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ABSTRACT

Wisser, R. J., Balint-Kurti, P. J., and Nelson, R. J. 2006. The genetic
architecture of disease resistance in maize: A synthesis of published
studies. Phytopathology 96:120-129.

Fifty publications on the mapping of maize disease resistance loci were
synthesized. These papers reported the locations of 437 quantitative trait
loci (QTL) for disease (dQTL), 17 resistance genes (R-genes), and 25 R-
gene analogs. A set of rules was devised to enable the placement of these
loci on a single consensus map, permitting analysis of the distribution of
resistance loci identified across a variety of maize germplasm for a num-
ber of different diseases. The confidence intervals of the dQTL were

distributed over all 10 chromosomes and covered 89% of the genetic map
to which the data were anchored. Visual inspection indicated the presence
of clusters of dQTL for multiple diseases. Clustering of dQTL was sup-
ported by statistical tests that took into account genome-wide variations
in gene density. Several novel clusters of resistance loci were identified.
Evidence was also found for the association of dQTL with maturity-
related QTL. It was evident from the distinct dQTL distributions for the
different diseases that certain breeding schemes may be more suitable for
certain diseases. This review provides an up-to-date synthesis of reports
on the locations of resistance loci in maize.

In many economically important plant pathosystems, disease is
controlled by breeding for genetic resistance in the host plant. Plant
pathologists and breeders recognize two general types of resistance:
qualitative and quantitative. Qualitative resistance typically con-
fers a high level of resistance, is usually race-specific, and is
based on single dominant or recessive genes. In contrast, quanti-
tative resistance in plants is typically partial and race-nonspecific
in phenotype, oligogenic or polygenic in inheritance and is condi-
tioned by additive or partially dominant genes. Although it is easier
to work with qualitative resistance in crop genetic studies and in
breeding, quantitative resistance is often the more useful in an agro-
nomic context, due to its generally higher durability and broader
specificity (46,55). In maize, the majority of disease resistance
deployed in elite varieties in the field is quantitative in nature.

Genes conditioning qualitative resistance, often termed R-
genes, can be mapped using Mendelian genetics. R-genes have
been cloned in many systems and their modes of action and signal
transduction pathways defined (28,32,64). Cloning genes condi-
tioning quantitative resistance is much more challenging because
of their modest phenotypic effects. Since the first mapping study
on quantitative trait loci (QTL) in a crop plant was published in
1988 (56), a substantial number of studies have been conducted to
map QTL for resistance to plant diseases (80).

The disease QTL (dQTL) mapping studies conducted in maize
thus far have provided information on the genetic architecture of
disease resistance, including the number, location, and action of
chromosomal segments conditioning the trait. In each primary
study, the chromosomal segments associated with quantitative re-
sistance were identified with the aid of molecular markers (40,
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62,73) and the allelic contrasts in one or a few biparental crosses
were analyzed in one or a few environments. Each study thus
sheds light on the genetic architecture of the trait in the specific
populations under study. To achieve a broader picture of the
genetic architecture of disease resistance in the species, however,
the data from multiple studies must be synthesized.

The purpose of this paper is to integrate the results presented in
50 publications on qualitative and quantitative resistance to fun-
gal, oomycete, bacterial, and viral pathogens and R-gene analogs
(RGAs) in maize. Based on this synthesis, we address the follow-
ing questions about the genetic architecture of disease resistance
in a crop of global importance. How many dQTL have been de-
clared in the published literature? What proportion of the maize
genome has been associated with these QTL? Is there evidence
for a nonrandom distribution of dQTL, and if so, can dQTL “hot-
spots” in the maize genome be identified? Are qualitative and
quantitative disease resistance loci associated? Do certain ge-
nomic regions condition multiple disease resistance, i.e., resis-
tance to different pathogens? And to what extent do dQTL co-
localize with QTL associated with plant development (e.g., days
to flowering)?

PRIOR STUDIES

Previous reviews of plant quantitative disease resistance.
Several papers published over the last decade have examined the
genomic organization of disease resistance genes in maize and
other plant species. In 1995, McMullen and Simcox (51) re-
viewed the genomic organization of disease and insect resistance
genes in maize. The maize genome has been divided into 100
“bins” of approximately 20 centimorgans (cM) each (18,24),
which are designated by the chromosome number and a two-digit
decimal (e.g., 1.01, 1.02, etc.). They summarized the positions of
reported resistance loci according to those bins, and found evi-
dence for a nonrandom distribution of resistance loci based on a



the results of mapping of resistance to the fungal disease northern
corn leaf blight in three different maize populations. The three
populations shared three dQTL regions in common on chromo-
somes 3, 5, and 8. These regions were also the sites of dQTL and

synthesis of results reported in 16 papers documenting 34 dQTL
and 19 major genes. Closely linked resistance gene clusters were
identified in bins 3.04 and 6.01 and more diffuse clusters were
seen elsewhere in the genome. Welz and Geiger (74) summarized

TABLE 1. Published studies used to analyze the location and clustering of disease resistance loci on maize chromosomes

Disease Pathogen Analytical method?® Population size | type® Germplasm ¢ Refd
Northern corn leaf blight ~ Exserohilum turcicum SIM 121 | Fps3 B52 x Mol17 (20)
SIM 150 | Fp.3 B52 x Mol7 (22)
CIM 220 | F3 D32 x D145 (77)
SIM 230 | Fp3 73 xP138 (34)
CIM 194 | Fy.3 L0951 x CML202 (75)
CIM 194 | Fp.3 L0951 x CML202 (69)
CIM 196 | F3.4 Highland x Lowland (36)
CIM 157 | Fps IL731a x W6786 5)
LA 4 | NIL pairs; 95 | F, DF20 x LH146H:. 3)
LA n/a| BC, W22Hml1 x A619Ht1 (70)
LA Several | NIL pairs; 124 | F, A619H2 x W64A (83)
Northern corn leaf spot Cochliobolus carbonum LA 60| BC, (K61 x Prl) x Prl (37)
LA n/a n/a (53)
Gray leaf spot Cercospora zeae-maydis CIM 230 | F, Proprietary F, (45)
SIM 239 | Fp3 Val4 x B73 (67)
SIM 139 | Fy3 ADENT x B73rhm 9)
CIM 301 | BC,S; FR1141 x 061 (14)
CIM 100 | Fp4 VO613Y x Pad405 (€2))
Southern corn leaf blight ~ Cochliobolus heterostrophus ~ ANOVA 139 | Fp3 ADENT x B73rhm ®)
CIM 192 | RIL B73 x Mol7 ?2)
CIM 196 | F3.4 Highland x Lowland inbred (36)
LA 102 | F,3 RH95rhm x B73 (82)
Southern rust Puccinia polysora CIM 196 | F54 Highland x Lowland inbred (36)
ANOVA 165 | F, Z-95 x 2-93 6)
ANOVA 140 | Fy5 (B73Ht x Mol17Ht) x 1416-1 (33)
LA n/a n/a (15)
Common rust Puccinia sorghi CIM 280 | F5 KW1265 x D146 47)
CIM 157 | Fa3 IL731a x W6786 5)
ANOVA and MR 178 | RIL (BS11(Fr)C7) x FrMol7 41)
LA 3,450 | TC (Rp1-G R168 x Rp5 R168) x
Oh43 and H95 (72)
LA 427| TC rp3/rp3 line x Rp3-D R168
(see publication) (68)
LA n/a n/a (15)
BSA 261 | Fy; 50| F; AHI13 x H95 (19)
Downy mildews Peronosclerospora spp. ANOVA 94 | RIL G62 x G58 (1)
CIM 135 |RIL Ki3 x CML139 27)
Common smut Ustilago maydis CIM 280 | F3 KW1265 x D146 (48)
ANOVA and MR 178 | RIL (BS11(Fr)C7) x FrMol7 41)
Ear and stalk rots Fusarium moniliforme CIM 238 and 206 | F, B.P.R.L. BA90 39-1-2-#2-3 x
Pob.800C5 HC37-2-1-1-2-B (59)
Aspergillus flavus ANOVA 217 | BC,S;; 265 | TC B73 x Oh516; LH185 (10)
Gibberella zeae Regression 112 | F; B89 x 33-16 (58)
Colletotrichum graminicola SIM 249 and 231 | Fy; DE811ASR x DE811;
158 and 151 | F3 DES811ASR x LH132 (39)
Aflatoxin Aspergillus flavus CIM 210 | Fp3 Mp313E x B73 4)
ANOVA 217 |BC,S; B73 x Oh516 (10)
CIM and MR 176 | F».3; 100 | BC,S, Tex6 x B73 (57)
Stewart’s wilt Erwinia stewartii CIM 157 | Fp3 IL731a x W6786 5)
Viral diseases® MSV ANOVA 87 | RIL Tzi4 x Hi34 42)
SIM 165 | Fy.3 D211 xB73 (61)
CIM 191 | Fp3 B73 x CIRAD390 (60)
SIM 87 | RIL Tzi4 x Hi34 (43)
CIM 196 | Fp.3 L0951 x CML202 (76)
SMV CIM 121 | F3 F7 x FAP1306A 81)
CIM 219 | F; D32 x D145 (79)
MMV ANOVA and SIM 91 |RIL Hi31 x Kil4 (52)
MCDV ANOVA and CIM 316 | F, Oh1V1 x Va35 (38)
WSMV ANOVA 129 | RIL B73 x Mol7 (49)
LA 1100 | F, Pa405 x Oh28 (50)
MDMV LA 1,488 | BCy; 187 | Fy; 669 | Fp3  Pad05 x yM14; polB73 x Pa405 (71)
R-gene analogs n/a LA Several (see publication) Several (see publication) (16)
LA 94 | RIL; 84 | Fy.3 B73 x Mol17; D32 x D145 (63)

4 Analytical method used to determine the locations of resistance loci. SIM, simple interval mapping; CIM, composite interval mapping; LA, linkage analysis;

ANOVA, analysis of variance; MR, multiple regression; and BSA, bulked segregant analysis.

b The number of progeny and the type of population analyzed. NIL, near-isogenic line; RIL, recombinant inbred line; BC, backcross; and TC, testcross.

¢ The germplasm from which the population under study was derived.
4 The primary reference for the study.

¢ Viral diseases: MSV, Maize streak virus; SMV, Sugarcane mosaic virus; MMV, Maize mosaic virus; MCDV, Maize chlorotic dwarf virus; and WSMV, Wheat

streak mosaic virus.
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major genes for resistance to several other fungal diseases and in-
sect pests.

Gebhardt and Valkonen (26) summarized the organization of
potato disease resistance loci and found evidence for clustering of
both classes of genes; they suggested that R-gene homologues
might in some cases condition quantitative resistance. Wisser et
al. (78) exploited the burgeoning genomic information on the rice
genome in their analysis of the genomic organization of disease
resistance genes in rice. They reported evidence for clustering of
dQTL and R-genes, and that the two classes of resistance loci
were significantly associated with one another.

Disease QTL studies in maize. Table 1 lists the papers sum-
marized in this review, comprising all published studies known to
the authors (as of July 2005) reporting QTL or major genes for
resistance to fungal, oomycete, bacterial, and viral diseases of
maize, and RGAs. These 50 publications reported 57 studies
(counting analyses of two diseases reported in a single publication
as two studies) of resistance to 11 diseases or disease groups
(counting ear and stalk rots, different downy mildews, and differ-
ent viral diseases as three separate disease groups, respectively)
and two studies of RGAs. In this set, 437 dQTL, 17 major genes,
and 25 RGAs were reported.

Chromosome 1

THE CONSENSUS MAP

A consensus map of maize resistance loci. Several challenges
were confronted in comparing the results of previous studies,
largely because the studies were performed with many different
segregating populations, using different sets of molecular markers
and reporting their results in different ways. With recent advances
in maize genomics, it is now possible to unite previous studies
onto a single genetic framework to facilitate a synthesis of genetic
map data. A consensus map of the previously published dQTL, R-
gene, and RGA data was constructed by anchoring each of the
loci onto the intermated B73 x Mol7 population genetic map
(version IBM2 Neighbors [IBM2n], publicly available online
from the Maize Genetics and Genomics Database [MaizeGDB])
via the names of reported maize bins and/or molecular markers
defining each locus (Fig. 1).

We used the following rule set to produce the consensus map:
(i) all resistance loci declared in each study were recorded with-
out weighting by locus characteristics (e.g., the proportion of the
variation they explained); (ii) “redundant” QTL (i.e., multiple
QTL for the same disease identified over environments or for re-
lated phenotypic parameters, overlapping by more than 50%, and
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Fig. 1. Consensus map of resistance loci in maize. Each of the 10 maize chromosomes is portrayed with gray shading with the IBM2n centimorgan scale inside.
Centromeres are represented by white ovals. The standard maize bin boundaries are indicated by arrowheads with a number indicating the start of a given bin. The
zero bins are not indicated as they start at the beginning of each chromosome (e.g., chromosome 1 is composed of 13 bins: 1.00 to 1.12). The start position of bin
4.01 had been assigned a negative centimorgan value on the IBM2n map, so it occurs before the O cM start position, and is therefore not shown. The disease quantitative
trait loci (dQTL) (black bars) are shown above each chromosome, grouped across studies according to a specific disease or group of diseases. Disease QTL identi-
fied for multiple pathogens causing ear and stalk rot were grouped. Similarly, QTL for different oomycete pathogenic species (downy mildews) were grouped and
viral dQTL were grouped. The causal agents for ear rot were Fusarium moniliforme, Aspergillus flavus, and Gibberella zeae; for stalk rot, Colletotrichum
graminicola; for downy mildew: Peronosclerospora sorghi, P. heteropogoni, P. maydis, P. zeae, and P. philippinensis; and for viral diseases, High plains virus,
Maize chlorotic dwarf virus, Maize dwarf mosaic virus, Maize mosaic virus, Maize streak virus, Sugarcane mosaic virus, and Wheat streak mosaic virus. The loca-
tions of R-gene loci are shown with dQTL for the diseases to which they have been reported to condition resistance to, and are indicated according to their locus
names. The major genes Hm/ and Hm2, which confer resistance to northern corn leaf spot (37,53), are not shown because no QTL were reported. Once placed on
the consensus map, they were located on chromosome 1 from 590 to 607 cM and chromosome 9 from 254 to 259 cM, respectively. The locations of R-gene
analogs are shown as black filled boxes at the very bottom of each chromosomal figure. Below each chromosome is a histogram summarizing the QTL frequency
per centimorgan. The thicker line shows the frequency of dQTL and the thinner line maturity-related QTL. The frequency scale is to the left of the histogram.
Genomic regions (A-bins) where the observed dQTL number exceeded the expected dQTL number based on gene density, by a factor of at least two, are indicated
as white areas in each histogram. Numbers indicate the chromosome to which the cluster belongs and letters indicate different clusters on the same chromosome.
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associated with the same parental allele) were concatenated and
recorded as single QTL; (iii) a 95% confidence interval was con-
structed (17) for QTL defined by a single most significant mo-
lecular marker; (iv) QTL locations published according to the
maize bins were recorded as intervals covering the entire bin area;
and (v) markers not available on the IBM2n map were located ei-
ther as a relative position between flanking markers on the
IBM2n, inferred from their relative position between those same
flanking markers reported in the study or on other maps available
in MaizeGDB (an approach called the “homothetic function”
[13]), or to a bin, in which case rule (iv) was applied.

Considering the rule set used in deriving the consensus map,
several assumptions and potential caveats should be recognized.
The approach assumes chromosomal homologies across the maize
germplasm, such that the inferred locations on the IBM2n map
preserve the locations reported in each study. Sequencing of com-
mon chromosomal segments across maize cultivars has revealed
that a given locus may be nonallelic across different maize lines
(i.e., have different gene or other sequence content [7,23]), so in
certain cases this assumption might be violated. Almost all of the
publications reported the chromosomes to which the declared re-
sistance loci were located. For only five markers (defining three
QTL) were discrepancies noted between the reported chromo-
some to which they belonged and the chromosome to which they
were assigned on the IBM2n map.

Other caveats to this type of analysis relate to the evolution of
QTL analysis. The QTL studies reviewed were reported over a
span of 14 years. Standard experimental designs, map densities,
and methodologies for declaring QTL have changed to some ex-
tent over the years, making comparisons across studies potentially
subjective. Furthermore, no standard has been followed in declar-
ing a QTL. For instance, the experiment-wise P value thresholds
were not always stated; those reported ranged from 0.01 to 0.10.

Chromosome 3
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A total of 437 dQTL were declared across the studies, with an
average of 6.4 per study and a range of 1 to 16 per study. This
does not include the 17 studies in which only major genes were
located. After accounting for redundancy, the total dQTL number
was reduced to 319. The confidence intervals of the dQTL were
distributed over all 10 chromosomes and covered 89% of the
genetic map.

The maize karyotype is ordered in generally decreasing physi-
cal size, and chromosome size is generally related to the esti-
mated number of all maize genes. The number of dQTL per chro-
mosome tended to decrease with chromosome size and the
number of genes per chromosome. For example, there were 51
dQTL on the largest chromosome (chromosome 1) and 17 on the
smallest chromosome (chromosome 10). The IBM2n genetic map
has been anchored to the publicly available maize genomic se-
quence data by The Institute for Genomic Research (TIGR;
provided online by TIGR). As of May 2005, n = 2,690 unique
genomic sequence accessions had been anchored to markers
mapped on this genetic map, allowing us to integrate this sample
of the total maize genes with the dQTL data. It was assumed that
this was a representative, random sample of all maize genes.
Regression of dQTL number on gene number per chromosome
showed that much of the variance in dQTL number (73%) could
be attributed to gene number (Fig. 2). Inspection of the consensus
map revealed an apparent clustering of dQTL for some diseases or
groups of related diseases (e.g., viruses) and for all diseases taken
together. The pericentric regions of several chromosomes were
associated with clusters of co-localizing dQTL. Many telomeric
regions were associated with very few or no dQTL.

The coverage of the majority of the maize genome with re-
ported dQTL at least in part reflects the low precision and accu-
racy of QTL mapping (35), but could also be partly attributable
to the great number of genes involved in the host—pathogen
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interaction. For instance, thousands of genes are found to be
differentially expressed in microarray analyses of the plant
defense response (29). In addition, disease resistance may be con-
ditioned by genes affecting growth and development, as discussed
below.

Clustering of quantitative trait loci. Since McMullen and
Simcox (51) noted the apparent clustering of disease and insect
resistance loci in maize, many more dQTL have been declared. To
test the significance of the apparent dQTL clustering in this larger
and more precisely synthesized body of data, we determined the
probability that the observed distribution could occur by chance
alone. The data were summarized in a way that would minimize
the differential weighting of different dQTL based on variation in
their apparent length. That is, if bins were much smaller than
QTL, the analysis would be biased in favor of poorly resolved
QTL (78). To avoid this bias, a new bin structure was constructed,
corresponding to the average dQTL length in the data set. Each
dQTL was assigned to these bins according to the following rule:
if a dQTL had its midpoint in a bin, and/or if it covered an entire
bin, it was scored to that bin. Disease QTL and a sample of all
maize genes were assigned to 73 bins of approximately 107 cM
(the average dQTL length on the IBM2n map), which were desig-
nated alternative bins or “A-bins”. Note that a single QTL could
be counted more than once, if its confidence interval covered
multiple bins. We also took into account the distribution of genes
in the maize genome, since dQTL numbers and gene numbers
were significantly correlated (gene density explained 29% of the
total A-bin dQTL distribution; P = 9.0 x 1077). Finally, the data set
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could be evaluated as a frequency distribution, to determine
whether the distribution of dQTL number per bin deviated signifi-
cantly from an expected random distribution accounting for gene
density.

The observed dQTL data were evaluated in relation to an
expected random multinomial distribution under the following as-
sumptions: (i) the sample of mapped maize gene sequences avail-
able in the TIGR database was a representative, random sample of
all maize genes; (ii) each A-bin had a probability of containing a
QTL equal to the proportion of total genes in that bin; (iii) each of
the trials that assigned a QTL to an A-bin was comparable; and
(iv) each QTL was independent. Under the second assumption,
for example, the probability of a QTL to be located in A-bin 1.05
was 2.2% (it contained 60 of the 2,690 identified gene se-
quences), and would therefore be expected to have eight QTL
(0.022 x total number of observed QTL assigned to A-bins, n =
344). The result indicated that clustering was significant. That is,
the hypothesis that the dQTL data were randomly distributed,
having accounted for gene density, could be rejected (P = 4.5 x
107%). We also measured the coefficient of dispersion (CD = the
ratio of the variance to the mean), another measure of clustering.
A CD value of greater than one would signify clustering. The CD
for the number of dQTL per A-bin was equal to 2.6, indicating a
significant degree of clustering.

For each A-bin, we also determined the ratio of the number of
observed dQTL to the number expected based on gene density.
These ratios ranged from 0.0 to 3.6, with a mean of 1.0. A-bins
with ratios of greater than 1.0 (n = 32, 44% of the A-bins) had
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more observed QTL than would be expected from the genome
average when considering gene density. Eight dQTL clusters were
identified with at least twice the number of dQTL expected (Fig.
1). There were two such clusters on chromosomes 1 and 3, and
one each on chromosomes 2, 4, 5, and 10. These regions did not
always coincide with those A-bins containing the largest number
of observed dQTL. Future analysis should be focused on chromo-
somal regions with high per-gene dQTL densities, in addition to
those regions with high per-bin dQTL densities.

A relatively small number of major genes have been mapped in
maize, considering its importance as both a crop and as a model
system. This may reflect the relatively low importance of major
genes in maize in controlling disease in the field. Of the 17 major
genes described in this review, some correspondences with dQTL
for the same diseases were evident (Fig. 1). Co-localization of the
major virus resistance genes (Msvl, Mvl, Wsml, Wsm2, Wsm3,
and Mdml) and viral dQTL were evident. Many of these viral
dQTL, however, had very large effects, explaining between 25 to
50% of total variation, and might be better described as major
genes (38,42,60,76). A recessive gene conferring resistance to
southern corn leaf blight (SCLB), rhm, co-localized with SCLB
dQTL on chromosome 6. Rp3, a common rust resistance gene, co-
localized with common rust dQTL on chromosome 3. Two north-
ern corn leaf blight (NCLB) major genes, Ht2 and Hinl, co-local-
ized with NCLB dQTL on chromosome 8. Though small, this
sample set certainly supports conjectures made in other systems
(26) that in some cases genes for quantitative resistance may be
alleles of major resistance genes.

It is possible that the apparent clustering of dQTL may reflect,
in part, a nonrandom distribution of resistance loci, for instance in
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co-adapted gene complexes or clusters of related genes involved
in plant defense. Alternatively, the apparent clustering could be
due, in whole or in part, to genes exhibiting pleiotropy for multi-
ple diseases (or multiple disease resistance). In interpreting the
clustering of dQTL, some caveats should be noted. Clustering of
resistance loci may also be due, at least to some extent, to biases
in QTL analysis (35,54), to allelic re-sampling, and/or to a
nonrandom distribution of all maize genes. We cannot quantify
the extent to which apparent QTL clustering resulted from arti-
facts. While we took effort to remove redundant QTL, we were
only able to identify putatively redundant QTL when alleles from
the same cultivar were associated with resistance at a given locus.
Thus, cultivar names were a surrogate for identity by descent,
which may underestimate the true extent of allelic re-sampling.
Clustering was still observed after accounting for the distribution
of genes in the maize genome.

Multiple disease resistance. Many common chromosomal seg-
ments were associated with resistance to multiple diseases on the
dQTL consensus map. Every maize chromosome had co-localiz-
ing dQTL for at least two different diseases. McMullen and
Simcox (51) pointed out tight clusters of resistance factors in bins
3.04 and 6.01. In the present study, these chromosomal regions
were again associated with clusters of resistance factors. Bins
3.04 to 3.05 were associated with resistance to 6 of the 11 dis-
eases and/or disease groups shown, while bin 6.01 was primarily
associated with viral and SCLB resistance. Several of the loci
within these bins explained large proportions of the phenotypic
variance (data not shown), while in some cases these were clearly
qualitative resistance loci. While the present analysis confirmed
the high number of dQTL per bin for these two bins, neither
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region contained more than twice the number of dQTL than ex-
pected based on gene density.

Other genomic segments were notable for a relatively tight
linkage or correspondence for quantitative resistance loci , as well
as for high dQTL per gene ratios. For example, part of cluster 2a
(=315 to 375 cM of chromosome 2) (Fig. 1) was associated with
QTL for 9 of the 11 diseases and/or disease groups shown, which
was reflected in the sharp peak in the dQTL histogram in Figure
1. It should be noted here that these estimates of genetic distance
pertain to the IBM2n map, which was derived from an intermated
population of maize lines. The centimorgan values are larger, by a
factor of approximately fourfold, than those that would have been
obtained using an F, population (44). Similarly, for part of cluster
4a (=450 to 500 cM on chromosome 4, Fig. 1), QTL for eight
different diseases co-localized. In fact, each chromosome had
several independent dQTL clusters (peaks in the histograms), with
some more dispersed than others. Often these clusters were
composed of dQTL for different diseases identified in different
mapping populations (Table 1; Fig. 1).

Some studies have directly evaluated the extent of overlapping
QTL for multiple diseases identified in the same biparental map-
ping population. In a maize mapping population derived from a
cross between a highland inbred and lowland inbred, Jiang et al.
(36) found no positional correspondences between the few QTL
identified for NCLB, SCLB, and common rust. Considering only
the QTL detected in both years of their study of the cross IL731a
x W6786, Brown et al. (5) suggested that QTL for NCLB, com-
mon rust, and Stewart’s wilt were unlinked. In contrast, Kerns et
al. (41) found 21 QTL and 14 QTL associated with resistance to
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common rust and smut, respectively, nine of which co-localized.
Welz et al. (77) evaluated the genetic relationships of resistance to
NCLB, head smut, common smut, and common rust for the same
population. They found strong evidence for the association of loci
for resistance to NCLB, head smut, and common rust, but not
common smut. Genetic dissection of chromosomal regions
putatively associated with multiple disease resistance will allow
remaining questions about linkage and pleiotropy to be addressed.

Comparisons of QTL for disease and maturity in maize.
Genes identified in dQTL studies might affect disease either di-
rectly or indirectly. Those affecting disease indirectly, such as
through effects on plant growth or development, might affect
other agronomically important traits, such as the length of time it
takes for the plant to mature. There is reason, in fact, to suspect a
relationship between plant resistance and maturity. Some dis-
eases, especially those caused by necrotrophic pathogens (i.e.,
those that kill host cells and derive nutrition from them), such as
NCLB, SCLB, gray leaf spot, and anthracnose leaf blight, are
most severe on senescing leaf tissue after anthesis (66). When a
diverse 300-line panel of maize germplasm was evaluated for
both SCLB resistance and flowering time, 23% of the variance for
resistance was explained by variation in flowering time (P. J.
Balint-Kurti, unpublished data). On the other hand, several map-
ping studies have examined both maturity-related and disease-
related traits in the same populations and none showed a strong
correlation between the two traits (9,11,36,69), although some co-
localization of dQTL and maturity-related QTL (mQTL) and/or
significant correlation between disease resistance and time to
anthesis was observed in some studies.
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A recent study reported on a meta-analysis of mQTL in maize
(13). We examined the relationship of chromosomal positions of
reported mQTL with positions of dQTL. The data synthesized by
Chardon et al. (13), relating to flowering time, plant height, and
leaf number (maturity-related traits), were anchored onto the
IBM2n map using the homothetic function (described previ-
ously). Chardon et al. (13), however, did not report information
that would be needed to identify potentially redundant mQTL in
the manner used for the dQTL summary, so an alternative ap-
proach was used: overlapping mQTL from the same publication
were considered potentially redundant and were thus counted
only once. Our analysis showed that there was a significant (P =
0.00057) association of QTL for the two phenotypes after ac-
counting for gene density, with 16% of the variation in chromoso-
mal position of dQTL explicable by the positions of mQTL. Re-
call that gene density explains, in part, the co-localization of QTL
(see Figure 2 and the section on “clustering of quantitative trait
loci”). It was therefore expected that any relationship between the
two separate QTL data sets of dQTL and mQTL would, in part, be
explicable by gene density. To remove the affect of gene density,
regressions were performed using the per-A-bin ratios of dQTL/
gene number (dependent variable) and mQTL/gene number (inde-
pendent variable). When dQTL for each of the necrotrophic leaf
diseases were used in the regression analysis, significant variance
was explained by mQTL for SCLB (R* = 0.11, P = 0045) but not
for NCLB or gray leaf spot.

We graphed the number of dQTL and mQTL along each chro-
mosome (Fig. 1). While some peaks coincided (e.g., at bin 3.04),
there were several peaks in dQTL number that did not correspond
to peaks of mQTL frequency (e.g., at bin 7.03). This combined
summary will facilitate the identification of chromosomal regions
more likely to be directly involved in reducing disease sus-
ceptibility.

Directions for future research. The consensus dQTL map pre-
sented here has implications for maize breeding. For instance, the
QTL for viral resistance are relatively tightly clustered, suggest-
ing that a limited number of loci are involved in conditioning
resistance. Thus, pedigree breeding could be most appropriate for
transferring virus resistance and marker-assisted selection may be
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Fig. 2. Relationship between the number of disease quantitative trait loci and
genes per chromosome, for the 10 chromosomes of maize. Gene number was
calculated from the 2,690 unique sequence accessions that had been related to
markers mapped to the IBM2n genetic map by The Institute for Genomic
Research (TIGR) (provided online by TIGR), as of May 2005.

feasible. For NCLB, the reported QTL distribution is much more
diffuse. To improve NCLB resistance, it might be appropriate to
bring together diverse sources of resistance alleles. Recurrent selec-
tion might be the most effective way to do this. Indeed, recurrent
selection has produced dramatic increases in NCLB resistance (12).

On the consensus map, dQTL nearly or completely covered
each of the chromosomes. This may be due, in part, to a multi-
plicity of genes conditioning resistance. However, the near-com-
plete genome coverage must be largely due to the low precision of
QTL localization. Low precision resulted in very large dQTL size
estimates: the reported dQTL had an average size of 107 ¢cM on
the IBM2n map, which would correspond to =28 ¢cM on an F,
map (44). QTL interval estimates can, in principle, be refined by
meta-analysis (13,30). To reach the sample size sufficient for
meta-analysis of these data, QTL for multiple diseases would
have to be used. This would require the questionable assumption
that the multiple diseases were conditioned by the same genes.

There is a clear need for further genetic dissection of the QTL
to more precisely localize the genes involved. The process of
genetic dissection of QTL will involve the production and refine-
ment of near-isogenic lines (NILs). Work is on-going in our labo-
ratories to develop NILs for dQTL. The availability of NILs will
make it possible to characterize the QTL, and will eventually
allow the genes conditioning the QTL to be isolated. Ideally, a set
of NILs will contain a set of alleles at a range of QTL, and also a
series of alleles at selected loci of interest. As NILs are developed
and refined through successive generations of backcrossing, the
set of genes carried on the introgressed chromosomal segment is
serially reduced and the questions regarding the phenotypic ef-
fects of certain loci can be refined to pertain to a defined set of
genes, and eventually to an individual gene (literature citation 65
provides a review of map-based cloning of QTL). Genes underly-
ing QTL have been cloned in plants by this approach (21).

The availability of NILs will allow many unresolved questions
regarding quantitative disease resistance to be addressed. One
such question relates to the issue of multiple disease resistance:
do certain loci condition resistance to multiple pathogens? An-
other long-standing issue is the extent to which QTL are isolate-
specific or nonspecific in their effects. It will eventually be possi-
ble to determine the precise effect of each allele on pathogen
development in relation to a range of isolates, and on the expres-
sion of genes in both the host and pathogen under different en-
vironmental conditions. The maize genome carries a number of
duplications that have arisen at different times in the evolutionary
history of Zea mays (25). As QTL locations are refined and maize
genome duplications are more thoroughly characterized, it will be
of interest to examine how QTL and their specificities have
evolved after duplication events.
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