorghum (Sorghum
bicolor (L.) Moench), termed milo disease, arose and
became the major threat to sorghum production in the US
(Leukel 1948). However, resistant individuals arose sponta-
neously and frequently in susceptible populations. Schertz
and Tai (1969) established that one mutation to resistance
occurred in every 7876 gametes in at least one sorghum
genetic background. They also found that susceptibility is
controlled by the single, semi-dominant locus designated
Pc. The causal agent of milo disease is Periconia circinata
(Mangin) Sacc., a soil-borne saprophytic fungus (Leukel
1948) that produces two phytotoxic chlorinated polyketide
peptides, peritoxin A and B (Macko et al. 1992), referred to
as PC-toxin. PC-toxin alone is suYcient to produce the
symptoms of milo disease in susceptible genotypes of sor-
ghum (Wolpert and Dunkle 1983). Typically, infection by
PC-toxin-producing strains of P. circinata causes dark red
discoloration on the roots and crown. The leaves become
chlorotic and eventually necrotic. Panicles of infected sus-
ceptible plants produce little or no grain. An early sign of
infection is inhibition of seedling root development. Root
growth inhibition of germinating seeds has been applied as
a bioassay for characterizing sorghum Pc genotypes (Dun-
kle 1979).

PC-toxin induces several physiological changes in sus-
ceptible plant cells (reviewed in Dunkle and Macko 1995),
including an increase in the synthesis of a group of low
molecular weight proteins, electrolyte leakage and chromo-
some condensation. Resistant genotypes exhibit none of the
toxin-induced symptoms or biochemical responses. How-
ever, the primary mode of action for PC-toxin remains to be
determined. The ultimate goal of our investigations is to
characterize the Pc gene and determine the molecular
mechanism of the spontaneous mutations from susceptibility
to resistance. In the present work, we develop a high-reso-
lution genetic map of the Pc locus and identify potential
gene candidates in the Pc-region.

Materials and methods

Plant materials and BAC library

A mapping population comprising 178 F3 families was
established from a cross between the sorghum cultivars
Shanqui Red (pc/pc) and Colby (Pc/Pc). Sorghum BAC
libraries containing inserts from pc/pc inbred BTx623
were obtained from the Texas A&M University BAC
Center (Woo et al. 1994) and the Clemson University
Genomics Institute (www.genome.clemson.edu/projects/
stc/sorghum).

Bioassay for PC-toxin resistance

The genetic status of the Pc gene in the mapping population
was evaluated by the root growth inhibition bioassay
described by Dunkle (1979). At least ten seeds from each
F3 family were soaked in distilled water for 4–6 h at room
temperature and incubated in germination papers for 36–
48 h. Seeds with »3-mm radicles were placed into P. circi-
nata culture Wltrate diluted 1:100 in sterile distilled water or
in puriWed peritoxin A at 10 ng/ml and incubated for 48 h in
the dark at room temperature. The scored toxin reaction
was either sensitive (>90% inhibition of root growth as
compared to the control), or intermediate (50–75% inhibi-
tion) or insensitive (similar to the control), representing the
homozygous susceptible (Pc/Pc), heterozygous intermedi-
ate (Pc/pc) and homozygous resistant  (pc/pc) geno-
types, respectively.

Bulk segregant analysis

Genomic DNA was isolated from the parents and 165 of the
178 F3 families using the CTAB (cetyl-trimethyl-ammo-
nium bromide) method as described by Murray and
Thompson (1980). Leaves from 12 to 15 F3 seedlings, rep-
resenting each F2 plant, were collected. Equal amounts of
123
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DNA from six phenotyped F3 families were mixed to create
bulk DNA samples. Four homozygous resistant and four
homozygous susceptible bulk DNA samples were analyzed.
The parents and these bulks were used to screen for molec-
ular markers that were polymorphic and linked to the Pc
gene.

Marker development and genetic mapping

RFLP markers distributed throughout the sorghum genome
were selected from maize, sorghum and rice comparative
genetic maps (Gale and Devos 1998), and used to perform
DNA gel blot analysis. DNA from the parental genotypes
and the bulked F3 families were digested with one of seven
restriction enzymes (BamHI, EcoRI, EcoRV, HindIII, PstI,
SacI or XbaI) and hybridized with the probes as previously
described (Hulbert et al. 1990). One RFLP probe, that was
found to be tightly linked to Pc was used to screen the
Texas A&M BTx623 BAC library (Woo et al. 1994), and
the clone 99E05 from the 9S chromosome arm was identi-
Wed. Chromosome designation was as in Kim et al.
(2005b).

For further marker development, BAC sequence data
were produced by low-redundancy shotgun sequencing of
sorghum clones. Two clones (Sbb12448 and c0184G17) in
the same contiguous series (contig) of BACs derived from
sorghum Wngerprint analysis (Klein et al. 2000) with 99E05
were partially sequenced. Preparation of shotgun libraries
of BAC subclones, sequencing and analysis were as
described by Dubcovsky et al. (2001). As these sequences
did not produce a suYcient number of polymorphic mark-
ers, additional genomic sequence data from chromosome
arm 9S were collected from GenBank and the Sorghum
Genomics Sequence Database at Texas A&M University
(http://www.sorgblast2.tamu.edu). PCR primers were
designed using the program PRIMER3 (Rozen and Skalet-
sky 2000) to develop sequence-tagged site (STS) markers.
For the mapping of STS markers, 15 �l PCR mixture con-
tained 1 U of Taq DNA polymerase (Roche), 6 nmol of for-
ward and reverse primers, 75 �M of each dNTP and 2 ng/�l
genomic DNA. PCRs were performed in 35 cycles, using
the following conditions: 94°C for 30 s, 54–56°C for 30 s
and 72°C for 1 min. Single stranded conformational poly-
morphism (SSCP) was applied using a non-denaturing
MDETM (Cambrex) gel matrix in electrophoresis. Gels
(43 £ 35 cm) were run overnight at room temperature at
8 W. The DNA sequences that gave no polymorphism as
STS markers were used to generate sequence-speciWc
ampliWed polymorphism (SSAP; Waugh et al. 1997) mark-
ers to exploit the potential sequence variation in their Xank-
ing, unknown genomic regions. DNA was digested with
EcoRI or MseI and the appropriate adaptor was ligated to
the restricted ends. Sequences between the anchored primers

designed to the ends of the selected sequences and the
adaptor-speciWc primers were ampliWed. The adaptor
sequences and PCR conditions were the same as described
earlier (Nagy and Lelley 2003).

The markers selected after the bulk segregant analysis
were mapped in the entire population using the program
MAPMAKER Version 3.0 (Lander et al. 1987). The F2

intercross algorithm and default linkage criteria (LOD 3.0
and 50 cM maximum distance) were applied. The Kosambi
function was used to establish genetic distances.

Physical mapping and sequence analysis

The BAC contig covering the pc region was Wrst assembled
by restriction enzyme Wngerprinting (Sorghum Genomics
Sequence Database, http://sorgblast2.tamu.edu) and then fur-
ther reWned using the present markers. BAC clone Sbb12448
was subcloned and sequenced as described earlier (Dubcov-
sky et al. 2001). Base calling and assembly of the BAC end
sequences were performed using the programs PHRED and
PHRAP, respectively (Ewing et al. 1998), and further ana-
lyzed with the program CONSED (Gordon et al. 1998). Gene
candidates were detected using the programs FGENESH
(Solovyev and Salamov 1997) and GENSCAN (Burge and
Karlin 1997). The sequences of the gene candidates were
analyzed using the BLAST programs (Altschul et al. 1990).

SSCP analysis of Pc/Pc and pc/pc Colby cultivars

Standard Colby cultivars have the genotype Pc/Pc and are,
hence, susceptible to P. circinata. As previously described
(Schertz and Tai 1969), 14 independent pc derivatives of
Pc/Pc Colby were isolated and brought to a homozygous
pc/pc state. Using a large number of RFLP and other DNA
markers, all but one of these pc/pc Colby lines were found
to be isogenic at all investigated loci with Pc/Pc Colby. The
one exception was highly polymorphic compared to Pc/Pc
Colby and was not further studied because it is expected to
be a contaminant. Thirteen of these Pc to pc mutant lines
were analyzed at the DNA level by SSCP. Primers were
designed for the gene candidates in a way that all the exons
of all the predicted genes were covered by adjacent or over-
lapping, 200–500 bp-long PCR fragments. The PCR prod-
ucts were run on an SSCP gel and polymorphism was
analyzed between the Pc and pc-mutant isogenic lines. The
PCR and electrophoresis conditions were the same as
described above for the STS marker analysis.

Results

A population segregating for PC-toxin resistance was gen-
erated from a cross between sorghum inbreds Shanqui Red
123
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(pc/pc) and Colby (Pc/Pc). The segregation of the Pc gene
was monitored using the root growth inhibition bioassay on
the mapping population. The F1 population exhibited an
intermediate root development rate. Out of 178 F3 families,
representing 178 F2 individuals, 53 were found to be homo-
zygous susceptible, 83 families segregated for the resis-
tance (suggesting that the original F2 plants were
heterozygous), and 42 families were homozygous resistant.
The ratio of the susceptible, segregating and resistant F3

families Wts the expected 1:2:1 ratio for a single locus
(�2 = 2.168, P > 0.20).

Molecular marker analysis and genetic mapping was car-
ried out in 165 of the 178 F3 families. A set of RFLP mark-
ers distributed across the sorghum genome was tested in a
bulk segregant analysis to select Pc-linked markers, and
these were then employed in analysis of the mapping popu-
lation. One marker, a maize chitinase gene (UIU101),
exhibited good linkage to Pc (»0.6 cM, Fig. 1). This
marker was used to screen a sorghum BAC library, and it
hybridized to clone 99E05. This clone is from a contig on
the 9S chromosome arm. Genomic sequence data were
obtained by partial sequencing in this speciWc contig, or
collected from various databases focusing on the 9S chro-
mosome arm. About two-hundred PCR-based marker can-
didates were developed using these sequence data.
Following bulk segregant analysis, sixteen markers were
selected for mapping. Two of them, pSB1945 (BH246322)
and pSB0134d (BH245277), were based on previously pub-
lished sequence data (Bowers et al. 2003). The marker
pSB0134d was an SSAP marker representing the down-
stream Xanking region of the sequence pSB0134. RFLP
marker UIU101 and the 16 newly developed markers, along
with two previously developed microsatellite markers
(Txp410 and Txp047, P.E. Klein, unpublished), were used
in the genetic Wne-mapping. The Pc locus completely co-
segregated with STS marker S12a (Fig. 1). Two of the 330
gametes showed recombination between the Pc gene and
markers S12b, S66e, S66f and UIU101 (0.6 cM). In the
opposite direction, one recombinant was found (0.3 cM)
between the Pc gene and marker F4T7. Therefore, the Pc
gene was delimited to the chromosome segment Xanked by
markers F4T7 and S12b, a region that spans »0.9 cM. This
will henceforth be referred to as the Pc-region.

Physically, the Pc-region was covered by a single BAC
clone (Fig. 2). The markers UIU101, S66e and S66f,
although co-segregating with S12b in the recombinational
analysis, were located on two additional BAC clones, indi-
cating that the local distribution of recombination events
was quite uneven in this mapping study. The BAC clone
including the Pc-region was sequenced completely. The
total length of the BAC clone is approximately 118 kb,
including about 110 kb containing the Pc-region (i.e.,

between markers S12b and F4T7). Twelve candidate genes
were identiWed in the Pc-region (Table 1). Three of them
are members of an NBS-LRR gene family that is more
homologous to the maize rust resistance gene Rp3 (Fig. 3)
(Webb et al. 2002) than to any other DNA sequences in
GenBank. Its overall similarity to Rp3 is 47% at the amino
acid level. A second gene, a putative amino acid selective
channel protein, is also duplicated on this BAC, with one of
the copies located in the intergenic region of the Rp3-
homologous gene family (Fig. 2). The putative Cf2/Cf5-
homologous gene represents another type of R gene (Dixon
et al. 1996). Another candidate gene in the Pc-region,
homologous to an Xa21-binding protein in rice, could also
be functionally associated with a Xa21-type resistance gene
in sorghum (Song et al. 1995). As revealed by PSI-Blast
analysis, this gene consists of an ankyrin repeat domain and
a Zn-Wnger domain, suggesting its involvement in both pro-
tein–protein and protein–DNA interactions. Hence, several

Fig. 1 Genetic map of the Pc locus on the 9S chromosome arm in sor-
ghum. The position of the Pc gene was delimited to an »0.9 cM region
between markers S12b and F4T7
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genes in the Pc-region appear to be likely candidates for the
Pc locus.

From Pc/Pc Colby genotypes, numerous independent pc
mutations were selected (Schertz and Tai 1969), and we
chose 13 of these for further analysis. The derived pc/pc
Colby isolines were conWrmed to be isogenic across the
sorghum genome by the use of several hundred RFLP and
other DNA markers (data not shown). The instability of the
Pc locus is suggestive of a tandem gene family that under-
goes unequal recombination to remove some gene family
members, as originally deWned by Sturtevant (1925) and
subsequently observed at many dozens of loci, including
the Rp1 disease resistance gene cluster in maize (Bennetzen
et al. 1988; Sudupak et al. 1993; Webb et al. 2002). Hence,
we decided to investigate whether the Pc to pc mutations
were associated with changes in the copy number or other
organizational feature(s) of the genes in the Pc-region. For
this purpose, several PCR oligonucleotide primers were
designed in order to completely cover each of the candidate
genes identiWed in the Pc-region by the BAC sequence
analysis. Nine primer-pairs were used to analyze the NBS-
LRR genes. Six of them showed multiple band proWles.
This suggests that the paralogous gene copies harbored
sequence variations in these regions that was detected by
SSCP. With these six primer pairs, some of the bands in the
susceptible (Pc/Pc) Colby plants were missing in the resis-
tant (pc/pc) mutant lines, suggesting that some of the NBS-
LRR gene copies of the susceptible Colby plants were
deleted in their mutant, resistant derivatives (Fig. 4). All
other gene candidates were identical between the Pc and
pc-mutant Colby isolines (data not shown).

Discussion

Fine-mapping of the pc locus

In the present study, we have Wne-mapped a genomic
region in sorghum that contains the pc toxin resistance
locus. The plants heterozygous for the Pc gene (Pc/pc) pro-
vided an intermediate resistance response to the peritoxins.
The resistance bioassay used can reliably discriminate
between heterozygous and homozygous plants (Dunkle
et al. 1979). However, the rate of germination and seedling
root growth can also be aVected by a number of other
genetic and physiological factors that may obscure the
eVects of the PC-toxin. Therefore, to obtain more accurate
resistance scores for the genetic mapping, F3 families were
tested for their PC-toxin response to assess the Pc allele
genotypes in the F2 progeny.

After a broad coverage screen of the sorghum genome
with a few RFLP markers, one Pc-linked marker, a chitin-
ase gene called RFLP probe UIU101, was identiWed. Many
additional RFLP probes mapping in the colinear regions in
maize and rice were then tested for their Pc linkage in sor-
ghum. Despite the overall high degree of polymorphism
between sorghum parent Shanqui Red and US sorghums
like Colby (Deu et al. 2006; Oliveira et al. 1996), none of
these additional RFLP markers were polymorphic in the
sorghum parents that were utilized in the Pc mapping cross
(data not shown). Thus, the apparent low level of sequence
polymorphism in the area around Pc indicated the need for
a more sensitive detection technique. For this reason, the
majority of the DNA markers developed in the present

Fig. 2 Comparison of the genetic and physical maps of the Pc-region.
The Pc-region Xanked by markers F4T7 and S12b was assigned to an
»110 kb segment of sorghum BAC clone Sbb12448. The co-segregat-
ing markers S12b, UIU101, S66e and S66f were localized on three
diVerent BAC clones (Sbb12448, 99E05 and Sbb6675, respectively).
Twelve Pc gene candidates were identiWed (arrows). These were a an
Xa21-receptor-like kinase binding protein, b a pentatricopeptide (PPR)
protein, c a pectin acetylesterase precursor, d a catalytic protein phos-
phatase type 2C, e an amino acid selective channel protein, f an Rp3
(NBS-LRR)-like protein, g an amino acid selective channel protein,
h an Rp3 (NBS-LRR)-like protein, i an Rp3 (NBS-LRR)-like protein,
j a Cf2/Cf5 disease resistance protein homologue, k a small nuclear
ribonucleoprotein D2, and l a replication protein A1-like protein
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Table 1 Predicted genes in the Pc-region of BTx623

Homology Copy no. E value

Xa21-receptor-like kinase 
binding protein (Oryza)

1 0.0

Pentatricopeptide (PPR) 
protein (Oryza)

1 7 £ 10¡51

Pectin acetylesterase 
precursor (Oryza)

1 2 £ 10¡166

Catalytic protein phosphatase 
type 2C (Arabidopsis)

1 2 £ 10¡106

Amino acid selective 
channel protein (Oryza)

2 4 £ 10¡53

Rp3 (NBS-LRR) protein (Zea) 3 0.0

Cf2/Cf5 disease resistance 
protein (Oryza)

1 0.0

Small nuclear 
ribonucleoprotein D2 (Oryza)

1 7 £ 10¡47

Replication protein 
A1-like (Arabidopsis)

1 1 £ 10¡179
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study utilized single stranded conformational polymor-
phism (SSCP) technology to scan for polymorphism. SSCP
can detect as little as a single nucleotide change if it modi-
Wes the secondary structure of a single-stranded DNA mol-
ecule (Orita et al. 1989; Martins-Lopes et al. 2001).

In the mapping population employed, providing 330
gametes for possible recombination events, we mapped the
Pc-region to »0.9 cM between SSCP markers F4T7 and
S12b. These markers were found to be about 110 kb apart
on a single BAC that is derived from a region on the short

arm of sorghum chromosome 9. This suggests a recombina-
tion rate of about 120 kb/cM in this region, a somewhat
higher rate of meiotic recombination than predicted for the
euchromatin (250 kb/cM) and much higher than for the het-
erochromatin (8.7 Mb/cM) in the sorghum genome (Kim
et al. 2005a). This diVerence is likely associated with the
high gene density found in this 110 kb region, as it is
known that gene-rich regions are often associated with high
rates of recombination (Sandhu and Gill 2002; Kim et al.
2005a).

Fig. 3 Sequence alignment be-
tween one of the putative Rp3-
homologues found in the Pc-re-
gion (Sbrp3) and the Rp3 protein 
of maize (Zmrp3). Identical and 
similar residue pairs are shaded 
with black and gray, respec-
tively
123
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The structure of the Pc-region

The Pc-region on BAC Sbb12448 is about 110 kb and con-
tains 12 gene candidates. Hence, on average, there is one
putative gene every 9.2 kb in this region. Similar gene den-
sities (10.7 kb/gene, 8.6 kb/gene) have been observed on
other sorghum BACs (Ramakrishna et al. 2002a, b). These
BACs were all selected because they had genes on them
and, thus, are likely to represent gene-enriched regions.
Overall, the sorghum genome is predicted to have about
50,000 genes (Bedell et al. 2005), or about one gene every
15 kb.

The NBS-LRR gene family found in the Pc-region is
most similar to the maize Rp3 gene. However, maize Rp3
and this sorghum NBS-LRR gene family are not in colinear
chromosomal positions. Rp3 is located on chromosome 3 in
maize (Webb et al. 2002), whereas the 9S chromosome arm
of sorghum shows large-scale synteny with maize chromo-
somes 6 and 8 (Whitkus et al. 1992; Gale and Devos 1998).
It has been noted previously that plant disease resistance
genes, along with nucleolar organizers (Dubcovsky and
Dvorak 1995), are less likely to exhibit colinearity than any
other plant genes (Leister et al. 1998).

Candidate genes for pc

The sequenced BAC Sbb12448 contains numerous genes
that might be targets for PC-toxin action. The Rp3- and
Cf2/Cf5-homologues identiWed in the Pc-region have struc-
tural features of typical R genes (Webb et al. 2002; Dixon
et al. 1996). This is in agreement with previous observa-
tions that R genes of diVerent families often are organized
in mega-clusters (Leister et al. 1998). The Xa21-binding

protein homologue on sorghum BAC Sbb12448 may also
be associated with disease resistance or susceptibility, but
its function in sorghum has not yet been determined. The
activity of the pectin acetylesterase gene product can loosen
the pectin backbone in plant cell walls, making it also a
possible target for pathogen gene action. Pathogenic nema-
todes can upregulate host pectin acetylesterase genes,
thereby making the root tissues more accessible for inva-
sion (Vercauteren et al. 2002). The 2C type protein phos-
phatases constitute the largest protein phosphatase family
in plants (Schweighofer et al. 2004). They are involved in
several signal transduction processes, including abcisic
acid-mediated responses to a number of biotic and abiotic
stresses.

Given that so little is known about the activities of fun-
gal toxins against susceptible plant hosts, even genes with
no previously identiWed association with plant disease sus-
ceptibility or resistance cannot be immediately excluded as
possible PC-toxin targets. The pentatricopeptide proteins
are encoded by many gene families in plants. Typically,
they participate in post-transcriptional modiWcation of
organellar RNAs (Lurin et al. 2004) and usually are trans-
ported into either mitochondria or chloroplasts. The speciWc
pentatricopeptide protein found in the Pc-region has a mito-
chondrial target sequence. The amino acid selective chan-
nel protein was discovered in connection with an oxidative
stress response in plants. Its expression is highly enhanced
in cold-treated barley (Hordeum vulgare L.) leaves (Baldi
et al. 1999). The functional protein is located in the chloro-
plast membrane. The small nuclear ribonucleoprotein D2 is
homologous to genes that are essential for the biogenesis
and stability of snRNAs and, therefore, play a major role in
pre-mRNA splicing (He and Parker 2000). Replication pro-
tein A is a key component of DNA replication, repair and
recombination (Iftode et al. 1999). Disruption of the func-
tion of any of the proteins encoded by these genes could
lead to a debilitated plant host that is more available to
pathogenesis by P. circinata.

As the primary mode of action of PC-toxin is unknown,
the proposed physiological functions of the genes in the Pc-
region did not and could not reveal the identity of Pc. The
semi-dominant susceptible allele (Pc) has been seen to
mutate to the resistant pc allele during meiosis at a rate of
once per 7876 gametes (Schertz and Tai 1969). Meiotic
instability has also been observed in other plant resistance
genes. Various alleles of the Rp1 resistance gene in maize
mutate to susceptibility at a rate between 1/535 and
1/20729 gametes (Bennetzen et al. 1988). Another rust
resistance gene in maize, Rp3, also mutates spontaneously
at a rate comparable to that of Pc and some of the Rp1 alle-
les. A heterozygous (Rp3/rp3) population was screened for
homozygous susceptible (rp3/rp3) mutant plants. One
mutation occurred in every 4236 seedlings analyzed (Webb

Fig. 4 Copy number change of the NBS-LRR gene in the Pc-region
between the wild type, susceptible (Pc/Pc) Colby cultivar (a) and its
resistant (pc/pc) derivatives (b–h) as revealed by SSCP
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et al. 2002). Both Rp1 and Rp3 are tandemly duplicated R
genes, and the underlying molecular mechanism of their
mutations is unequal recombination, often between diVer-
ent Rp gene copies (Bennetzen et al. 1988; Sudupak et al.
1993; Webb et al. 2002). Unequal crossing over has been
found to be a major source of genetic variation in many tan-
demly arranged gene families, such as the genes that spec-
ify ribosomal RNA, the major histocompatibility complex
in animals, and disease resistance genes in plants (Williams
et al. 1990; Venkateswarlu et al. 1991; Ohta 1991; Bennet-
zen and Hulbert 1992). The mutation rate of the Pc gene
supports the idea that the Pc locus is a tandemly duplicated
gene family that undergoes frequent unequal recombination
events.

Two tandem duplicated gene families were identiWed in
the Pc region, the NBS-LRR genes and the putative amino
acid selective channel protein genes. However, the geno-
type that was the source of BAC Sbb12448, BTx623, is of
the pc/pc genotype. Hence, genes that may have been dupli-
cated in the presumed Pc ancestor of this current pc geno-
type could have been reduced to single copies by an earlier
unequal recombination event to give rise to a resistant
genotype. Thus, all genes in the sequenced Pc-region were
considered to be reasonable Pc candidates.

The SSCP analysis of parental Pc and derived pc isolines
used ampliWcation products from every gene identiWed in
the Pc-region. In every case except the NBS-LRR gene
family, the SSCP results were identical for Pc and pc iso-
lines. This suggests that none of the other genes could be
the Pc locus, unless the Pc gene that was lost in the Pc to pc
mutation carried no sequence polymorphism that could be
detected by SSCP. The lower number of gene copies identi-
Wed for the NBS-LRR genes in all of the pc isolines sug-
gests that it is the loss of one of these genes by unequal
crossing over that is responsible for the Pc to pc transition.
This analysis falls short of a proof; however, because there
may be one or more additional genes that our sequencing
and/or annotation have not detected in the Pc-region, and
these might also have been lost in a Pc to pc mutation that
included the loss of one or more NBS-LRR gene copies.
ConWrmational analysis will require complete sequencing
of the Pc-region of the parental Pc and the pc isolines
derived from Pc/Pc Colby.

The toxin-resistance genes characterized so far in plants
do not fall into R gene classes. However, some properties of
other, yet unidentiWed resistance genes suggest that classi-
cal R genes can act as toxin susceptibility genes. The fun-
gus C. victoriae causes the disease Victoria blight in oats
through production of the toxin victorin. The host gene
conferring susceptibility to victorin seems to be identical to
the Pc-2 resistance gene that acts against crown rust caused
by the fungus Puccinia coronata (Wolpert et al. 2002). All
of the characterized rust resistance genes in various plant

species are classical R genes, mainly NBS-LRR genes (e.g.,
Keller et al. 2005; Collins et al. 1999; Webb et al. 2002).
This suggests that the Pc-2 gene is an R gene with dual
pathogen speciWcity. Future investigation of the Pc gene in
sorghum and the Pc-2 gene in oat will provide important
results about the role of R genes in toxin susceptibility and
resistance.

In the present paper, we mapped and characterized a
genomic region in sorghum that contains the PC-toxin
resistance locus. Twelve Pc gene candidates were identi-
Wed, and pc isoline analysis by SSCP suggested that an
NBS-LRR gene family member is the Pc gene. In the
future, the Pc-regions from isogenic Pc and pc lines will
need to be cloned and structurally analyzed. Comparison of
the wild type and mutated gene sequences will reveal the
molecular nature of the frequent mutation events in the Pc
locus and the precise toxin-sensitivity component of the Pc
genotype.
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