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ABSTRACT A new and severe disease of maize caused by
a previously unknown fungal pathogen, Cochliobolus carbonum
race 1, was first described in 1938. The molecular events that
led to the sudden appearance of this disease are described in
this paper. Resistance to C. carbonum race 1 was found to be
widespread in maize and is conferred by a pair of unlinked
duplicate genes, Hml and Hm2. Here, we demonstrate that
resistance is the wild-type condition in maize. Two events, a
transposon insertion in Hm1 and a deletion in Hm2, led to the
loss of resistance, resulting in the origin of a new disease. None
of the other plant species tested is susceptible to C. carbonum
race 1, and they all possess candidate genes with high homol-
ogy to Hml and Hm2. In sorghum and rice, these homologs
map to two chromosomal regions that are syntenic with the
maize Hml and Hm?2 loci, indicating that they are related to
the maize genes by vertical descent. These results suggest that
the Hm-encoded resistance is of ancient origin and probably
is conserved in all grasses.

The question of how infectious disease originates and evolves
is of great interest to both plant and animal pathologists. The
complex and interactive nature of this phenomenon, which
may span millions of years of coevolution between the host and
its pathogen, makes it challenging to uncover the key event(s)
responsible for the genesis of a disease. Not surprisingly,
therefore, the molecular events that have resulted in the origin
of any disease in plants have remained largely unknown. One
possible exception is the southern corn leaf blight of maize,
caused by race T of Cochliobolus heterostrophus (Helminthos-
porium maydis), in which the severity of a rather benign but
already existing disease was enhanced dramatically because of
the serendipitous appearance of a protein in maize mitochon-
dria (1).

A unique opportunity to address the issue of the molecular
origin of a disease is offered by the leaf spot and ear mold
disease of maize. In 1938, this disease was first reported in
Indiana on an inbred line, Pr (2), which was bred in Iowa from
an open-pollinated cultivar, Proudfit Reid (3). Disease symp-
toms included grayish tan necrotic spots with concentric rings
on the foliage, and infection often resulted in severe molding
of the ears and premature killing of the plant. The causal agent
for the disease was a fungus that resembled H. maydis, and so
it was designated race 1 of H. maydis.

Further characterization of the pathogen revealed that it was
a new species, and it was renamed Helminthosporium carbo-
num (referring to the charred appearance of an infected ear;
Fig. 1; ref. 4). The sexual stage of H. carbonum was discovered
in 1959, identifying the pathogen as an ascomycete belonging
to the genus Cochliobolus (5). Genetic studies revealed that
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pathogenicity of C. carbonum race 1 is determined by a single
locus, Tox2, which also confers the ability to produce H.
carbonum (HC) toxin (6, 7). HC toxin is a cyclic tetrapeptide
of the structure cyclo (D-Pro-L-Ala-D-Ala-L-aminoepoxyoxo-
decanoic acid) (8, 9). It appears to be the sole determinant of
pathogenicity. Genetic variants that do not produce HC toxin
are unable to colonize much beyond the site of penetration
and, therefore, cause only chlorotic or necrotic flecks on leaves
(10, 11). The Tox2 locus has been cloned and found to encode
the enzymes required for the biosynthesis of HC toxin (11, 12).
It is not clear how HC toxin allows colonization of susceptible
maize. However, by virtue of its inhibitory action on histone
deacetylases, HC toxin may interfere with the induction of
defense genes in maize, thereby leaving the plant vulnerable to
colonization by the pathogen (13).

Three other races of C. carbonum have been reported that
are slightly to moderately pathogenic on maize (14). However,
their definition as races was based only on the morphology of
their cultures and disease symptoms. In fact, except for race 1,
none of the other races exhibits a differential reaction toward
any of the maize inbreds or cultivars or produces HC toxin or
even contains DNA sequences homologous to the Tox2 locus
(11, 14), indicating that they must rely on pathogenicity
mechanism(s) that involve factor(s) other than HC toxin.

C. carbonum race 1 is one of the most aggressive pathogens
of maize. Fortunately, most maize germplasm is resistant. A
dominant gene, Hm! (named after H. maydis), confers com-
plete protection (15), and it maps to the long arm of chromo-
some 1 (1L). Another gene, Hm2, provides only partial, adult
plant resistance. It maps to 9L (16). The cloning of the HmI
gene has revealed that, by encoding HC toxin reductase
(HCTR), Hm1 inactivates HC toxin, and this result is sufficient
to prevent infection (17, 18). As discussed in this paper, Hm2
also has been cloned and, as expected, is a duplicate of Hm1.

What was the genesis of this disease? Was it caused by the
evolution of a new, toxin-producing fungus, or was it caused by
the loss of a resistance mechanism of maize? The cloning of the
maize Hml and Hm2 genes has allowed us to address this
question. Here, we report that it was the breakdown of the
natural mechanism of resistance (HCTR production), en-
coded by the Hm1 and Hm?2 genes, that led to this disease. The
ubiquitous distribution of Hm-homologous sequences in
monocots, which in sorghum and rice also are conserved
syntenically, suggests that the Hm-encoded disease resistance
mechanism is highly conserved.

MATERIALS AND METHODS

Materials. The susceptible maize inbreds used in this study
were obtained from the following sources: Pr from Iowa State

Abbreviations: HC, H. carbonum; HCTR, HC toxin reductase; SSC,
standard saline citrate.

Data deposition: The sequences reported in this paper have been
deposited in the GenBank database (accession nos. AF041043-
AF041047).
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FiG. 1. Typical charred appearance of susceptible maize ears (right
two) under natural conditions of infection with C. carbonum race 1.

University, Ames, [A; K41, K44, and K61 from Kansas State
University, Manhattan, KS; and MO21A from L. D. Dunkle,
Purdue University, West Lafayette, IN. The Hm?2 tester
(br2hmi1Hm?2) was developed from a brachytic2 mutant
(br2Hm1Hm?2) stock by crossing it to Pr (Br2hmihm?2) fol-
lowed by self-pollination of a few resulting progeny (17). The
disease reaction of all plants used in this study was assessed by
inoculating seedlings at the 3-4 leaf stage with C. carbonum
race 1 (18).

DNA Extraction and Southern Blotting. Total DNA from
the seedling tissue of all plant species was isolated by a
miniprep method (19). For Southern analysis, digested DNA
was transferred to nylon membranes (Fisher) and hybridized in
a solution containing 5X standard saline citrate (SSC), 5X
Denhardt’s solution, 5% Dextran sulfate, 1 mM EDTA, 2 mM
Tris (pH 7.5), 0.1% SDS, and salmon sperm DNA (10
mg-ml~1) (17). Blots were washed stringently in 2X SSC and
0.5% SDS at room temperature for 15 min followed by three
more washes for 15 min each at 65°Cin 1X SSC, 0.2X SSC, and
0.1Xx SSC, each containing 0.1% SDS.

Genomic and ¢cDNA Cloning. An 11-kb BamHI restriction
fragment, which contained the entire ~im1 gene, was isolated
from a subgenomic library of Pr constructed in Lambda
Dash-II vector (Stratagene). The DNA used for library con-
struction was first size-selected for the 10- to 12-kb range by
preparative gel electrophoresis. A 5.0-kb Clal fragment con-
taining Aml was subcloned in the Bluescript SK* plasmid
vector (Stratagene) and was named pHMCS. The HmI cDNA
from W22 was cloned from an endosperm-specific library (a
gift from Karen Cone, University of Missouri). To characterize
the Aim2 allele of Pr molecularly, the gene was first cloned
(unpublished work) from a B73 genomic library by using a
probe derived from the 3’ half of the HmI-cDNA. The hm?2
allele of B73, which is recessive genetically, was subcloned in two
parts: pHM216, a 1.6-kb BamHI fragment, which contained part
of the hm2 gene that extends from the end of the exon 2 into the
5" end of the gene (Fig. 24); and pHM215, a 1.5-kb BamHI/Sacl
fragment, which contained, in addition to exons 3, 4, and 5, some
sequences from the 3’ region of the hm2 gene.

PCR Amplification and Cloning. PCR amplification of exon
4 of hmI from Pr, K61, and MO21A genomic DNA used the
primers 5'-CCGGCGTTCGAGGTGGTGA-3" and 5'-
GATGTCGAGGTGAGGGAAC-3'. The entire coding re-
gion of the ~im1 alleles of K61 and MO21A was PCR-amplified
as follows: The primers 5'-CTGCTCATGACTCATATCAG-
GCGGTAGC-3" and 5'-GACCAGCCGACGCAGCAGC-
CCCGCCTTC-3" amplified hmlI from 50 nt 5" of the start
codon to the beginning of the exon 2; the primers 5'-
CGGATTCGTGTGCTGGTGGGTGTGC-3' and 5'-TACG-
GAGGCTGTGTGGATCACTCGC-3" from exon 2 to the
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F1G. 2. (A) Structural representation of AmI-Pr showing exons,
introns, and two insertions, Tourist and Drone. The entire sequence of
Drone (256 bp) is shown with its 10-bp terminal-inverted repeats
boxed. The sequences that flank the terminal-inverted repeats repre-
sent the 8-bp duplication at the site of insertion. (B) Comparison of
the deduced amino acid sequences of cDNA clones of HmI-B73 and
Hm1-W22 (two wild-type alleles of Hm1) with that of the correspond-
ing sequence from the himi-Pr, hm1-K61, hm1-MO21A, and hm2-B73
genomic clones. Drone insertion and the 8-bp sequence site duplication
are not included in the translation products of the hmli-Pr and
hm1-K61 sequences. Letters represent amino acids. In the predicted
translation products of W22, Pr, K61, MO21A, and hm2-B73, only
those amino acids that differ from Hm1-B73 have been shown by letter
designations; identical and missing amino acids are shown by dots and
dashes, respectively. The 3’ nonmatching sequence of him2-B73, whose
exon and intron boundaries are the same as Aml, is omitted. The
complete sequences of W22-Hm1, Pr-hml1, K61-hml, Mo21-hml, and
B73-hm2 have been deposited in GenBank, accession numbers
AF041043, AF041044, AF041045, AF041046, and AF041047, respec-
tively.

middle of exon 3; the primers 5'-AGTATAAGAGCACGG-
CGGAAGCTGT-3" and 5'-CACGTCGTGGATCGTCGG-3’
from the beginning of exon 3 to the middle of exon 4; the
primers 5'-ACGCGCTCGTCTTCTGCA-3" and 5'-GA-
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CAGCGAACAATCCAAG-3' from the middle of exon 4 to
the beginning of exon 5; and the primers 5-ATGGAA-
GAGATTCTGGATAG-3' and 5'-CTAAAATTATCG-
CAAGTCAT-3' from the beginning of exon 5 to the poly(A)
tail site. PCR conditions were as described (17) except that the
annealing temperature was 68°C instead of 60°C. All PCR-
amplified products were subcloned in a TA cloning vector
(Invitrogen), and two separate subclones were sequenced for
each PCR product.

DNA Sequencing and Analysis. Sequencing of both strands
of the himI-Pr subclone in pHMCS and the Hmi1-W22 cDNA
clone was accomplished by the chain termination reaction
method by using a T7 polymerase sequence kit (United States
Biochemical). PCR-derived clones and /#m2-B73 subclones
pHM216 and pHM215 were sequenced by cycle sequencing
with a SequiTherm DNA Polymerase kit (Epicentre Technol-
ogies, Madison, WI) using the forward and reverse primers of
M13. Amino acid sequence alignment was performed with the
DNASTAR MEGALIGN program using a clustal method with a
PAM 250 residue weight table, a gap penalty of 10, and a gap
length penalty of 10.

Comparative Mapping. An Hm-specific probe was mapped
by using procedures and populations as described (20, 21), and
a comparative genetic map was constructed based on marker
orders, recombinational distances, and map positions of flank-
ing markers as described elsewhere (21-23).

RESULTS AND DISCUSSION

The hml Gene of Pr Is Interrupted With a Transposon.
From results described in ref. 17, it was apparent that, although
an allele of the ~imI gene was present in Pr, the Hm1 transcript
was either much diminished or completely missing in leaves of
this susceptible inbred. A null mutation in #m1-Pr might be the
reason for the lack of the HmI-specific transcript in Pr. To
explore the basis for the recessive phenotype of hmlI-Pr, this
allele was cloned and sequenced.

Compared with the wild-type Hm1-B73 allele, three types of
difference can be observed in the mutant imI-Pr allele: (i)
There is a 256-bp insertion in exon 4 (Fig. 2A4). This insertion
has characteristics of a transposable element, including 10-bp
terminal-inverted repeats and a 8-bp duplication at the site of
insertion; (i) hml-Pr differs from Hm1-B73 with respect to
eight amino acids distributed throughout the length of the
encoded protein. All of these changes are conservative, and
some occur also in another wild-type allele, Hm1-W22 (Fig.
2B). It seems unlikely that these amino acid polymorphisms
contribute to the defect in ~smI-Pr; and (iii) intron 3 contains
a benign insertion that is related to the Tourist family of
transposons (24). This insertion also is present in the wild-type
HmI1-B79 allele (data not shown); therefore, the insertion in
exon 4, which we have named “Drone,” accounts for the
mutant nature of hmlI-Pr.

The hm2 Gene Is Deleted Largely in Pr. A Southern blot
approach was used to examine the structure of the ~m?2 allele
from Pr. DNA from Pr and the Hm2 tester, digested with a
number of restriction enzymes, was compared side-by-side for
hybridization with two hm2-specific probes, HM215 and
HM216. Although no hybridization with HM215 could be
detected in any of the lanes carrying the Pr DNA, one or two
bands consistently were detected in all lanes containing DNA
from the Hm?2 tester (Fig. 34). This result indicated that the
region of the him2 gene corresponding to the DNA present in
the 3’ end subclone of 4m2 was missing in the ~m?2 allele of Pr.
When the blot was rehybridized with HM216, unique bands
were detected in all lanes regardless of whether they carried the
DNA from Pr or the Hm?2 tester (data not shown), suggesting
that the ~m?2 deletion in Pr did not cover the entire gene.

The Mutant sml1 and hm2 Alleles of Pr Are Conserved in
Other Susceptible Inbreds. Since the discovery of the disease
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FiG. 3. (A) Restriction pattern of DNA from Pr (odd-numbered
lanes) and the Hm?2 tester (even-numbered lanes) showing deletion of
parts of the recessive him2-Pr allele corresponding to probe HM215.
DNA of lanes 1 and 2, 3 and 4, and 5 and 6 were digested with Sacl,
Xhol, and Hindlll, respectively. (B) A Southern blot of DNAs from Pr
(lanes 1 and 4), K61 (lanes 2 and 5), and MO21A (lanes 3 and 6)
inbreds, was digested with EcoRI (lanes 1-3) and Ss¢I (lanes 4-6) and
hybridized with a 0.9-kb SsfI/Xhol fragment of HmI. (C) PCR-
amplified products from the genomic DNA of inbreds B73 (lane 1),
MO21A (lane 2), Pr (lane 3), and K61 (lane 4) and from the pHMC5
subclone of ~Am1-Pr (lane 5). Lane M contains the 100-bp ladder. The
567-bp amplification product is diagnostic for the presence of the
Drone insertion; in the absence of Drone, an amplification product of
~311 bp is obtained. (D) Southern hybridization of the blot used in B
with HM215, revealing the lack of the ~m2 deletion, characteristic of
Pr and K61, in MO21A.

in Pr, additional susceptible inbreds have been found and have
been shown to be homozygous recessive at both ~im1 and hm?2
(4, 15). Inbred K61, which was derived from the open-
pollinated cultivar Pride of Saline (3), appeared to have the
same mutant alleles of both ~m 1 and hm2 as Pr. The restriction
pattern of the ~im1 allele of K61 was identical to that of ~mI-Pr
(Fig. 3B), and the deletion pattern of the im?2 allele of K61 was
identical to the corresponding deletion allele of Pr (Fig. 3D).
To confirm that the ~imI allele of K61 contained the Drone
insertion, DNA from Pr, K61, and a number of resistant
inbreds including B73 was PCR-amplified with two gene-
specific primers that flank Drone in hmI-Pr. An amplification
product identical in size to that of Pr, suggestive of the
presence of Drone, was detected only from the DNA of K61
and not from B73 (Fig. 3C) or any of the other resistant inbreds
including Prl, a near-isogenic resistant version of Pr (4).
Subsequent sequence analysis of the entire hml-K61 con-
firmed that the susceptible #m1-K61 allele also is the result of
Drone insertion. In addition, the Am1-K61 allele also contains
seven of the eight amino acid changes present in the AmlI-Pr
allele (Fig. 2B) and a benign insertion in the intron 3. These
results indicate that the sequences of both the ~im1 and hm?2
alleles of K61 are identical to the corresponding alleles of Pr.

The pedigree relationship between Pr and K61 is untrace-
able. However, two other susceptible inbreds, K41 and K44,
which, like K61, were derived from Pride of Saline, carry the
same mutant alleles of im/ and hm?2 as K61 and Pr (data not
shown). This suggests that these mutant alleles of AmI and
hm?2, which resulted in the appearance of the leaf spot and ear
rot disease during the 1930s, may originally have occurred in
Pride of Saline (3, 4). The pathogen probably was present in the
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Midwest before the 1930s; as it has been isolated from old
seeds and herbarium specimens (25, 26). Two factors may have
hindered the development and, therefore, recognition of the
disease before the 1930s. First, maize, being a cross-pollinated
species, minimizes the generation of recessive homozygotes in
an open-pollinated population, thereby reducing the accumu-
lation of susceptible plants (homozygotes for both hml and
hm?2 in this case). Second, the semiarid climate of Kansas also
may have been a factor because the development of disease
caused by C. carbonum race 1 is highly dependent on warm and
humid conditions. When inbred lines (homozygous for both
the mutant alleles) were moved to the humid corn belt, the
disease caused by this previously unknown pathogen could be
expected to occur.

The Susceptible Inbred MO21A Has a Unique Set of Mutant
hml and hm2 Alleles. To address further whether natural
mutations in HmlI and Hm2 have occurred only once in maize,
we characterized both m loci from another susceptible inbred,
MO21A, which was derived from Laguna, an open-pollinated
cultivar from Mexico (3). Because the genotypic makeup of
this inbred in terms of susceptibility to C. carbonum race 1 had
never been characterized, a number of genetic crosses were
made that revealed that MO21A was homozygous recessive at
both the ~im1 and hm2 loci. These crosses included an allelism
test between MO21A and Pr and outcrosses of MO21A with
Prl and the Hm2 tester followed by self-pollination of the
resulting hybrids.

A Southern blot procedure was used to examine the molec-
ular nature of Aml and hm2 in MO21A. The hybridization
pattern of the hml allele of MO21A was distinct from the
common pattern of both Pr and K61 (Fig. 3B). The deletion
that is characteristic of the recessive hm2 alleles of both Pr and
K61 is lacking in MO21A (Fig. 3D). The results from PCR
amplification using Drone flanking primers showed that the
hm1-MO21A allele lacked Drone (Fig. 3C). Subsequent se-
quence determination of the entire AmI-MO21A allele has
confirmed that it is different from 4m1-Pr (Fig. 2B). Although
we do not know yet what mutational events have caused defects
in the hm1 and hm?2 alleles of MO21A, it is clear from the data
presented that the defects in the Aml and hm?2 alleles of
MOZ21A are different from the lesions that led to the gener-
ation of the common mutant alleles of Pr and K61. Thus, the
susceptibility to C. carbonum race 1 has originated naturally at
least twice in maize. Given the propensity of genetic instability
in maize that has many systems of active transposable elements
(27, 28), together with the amount of genetic and breeding
research that has gone into characterizing and shaping this
crop species, it is not too surprising.

Presence of HmI-Homologous Sequences in Other Plant
Species. The results suggest that maize normally is not a host
of C. carbonum race 1. But, when Hm1 and Hm?2 are disrupted,
maize can no longer inactivate HC toxin and, as a result,
becomes susceptible.

The question then is: Did Hm-encoded resistance evolve
exclusively in maize or is it shared by other plant species? To
address this question, DNA from monocots was hybridized
with the full length HmI-cDNA under high stringency condi-
tions. Unique bands were detected in all lanes (Fig. 4A4),
suggesting that all plants tested possess sequences highly
homologous to Hml. In fact, a barley cDNA (GenBank
accession no. U77463) (29) and a rice cDNA (GenBank
accession no. E10912) have been identified that are more than
70% identical to the maize Hm1 gene at the amino acid level
(Fig. 5). An additional homolog of Hm 1 has been isolated from
barley (sequenced tagged site; GenBank accession no.
L43997), which cross-hybridizes specifically to the maize HmI
gene (Fig. 4B).

There are two obvious explanations for the ubiquitous
presence of Hm-hybridizing sequences among monocots. Ei-
ther the Hm-encoded disease resistance function (HCTR) in
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FiG. 4. (A4) A Southern blot (Bg/Il digestion) showing hmi-
homologous restriction fragments in Pr (lane 1), K61 (lane 2), K44
(lane 3), wheat (lane 4), rice (lane 5), sorghum (lane 6), Tripsacum
(lane 7), oat (lane 8), and two different accessions of Teosinte (lanes
9 and 10). The blot was probed with the full length HmI-cDNA and
washed under conditions of high stringency. (B) An overlay of
autorads of a gel blot that was probed first with Hm1 and then, after
stripping, with ABG-459, (the barley STS, GenBank accession no.
L43997). DNA of Pr (odd-numbered lanes) and Prl (even-numbered
lanes) was digested with BamHI (lanes 1 and 2), EcoRI (lanes 3 and
4), SstI (lanes 5 and 6), and EcoRV (lanes 7 and 8).

maize is recruited, by necessity or serendipity, from a gene(s)
that performs an essential but unknown function or it repre-
sents a disease resistance mechanism of ancient origin that has
evolved in a common ancestor for protection against patho-
gens that used HC toxin or related cyclic tetrapeptides as part
of their pathogenic arsenal. Because there are no obvious
pleiotropic effects associated with any of the mutations of Hm1
and Hm?2, all of which are null for both the HCTR activity and
the resistance function (17, 18), the only nonredundant func-
tion of HmI and Hm?2 is defense against HC toxin. Further-
more, homologs of Hml from barley and rice, from which
maize diverged at least 70 million years ago (23, 30), are highly
conserved in sequence, suggesting that they perform the same
function. In fact, all monocots tested possess HCTR activity
(31), except the maize inbreds and mutants that are susceptible
to C. carbonum race 1 (18).

Syntenic Conservation of Hm1 and Hm2 in Maize, Sorghum,
and Rice. To determine whether any of the homologs in
nonmaize plants have ancestral relationships with the maize
Hm1I and Hm?2 genes, a probe from the 5’ end of the Hm I gene
was mapped in both sorghum and rice. Two restriction frag-
ments, one major and the other minor, were observed in both
species. The genomic organization of both HmI and Hm?2 is
conserved among maize, sorghum, and rice. In both sorghum
and rice, the major band was mapped to the syntenically
conserved region of maize 1L, where Hm 1 is located (Fig. 6A4).
Similarly, the minor band in both sorghum and rice was
mapped to the region that is colinear with Hm2 on 9L in maize
(Fig. 6B). In agreement with these results, one of the Hm/
homologs of barley appears to map to a location that is related
syntenically with the maize Hm2 location (29). Given the
conservation in gene composition and colinearity among the
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F16.5. Predicted amino acid sequence comparisons of full length cDNAs of maize Hm1-B73 (GenBank accession no. L02540), rice ( DNA Data
Bank of Japan accession no. E10912), and barley (GenBank accession no. U77463). Shaded areas represent homologous amino acid residues. A
missing amino acid residue is represented by a dash.

genomes of the grass family (30, 32-34), these results clearly this study also has a conceptual implication regarding nonhost
indicate that the Hm homologs of both sorghum and rice are resistance. A view among plant pathologists is that nonhost
orthologs of the maize HmI and Hm2 genes. In other words, resistance in plants is caused by the lack of basic compatibility
they are derived from a common ancestor by vertical descent. between host and pathogen. This view is contrasted by the

Conceptual and Evolutionary Implications. In addition to findings of this study, which indicate that nonhost resistance in
providing a molecular explanation for the origin of a disease, plants against some pathogens can be caused by the presence
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Fig. 6. Comparative mapping of an Hml-specific probe in maize, rice, and sorghum. The genetic maps are based on marker orders,
recombinational distances, and populations described elsewhere (21, 22). DNA marker loci indicated by (—) were mapped directly in the cited
populations, whereas those indicated by <— were mapped in other populations (ref. 23 and unpublished data), and the appropriate locations were
inferred based on map positions of flanking markers. For DNA markers that conflict with the most parsimonious interpretation of chromosomal
correspondence between taxa, conflicting map positions are indicated in parentheses (M, maize). Comparative markers were mapped in as few as
56 individuals, and thus reversals in order of closely linked loci (<3 cM) are not conclusive evidence of chromosomal rearrangement.
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of an active, durable resistance function. The susceptibility of
maize to C. carbonum race 1 constitutes the first documented
case in plants in which the breakdown of a nonhost resistance
mechanism has led to the birth of a disease.

The presence of HCTR activity in all monocots tested (31)
and the unique absence of this activity in all C. carbonum race
1-susceptible inbreds and mutants of maize, suggest that the
function of Hm-homologous sequences in plants specifically is
to defend against HC toxin or related molecules. A logical
extension of this concept is that HC toxin (or its related cyclic
tetrapeptides) may have been important in plant disease
before the existence of the Hm-encoded HCTR function. In
other words, the recent genesis of the leaf spot and ear mold
disease of maize may have uncovered an ancient case of
parasitism. Considering the exceptional virulence endowed on
C. carbonum race 1 by HC toxin, this factor (or a related
metabolite) may have played a significant role in the evolution
or geographical distribution of plant species.

Because of the selective toxicity of HC toxin on susceptible
maize, it has been categorized as a host-specific toxin capable
of inflicting damage only on maize (35, 36). Our results suggest
that the host-selective effects of HC toxin and, therefore, the
host range of the pathogen are dictated by HCTR activity. The
probable antiquity and wide distribution of HCTR function in
plants predicts that HC toxin may interfere with some general
but fundamental aspect of cell function that renders a plant
susceptible to colonization by a fungus. Consistent with this
proposal are the recent findings that implicate HC toxin and
its structural analogs as potent inhibitors of histone deacety-
lases (13, 37). Deacetylation of histones may be a prerequisite
for the inducible expression of genes (38). Because much of
plant defense relies on inducible mechanisms, it has been
proposed that suppression of histone deacetylase is the mech-
anism by which HC toxin permits fungal colonization of maize
(13). In fact, a recent study provides some evidence for this
(39). Given the ubiquitous ability of HC toxin to inhibit histone
deacetylases from all organisms tested (13), one may wonder
how dicots, in which HCTR activity has been undetected thus
far (18), defend against HC toxin.
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