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The development of molecular marker techniques has en-
hanced our ability to map loci involved in disease and insect
resistance in maize (Zea mays L.) and other plant species
(Prince and Tanksley 1992). Prior to the advent of molecular
marker analysis, mapping resistance genes in maize typically
required the use of endosperm marker-linked translocations
and chromosome arm tester stocks (Burnham 1982; Louie et
al. 1991). These specialized stocks provided only partial cov-
erage of the genome and, in many cases, were present in in-
appropriate genetic backgrounds for mapping of disease and
insect resistance traits. Restriction fragment length polymor-
phism (RFLP) analysis alleviates the need to use cytological
and morphological markers to map genes, and, in maize, vir-
tually any combination of parental lines can be used for RFLP
analysis (Coe et al. 1988; Hoisington and Coe 1989). Over
the past 5 years, there has been a large increase in the number
of qualitative genes and quantitative trait loci (QTL) mapped
in maize for plant response to pests and pathogens. It is be-
coming apparent, as more genes for disease response traits are
placed on the maize linkage map, that loci for disease and
insect resistance are not randomly distributed over the maize
genome.

Our laboratory has been developing a high resolution ge-
netic map in the region of the maize dwarf mosaic virus
(MDMV) resistance gene, mdml, on the short arm of chro-
mosome 6 (Simcox et al. 1995). We discovered that there
were two additional resistance genes that map near mdml: (i)
wsml, which confers dominant resistance to a related potyvi-
rus, wheat streak mosaic virus (WSMV) (McMullen and
Louie 1991; McMullen et al. 1994); and (ii) a recessive gene,
rhmli, which confers resistance to the fungal pathogen Coch-
liobolus heterostrophus (Drechs.) Drechs, race O (Zaitlin et
al. 1993). A search of the literature was undertaken to deter-
mine to what extent genes for disease and insect response
traits were linked or “clustered” in the maize genome.

Descriptions of various disease and insect traits are listed in
Table 1. Table 2 summarizes the map locations of disease and
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insect resistance genes and QTL reported in the literature.
Map positions are reported in the form of “chromosomal bin”
locations taken from the 1995 UMC maize RFLP linkage
map, generated by the USDA-ARS Plant Genetics Research
Unit and the Plant Science Unit at the University of Missouri.
For the bin map, each chromosome is divided into approxi-
mately equal segments of about 20 ¢M. The boundaries of the
bins are fixed by “core” markers (Gardiner et al. 1993). Map
positions given for QTL correspond to the most significant
RFLP marker associated with that trait. All information pre-
sented in this article can be accessed through the USDA
maize genome database, MaizeDB. Information for accessing
MaizeDB can be obtained by contacting the MaizeDB
curator, Dr. Mary Polacco, at the University of Missouri
(maryp @teosinte.agron.missouri.edu).

Clustering of disease and insect resistance genes.

All 10 of the maize linkage groups contain either dis-
ease/insect resistance genes or QTL (Table 2). The majority
of the resistance loci and QTL are located in chromosomal
bins containing other disease or insect resistance factors. A
chi-square test of independence of gene distribution within
bins was performed after pooling adjacent bins to increase the
expected class numbers to greater than 1.0 (Snedecor and
Cochran 1967). The probability the observed distribution
could be obtained by chance was P < 0.001. The distribution
obtained did not fit a random model. These clusters of resis-
tance genes occurred on each linkage group with the excep-
tion of chromosomes 7 and 9. The cM distance between loci
within a particular cluster varied. In some instances, such as
the gene clusters present in bins 3.04 and 6.01, loci were
tightly linked, whereas resistance genes in other clusters were
distributed over 20- to 40-cM regions. This variation in the
size of the clusters may reflect the actual position of the loci,
or be due to differences in experimental procedures used in
the different mapping studies.

Do resistance genes cluster to a greater extent than other
genes? The distribution of expressed sequences in the maize
genome has not been adequately addressed. Certainly clusters
of gene families such as the zeins, rDNA genes, and P-450
monoxgenases have been identified. Recently, Khavkin and
Coe (1995a, 1995b) have reported that single genes and QTL
for morphological traits and growth regulation are clustered
in the maize genome.
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Table 1. Description of pathogens and pests

Disease/insect Causal organism Symptom® Vector Reference
Maize dwarf mosaic virus  Potyvirus S, Mo Many aphid species Simcox et al. 1995
Wheat streak mosaic virus  Potyvirus S, Mo Eriophyes tulipae (Keifer) mite McMullen et al. 1994
Maize mosaic virus Rhabdovirus S, Mo Peregrinus maidis (Ashmead) leaf- Ming et al. 1995b
hopper
Maize streak virus S Cicadulina mbila Naude leafhopper Kyetere et al. 1995
Stewart’s wilt Erwinia stewartii F,V,Ne Chaetocnema pulicaia comn flea beetle Ming et al. 1995a
Carbonum leaf spot Cochliobolus carbonum Nelson F,M, Ne Coe et al. 1988
Gray leaf spot Cercospora zeae-maydis Theon and F,M,Ne Bubeck et al. 1993
Daniels
Southern corn leaf blight ~ Cochliobolus heterostrophus (Drechs.) F, M, Ne Zaitlin et al. 1993
Drechs.
Northern corn leaf blight ~ Setosphaeria turcica (Luttrell) K. J. F, V,Ne Simcox and Bennetzen
Leonard & E. G. Suggs 1993
Zaitlin et al. 1992
Bentolila et al. 1991
Hoisington and Coe 1989
Common rust Puccinia sorghi (Schwein.) F Coe et al. 1988
Southern rust Puccinia polysora Underw. F Coe et al. 1988
Anthracnose stalk rot Collectotrichum graminicola (Ces.) Wils. N Jung et al. 1994
Fusarium stalk rot Gibberella zeae (Schwein.) Petch N P¢ et al. 1993
European corn borer Ostrinia nubilalis Hibner F,N Schén et al. 1993
Corn earworm Helicoverpa zea (Boddie) E Byme et al. 1995

* E = mature ear, F = foliar, M = mesophyll cell layer, Mo = mosaic symptoms, N = stalk internode invasion, Ne = necrosis, R = root infection, S = sys-
temic infection, V = vascular wilt

Table 2. Chromosomal bin locations of disease and insect resistance genes and quantitative trait loci (QTL)"

Chromosome
Disease/insect trait Locus 1 2 3 4 5 6 7 9 10
Northern corn leaf blight htl 2.08"
h12 8.06
hinl 8.06
QTL 1.0172 3.07/8 4.02/3 5.01/2 7.03 8.03/4
5.06
DIMBOA bxl 4.02/3
European corn borer QTL 1.01 2.03 3.04/5 4.02/3 7.04 10.04/5
1.07 2.08/9
Corn earworm QTL 1.03 9.01/2 10.06
Gray leaf spot QTL 1.04 2.04/5 4.02 8.05 10.05
4.04
4.08
Anthracnose stalk rot QTL 4.08
Maize streak msvl 1.04
Stewart’s wilt QTL 1.05
Carbonum leaf spot hml 1.07
hm2 9.04/5
Fusarium stalk rot QTL 1.07 2.04 3.04/5 4.04 5.02 10.06
5.04
Common rust 3 3.04
4 4.02/3
mpl 10.01
rpS 10.01
mwl-G 10.01
Southern rust rpp9 10.01
Maize mosaic mvl 3.04
Wheat streak mosaic wsml 6.01
wsm2 3.04
wsm3 10.05
Maize dwarf mosaic mdml 6.01
Southern corn leaf blight rhml 6.01

* Map positions and scores of restriction fragment length polymorphism loci can be accessed through the maize genome database, MaizeDB. Informa-
tion concerning access to MaizeDB can be obtained by contacting the MaizeDB curator, Dr. Mary Polacco, at the University of Missouri
(maryp @teosinte.agron.missouri.edu).

® Bin locations are designated by an X.Y code, where X is the linkage group containing the bin and Y is the location of the bin within the linkage group.
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An interesting aspect of these clusters is the spectrum of
pathogens/pests and host-pathogen/pest interactions repre-
sented (Table 1). For example, near the centromere on chro-
mosome 3 is a tight cluster of resistance genes and QTL, lo-
cated within bins 3.04 and 3.05 (Table 2). This cluster
contains three dominant disease resistance genes mapping
within 5 cM of umc102: (i) the rp3 locus, which confers resis-
tance to Puccina sorghi (Schwein.) (Sanz-Alferez et al.
1995); (ii) the wsm2 locus for resistance to WSMV
(McMullen et al. 1994); and (iii) mvI for resistance to maize
mosaic virus (MMV) (Ming et al. 1995b). Also mapping in
bin 3.04 were QTL for resistance to Fusarium stalk rot (FSR),
caused by Gibberella zeae (Schwein.) Petch, and the Euro-
pean com borer (ECB), Ostrinia nubilalis Hiibner (P et al.
1993; Schon et al. 1993). The rp3 locus appears to be in-
volved in the pathogen recognition pathway; infection by an
avirulent race of P. sorghi will result in a localized hyper-
sensitive response (HR) (Bennetzen et al. 1988). Both wsm?2
and mvl confer resistance to viral pathogens. While the
mechanisms of resistance to these unrelated viruses are cur-
rently unknown, neither resistance is characterized by an HR
similar to rp3. The QTL for ECB resistance in bin 3.04 is as-
sociated with degree of tunnel length caused by second gen-
eration larvae (Schon et al. 1993), and the FSR QTL is asso-
ciated with percent stalk internodes infected (P2 et al. 1993).
The association between resistance to ECB tunneling and
FSR resistance is interesting since ECB tunneling provides
entry points for stalk-rotting pathogens. However, the asso-
ciation between QTL for resistance to ECB and FSR is not
universal, since only three of the seven ECB QTL identified
by Schon and co-workers mapped to the same region as a
QTL for FSR identified by P& and co-workers. Although O.
nubilalis and G. zeae share part of their life cycle within the
stalk, the interactions between maize and these organisms are
very different. Each interaction between maize and a patho-
gen or pest will have aspects unique to the invading organism.

Functional relationships.

The question of whether resistance genes within a cluster
are functionally related is unclear, particularly because resis-
tance to unrelated organisms is often found within a cluster.
Except for a few cases, the biochemical and physiological
bases of resistance to pathogens and pests have yet to be elu-
cidated in maize. The only example of a disease resistance
gene having been cloned in maize is the Aml locus, which
confers resistance to carbonum leaf spot caused by Coch-
liobolus carbonum Nelson race 1 (Johal and Briggs 1992).
The Hmli allele encodes a functional NADP reductase that
detoxifies the HC-toxin, a fungal pathotoxin required by C.
carbonum race 1 for disease development.

Another example of a known maize defense compound is
the involvement of the flavone glycoside, maysin, in silk-
feeding resistance to the corn earworm, Helicoverpa zea
(Boddie) (Byrne et al. 1995). Resistance to corn earworm is a
quantitative trait, with maysin synthesized via the flavonoid
metabolic pathway (Coe et al. 1988). This pathway is well
characterized in maize and efforts are currently underway in
our laboratory to equate QTL for corn earworm resistance to
specific steps in the pathway. The major QTL for maysin con-
centration corresponds to the transcription regulator gene pl
located in bin 1.03 near the gene for resistance to maize

streak virus, msvl, and an FSR QTL (Table 2).

An additional preformed antimicrobial compound—
2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one (DIMBOA)
—has been identified in maize and is associated with resis-
tance to feeding by the first-generation ECB and correlated
with northern com leaf blight (NCLB) lesion expansion,
caused by Setosphaeria turcica (Luttrell) K. J. Leonard & E.
G. Suggs (Coulture et al. 1971; Guthrie et al. 1986). The ac-
cumulation of DIMBOA is regulated by the action of the bx]
locus, which is located in bin 4.02 or 4.03 on the short arm of
chromosome 4 (Table 2; Simcox and Weber 1985). This re-
gion also contains a dominant resistance gene to P. sorghi,
rp4, and QTL for resistance to first brood larvae of ECB, gray
leaf spot (GLS) caused by Cercosprora zeae-maydis Theon
and Daniels, and NCLB (Schén et al. 1993; Bubeck et al.
1993; Freymark et al. 1993). It would seem unlikely that a
preformed antimicrobial compound, such as DIMBOA, would
be a primary factor in an rp4-mediated HR. However, the
presence of a phytotoxic and antimicrobial compound might
affect QTL for lesion size and sporulation, which are quanti-
tative parameters for resistance to NCLB and GLS.

Genome duplications in the region of disease resistance loci.

The genome of maize is highly duplicated, with as many as
40% of the genomic RFLP and cDNA probes detecting more
than one unlinked locus under high strigency hybridization
conditions (Helentjaris 1995; Helentjaris et al. 1988). Fur-
thermore, the existence of duplicate arrays of colinear loci,
identified by the same RFLP probe, indicates whole segments
of chromosomes are likely duplicated. Examination of the
chromosomal position of disease resistance genes and QTL
within duplication regions reveals that many resistance loci
may be related through duplication. An example is the region
around hml, bins 1.06 to 1.07, which is duplicated on the
long arm of chromosome 9, near 9.04 to 9.05. The chromo-
some 9 region contains the ~m2 locus that is involved in adult
plant resistance to C. carbonum race 1 (Coe et al. 1988; Johal
and Briggs 1992). The gene product of the Am2 locus has yet
to be determined, but the Hm2 allele confers resistance
against the same HC-toxin-producing C. carbonum isolates as
Hml.

On the long arm of chromosome 8, within bin 8.06, are two
dominant NCLB resistance genes, hf2 and htnl (Table 1;
Simcox and Bennetzen 1993; Zaitlin et al. 1992). The Hr2
allele confers a chlorotic-necrotic lesion response to infection
by an avirulent race of S. turcica, analogous to an HR, which
inhibits or limits sporulation. On the other hand, the Hnl al-
lele results in delay of symptom expression when challenged
with an avirulent race. Reduction of sporulation and inhibi-
tion of lesion development are two of the parameters that are
used to measure quantitative resistance to NCLB (Freymark
et al. 1993, 1994). It is interesting to note that when chromo-
somal regions containing homoeology to bin 8.05 (Helentjaris
1995) are examined, NCLB QTL are also present. RFLP
probes mapping to bin 8.05 also detected loci mapping to
chromosome 3, bin 3.07 to 3.08, and chromosome 5, bin 5.06
to 5.07. Both of these chromosome regions contain NCLB
QTL (Freymark et al. 1993). It therefore appeared that these
three genes may represent duplications of the same gene or
represent genes derived from an ancient cluster (Helentjaris
1993).
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Origin and implication of resistance gene clusters.

Recent reports describing cloning of disease resistance
genes conferring HR resistance from Arabidopsis thaliana,
tobacco, and tomato suggest that resistance genes involved in
the recognition of an invading organism represent steps in the
signal transduction pathway (Bent et al. 1994; Jones et al.
1994; Martin et al. 1993; Mindrinos et al. 1994; Whitman et
al. 1994). There are often linked, duplicated sequences related
to the resistance genes (Martin et al. 1994; Sanz-Alferez et al.
1995; Whitman et al. 1994). If these duplicated sequences
also function in resistance to other pathotypes of the same
pathogen, or other pathogens, a basis for resistance gene
clustering for HR genes can be envisioned. The rp! complex
on the short arm of chromosome 10 consists of duplicated
genetic elements that encode alleles for resistance to P. sorghi
(Bennetzen and Hulbert 1993; Sudapak et al. 1993). Unequal
exchange and gene conversion events have been implicated in
the instability of resistance at this complex, but also in the
evolution of new alleles with altered race specificites (Hu and
Hulbert 1994; Scot Hulbert, personal communication). In the
case of resistance to rapidly evolving pathogens, the ability of
a resistance gene cluster to evolve new specificities might be
influenced by the chromosomal location. Distinct regions of
the genome might evolve at a pace sufficient to coevolve with
changing pathogen/pest challenges.

However, the diversity of organisms and resistance re-
sponses of loci mapping within a particular cluster probably
rule out the possibility that all genes in clusters are involved
in signal transduction. The bx! locus controlling the synthesis
of DIMBOA and the p! locus controlling the synthesis of
maysin may be clues to a second class of genes that may lead
to gene clustering through duplication. Regulation of the an-
thocyanin pathway is controlled by a set of myb-like (c/, pl,
and pll) and myc-like (b! and rl) transcription regulators
(Grotewold et al. 1994). Duplicated elements are often asso-
ciated with these loci. The involvment of the p/ locus in the
synthesis of maysin has already been discussed, but the action
of the bxI gene is also consistent with this locus acting as a
transcription regulator for genes in the DIMBOA biosynthetic
pathway. If other QTL or single genes for resistance are tran-
scription regulators then the resistance genes could be struc-
turally related, such as myb-like or myc-like, but control bio-
chemical pathways for compounds effective against very
diverse pathogens or pests.

Applications in gene mapping and cloning.

Clustering of disease resistance genes suggests several
applications to enhance the efficiency of cloning disease and
pest-resistance genes in maize. Maize contains several active
transposable element systems that have been used success-
fully to transposon tag and clone genes (Johal and Briggs
1992). One useful characteristic of these transposable element
systems is propensity of active elements to transpose more
frequently to linked sites than to more distant chromosome
regions (Dellaporta and Moreno 1994). This property of
maize transposable elements has recently been successfully
used to clone disease resistance genes in both tobacco and
tomato using the maize Activator transposable element (Jones
et al. 1994; Whitman et al. 1994). Chromosomal regions
containing clusters of resistance genes in maize could be
more efficiently targeted for transposon tagging by pre-
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selecting active transposable element populations that contain
transposable elements linked to the target region (Chang and
Peterson 1994).

A second application of the phenomena of resistance gene
clustering is the construction of high resolution genetic maps
in the region of disease resistance gene clusters, which can
then be used in positional cloning of a number of disease re-
sistance traits (Martin et al. 1993; Simcox et al. 1995). Posi-
tional cloning in maize is at best a difficult undertaking, due
mainly to high amounts of repetitive DNA (Springer et al.
1994). However, the realization that the genomes of maize
and related grasses are colinear, despite the occurrence of
translocations and inversions, has led to novel approaches for
positional cloning (Ahn and Tanksley 1993; Hulbert et al.
1990). This colinearity of grass genomes has led to the prem-
ise of the cereals as a single experimental system allowing the
exchange of tools and techniques of genome analysis between
grass species (Bennetzen and Freeling 1993; Helentjaris
1993). Difficulties in positional cloning in maize could be
overcome by utilizing high molecular weight libraries from
smaller genomes that are somewhat colinear, such as rice and
sorghum (Bennetzen and Freeling 1993). Establishment of
colinear relationships of resistance genes across species will
greatly aid gene isolation and understanding the actions of
genes for resistance.
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