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Abstract To capture diverse alleles at a set of loci asso-
ciated with disease resistance in maize, heterogeneous inbred
family (HIF) analysis was applied for targeted QTL mapping
and near-isogenic line (NIL) development. Tropical maize
lines CML52 and DK888 were chosen as donors of alleles
based on their known resistance to multiple diseases. Chro-
mosomal regions (“bins”; n = 39) associated with multiple
disease resistance (MDR) were targeted based on a consensus
map of disease QTLs in maize. We generated HIFs segre-
gating for the targeted loci but isogenic at ~97% of the
genome. To test the hypothesis that CML52 and DK888
alleles at MDR hotspots condition broad-spectrum resistance,
HIFs and derived NILs were tested for resistance to northern
leaf blight (NLB), southern leaf blight (SLB), gray leaf spot
(GLS), anthracnose leaf blight (ALB), anthracnose stalk rot
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(ASR), common rust, common smut, and Stewart’s wilt. Four
NLB QTLs, two ASR QTLs, and one Stewart’s wilt QTL
were identified. In parallel, a population of 196 recombinant
inbred lines (RILs) derived from B73 x ;CML52 was eval-
uated for resistance to NLB, GLS, SLB, and ASR. The QTLs
mapped (four for NLB, five for SLB, two for GLS, and two
for ASR) mostly corresponded to those found using the NILs.
Combining HIF- and RIL-based analyses, we discovered two
disease QTLs at which CML52 alleles were favorable for
more than one disease. A QTL in bin 1.06—1.07 conferred
resistance to NLB and Stewart’s wilt, and a QTL in 6.05
conferred resistance to NLB and ASR.

Introduction

Studies on the genetic architecture of disease resistance in
a range of plant genomes have revealed that R-genes,
resistance gene analogs (RGAs), defense response gene
homologs (DRHs), and loci conditioning quantitative
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disease resistance (quantitative trait loci for disease, or
disease QTLs) are not evenly distributed across the genome
(Kanazin et al. 1996; Lopez et al. 2003; Wang et al. 2007a;
Wang and Xiao 2002; Wisser et al. 2005, 2006). Major
genes and QTLs for a given disease have frequently been
co-localized to certain genomic regions [e.g., rhm and
QTLs for southern leaf blight, and Rp3 and QTLs for
common rust in maize (Wisser et al. 2006)]. Different
degrees of resistance may reflect allelic variants of identical
gene(s) (Robertson 1989; Welz and Geiger 2000), differ-
ential performance of resistance in various genetic back-
grounds or environmental conditions, or linkage of distinct
genes affecting disease responses. Apparent clustering of
QTLs for different diseases has been commonly observed
(Williams 2003; Wisser et al. 2005, 2006), leading to the
hypothesis that some chromosomal segments are associated
with multiple disease resistance (MDR). Moreover, map-
ping of defense response gene homologs (DRHs) (Faris
et al. 1999; Li et al. 1999; Ramalingam et al. 2003; Wang
et al. 2007a) has revealed their co-localization with some
disease QTLs in plants. This has led to the hypothesis that
some disease QTLs may be controlled by DR genes (con-
served defense machinery) (Faris et al. 1999) and therefore
may contribute non-specific resistance.

Quantitative disease resistance is of agricultural impor-
tance, but current knowledge concerning its underlying
mechanism(s) is limited. The possibility of broad-spectrum
resistance is particularly intriguing (Poland et al. 2009),
again for both practical and theoretical reasons. One line of
evidence for the existence of MDR or broad-spectrum
QTLs is based on co-localization of QTLs identified in a
range of different mapping populations (Jo et al. 2008;
Wisser et al. 2005, 2006; Yun et al. 2005). While these
studies suggest that QTLs for multiple diseases co-localize,
inferences from previous QTL reports have been limited by
poor allelic sampling and low precision of QTL positions.
In particular, the low resolution of most studies does not
allow linkage to be distinguished from pleiotropy. The
apparent MDR phenotype of a QTL is in some cases
attributable to the linkage of R-genes against different
pathogens. In tomato, for example, a region on the short arm
of chromosome (Chr.) 6 carries the Cf-2 and Cf-5 genes for
leaf mold resistance (Dixon et al. 1998), the Mi gene for
root knot nematode resistance (Milligan et al. 1998), and a
number of major gene loci for resistance to other diseases
(Dickinson et al. 1993; Zhang et al. 2002). Broad-spectrum
resistance has also been associated with pleiotropic genes
involved in mechanisms different from typical R-genes.
Several genes involved in non-host resistance, basal resis-
tance, systemic acquired resistance, and defense signaling
pathways are known to condition MDR [e.g., mlo in barley
(Buschges et al. 1997); RPWS.1 and RPWS8.2 in Arabidopsis
(Wang et al. 2007b); nprl in Arabidopsis (Cao et al. 1998);
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Lr34 in wheat (Krattinger et al. 2009)]. Whether MDR is
conditioned by typical R-genes or non-R-genes has impli-
cations for the durability and performance of resistance.

To capture and characterize diverse alleles associated
with MDR in maize, heterogeneous inbred family (HIF)
analysis was explored as an alternative to conventional QTL
mapping and near isogenic line (NIL) development. Clas-
sical studies of disease QTL mapping involve developing
mapping population(s) from crosses between resistant and
susceptible lines, evaluating DNA marker genotypes and
phenotypes of interest and analyzing marker—trait associa-
tion (Young 1996). Recombinant inbred lines (RILs) are
widely used in QTL mapping and have been reported
to provide the best statistical power for QTL detection
(Kaeppler 1997). However, the development and genome-
wide genotyping of the RIL population are time-consuming,
and RIL populations are not suited for detailed phenotyping
or genetic dissection. QTL characterization has usually been
conducted using NILs, in which a given chromosomal seg-
ment is transferred from the donor genotype to the recurrent
genotype through consecutive generations of backcrossing.
HIF analysis has been demonstrated as a useful approach for
developing NIL pairs that are isogenic at the majority of loci,
but differ at specific QTLs, using intermediate materials
easily achieved from general breeding programs (Tuinstra
et al. 1997). It has been applied to validate the position and
effect of QTLs (Balasubramanian et al. 2009; Borevitz and
Chory 2004; Kobayashi et al. 2006; Loudet et al. 2005; Njiti
et al. 1998; Pumphrey et al. 2007). To the authors’ knowl-
edge, however, the use of HIF analysis has not been reported
for the analysis of allelic series for targeted loci.

This study was undertaken to investigate genomic regions
associated with broad-spectrum resistance. Under the
hypothesis that chromosomal regions where disease QTLs
had been co-localized harbor gene(s) controlling MDR,
alleles at loci associated with disease QTL clusters were
extracted and characterized for response to eight diseases
using HIF analysis. HIFs were derived from maize genotypes
showing MDR phenotypes to generate genetic stocks suit-
able for uncovering the genetic basis of quantitative disease
resistance and MDR. A parallel conventional QTL mapping
study was conducted using a population of RILs derived for
one of the resistance sources. The RIL-based QTL mapping
allowed empirical assessment of the advantages and draw-
backs of using HIFs in analyzing targeted QTL.

Materials and methods

Plant materials

Two maize genotypes were chosen as donors of multiple
disease resistance for the development of genetic materials.
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The first was CML52, a tropical inbred line developed by
the International Maize and Wheat Improvement Center
(CIMMYT); the second was DK888, a single-cross hybrid
developed by Thailand Charoen Seeds Group in collabo-
ration with US Dekalb Seeds (Ekasingh et al. 2001). The
parental inbreds of DK888 are proprietary. For conven-
tional QTL mapping, a population of recombinant inbred
lines (RILs) derived from CML52 crossed to the B73
inbred was used. It is one of the 26 families that constitute
the Nested Association Mapping (NAM) population
developed by The Maize Diversity Project (Buckler et al.
2009; McMullen et al. 2009; Yu et al. 2008). The RIL
population consisted of 196 Fg lines. Lines were sib- or
self-mated for two generations to increase seed for testing.
The full set of 196 RILs was evaluated for SLB, and a
subset of 159 and 147 RILs was evaluated for NLB and
GLS, respectively. The same 159 RILs were phenotyped
for ASR and for NLB, providing data for resistance to all
three diseases on 147 RILs. All lines had been previously
genotyped with 1,106 single nucleotide polymorphism
(SNP) markers, of which 773 were polymorphic and used
for QTL mapping. Further details on the RILs are publi-
cally available at http://www.panzea.org and http://www.
maizegenetics.net.

For HIF (heterogeneous inbred family) analysis
(Tuinstra et al. 1997), intermediate materials from the
development of inbred lines were used. The overall
strategy for HIF-based targeted QTL analysis is outlined
in Fig. 1. The starting materials included 19 Fs families
from the cross of B73 x CML52 and 17 F¢ families from
the cross of S11 x DK888 (S11 is a proprietary inbred),
provided by The Maize Diversity Project and The USDA
Germplasm Enhancement of Maize (GEM) Project
(Balint-Kurti et al. 2006; Goodman 2005; Lee and Hardin
1997), respectively. Based on the maize disease QTL
consensus map (Wisser et al. 2006), 39 bins associated
with previously reported QTLs for resistance to NLB,
SLB, GLS and other diseases were selected as candidate
MDR regions. These regions of interest were targeted
using 73 simple sequence repeat (SSR) markers (Supple-
mentary Fig. 1). For the B73 x CML52 materials, a set of
94 individuals in 19 Fs families (4-5 individuals per
family) were initially tested for residual heterozygous loci,
using 33 SSR markers covering 18 bins of interest. A
subset of 43 Fs.q HIFs from 13 Fs families were generated
and tested for 31 additional SSR markers covering 20
more bins. The other 51 F5 lines were not advanced to Fg
because of poor agronomic performance. In total, 64 SSR
markers targeting 38 bins associated with MDR were
applied on 43 Fs.¢ HIFs from the cross of B73 x CML52.
For the S11 x DK888 materials, 46 Fs, HIFs were
developed by selfing 1-4 individuals from each of the 17
F¢ families. Residual heterozygous loci were detected in

the 46 Fq.; HIFs with 17 SSR markers, focusing on 11 bins
of interest. To check the levels of heterozygosity in the
CML52 and DK888 derivatives, marker data from the F;
families of B73 x CMLS52 and the Fg families of
S11 x DK888 were used to calculate (1) the average
percentages of heterozygous loci per line (mean of
100% x number of heterozygous marker loci in a given
line/total number of maker loci in a given line) and (2) the
average percentages of heterozygous lines per locus (mean
of 100% x number of lines heterozygous at a given locus/
total number of lines being genotyped for a given locus).
The subsequently derived NILs were generated by single-
seed descent from eight selected B73 x CML52 HIFs and
six selected S11 x DK888 HIFs segregating for candidate
NLB QTLs or MDR hotspot regions. In this study,
“NILs” refers to sets of HIF-derived Fs.7, Fs.g, Fg.7, Fg.g Or
Fg.o lines contrasting for genetic regions of interest but
presumably isogenic at >98% of the genome (theoretical
heterozygosity in the F; generation is 1.56%).

Disease evaluations

Plants were evaluated for disease resistance and for days to
anthesis (DTA). DTA was scored on a row basis when
>50% of the plants in a row started to shed pollen. The
evaluation methods used for different diseases are descri-
bed below.

Northern leaf blight

The NLB trials were conducted in Aurora, New York in
2005-2009. Plants at the 5-6-leaf stage were inoculated
with Setosphaeria turcica (anamorph Exserohilum turci-
cum) race 1 (isolate EtNY001) as previously described
(Chung et al. 2010a). A number of disease components,
including incubation period (IP), lesion number (LN),
primary diseased leaf area (primary DLA), diseased leaf
area (DLA), and area under the disease progress curve
(AUDPC), were used to evaluate resistance to NLB. IP was
rated for individual plants as the number of days after
inoculation when a plant started showing wilted lesions.
LN was rated for individual plants at 2-3 weeks after
inoculation, as the total number of lesions on a plant. Pri-
mary DLA and DLA were rated for individual plants in
segregating HIFs and on a row basis for derived NILs.
Primary DLA was rated at 2-3 weeks after inoculation, as
the percentage of infected leaf area of the inoculated
leaves. DLA was rated as the percentage of infected leaf
area of the entire plant, disregarding senescent bottom
leaves. In each season, 3—4 DLA scores were taken at
10-14-day intervals, starting from 1-2 weeks after the
onset of secondary infection. The DLA scores were used to
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Fig. 1 Strategy for identifying loci associated with multiple disease
resistance (MDR) using heterogeneous inbred families (HIFs). (1)
Various maize genotypes were screened for a number of important
maize diseases. Maize inbred line CML52 and hybrid DK888 showed
good levels of resistance to multiple diseases and were thus chosen as
MDR donors. (2) The nearly fixed Fs and Fg lines derived during the
development of recombinant inbred line (RIL) populations were
tested with markers covering the regions of MDR interest (the marker

calculate AUDPCpy 5 = Y7 i)t —h).
DLA at time i, t;;; — t; = day interval between two rat-
ings, n = number of ratings (Wilcoxson et al. 1974).

where y; =

Southern leaf blight

SLB trials were conducted in Clayton, North Carolina in
2007 and 2008, and Homestead, Florida in 2007. Plants at
the 4—6-leaf stage were inoculated with Cochliobolus het-
erostrophus race O (isolate 2-16Bm) as previously
described (Carson 1998; Carson et al. 2004). Disease
severity was rated based on a 1-9 scale corresponding to
the diseased leaf area on primarily the ear leaf. Four to six
evaluations were taken at 5-10-day intervals from around
2 weeks after anthesis. The disease severity scores were

=1 Qityis) (fi1 —ti
used to calculate AUDPCseyeriy = D vy %,
where y; = disease severity at time i, t;,; — t; = day

interval between two ratings, n = number of ratings.

Gray leaf spot

The GLS trials were conducted in Andrews, North Carolina
in 2007-2008 for NILs, and Blacksburg, Virginia in
2008-2009 for RILs and in 2009 for NILs. Experiments
were performed under natural disease pressure in non-tilled
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(3) Trait-marker association (4) QTL validation and
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NIL pairs
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positions and the target regions are shown in Supplementary Fig. 1).
(3) In each derived Fs.¢ or Fg.; HIF, loci conditioning traits can be
identified if pairs of near-isogenic lines (NIL pairs) showed signif-
icantly different phenotypes. (4) Sets of NIL pairs in more isogenic
backgrounds can be derived by advancing selected lines of the HIF.
The specific QTLs isolated in NIL pairs were subsequently tested for
their MDR effects

fields located in valleys with regular morning mists and
heavy dews, which favor the development of GLS (caused
by Cercospora zeae-maydis and/or Cercospora zeina). For
the HIFs and NILs, disease severity was rated as described
for SLB, with a minimum of three ratings per season. For
the population of RILs, disease severity was scored based
on a 1-5 scale with 0.25 increments, according to the
disease progress on the ear leaf (Saghai Maroff et al. 1993).
The evaluation was conducted four times at 7-8-day
intervals starting around 2 weeks after anthesis. The
AUDPCs.,criry Was calculated as described above.

Anthracnose stalk rot

The ASR trials were conducted in Aurora, New York in
2007-2008. Plants were inoculated with Colletotrichum
graminicola (teleomorph Glomerella graminicola) (isolate
Cgl51, obtained from Gary Bergstrom of Cornell Univer-
sity) at tasseling stage (Keller and Bergstrom 1988).
Inoculations and disease evaluations were done as previ-
ously described (Chung et al. 2010a). Total diseased
internode area (ASR %) was rated for individual plants, as
the sum of the percentages of discolored area of individual
internodes (Keller and Bergstrom 1988). For the HIFs and
NILs, in 2007, six plants per row were inoculated, and
eight consecutive internodes per plant were scored; in
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2008, eight plants per row were inoculated, and six con-
secutive internodes per plant were scored. For the popu-
lation of RILs, ASR inoculation was conducted in NLB
plots in 2007 and 2008. For each row, four plants were
inoculated, and five consecutive internodes per plant were
scored. Data from all the scored internodes were summed
for analysis, except for the B73 x CML52 RILs, for which
a multivariate mixed model was used to calculate disease
severity as described below.

Anthracnose leaf blight

The ALB trials were conducted in Aurora, New York in
2007. Plants were inoculated at the 5-6-leaf stage with
Colletotrichum  graminicola (teleomorph  Glomerella
graminicola). Inoculum was cultured on oatmeal agar for
2 weeks under fluorescent light at room temperature
(Muimba-Kankolongo and Bergstrom 1990). Spore sus-
pension (0.5 ml of 2 x 10* conidia per ml in 0.02% Tween
20) and colonized sorghum grains (1/4 teaspoon, ~ 1.25 ml)
were placed in the whorl of each plant. The preparation of
liquid and solid inoculum and the ratings of IP, DLA and
AUDPCp; 4 were as described for NLB.

Common rust

Resistance to rust was evaluated in Aurora, New York in
2007-2008. In 2007, plants in NLB plots were evaluated
for rust symptoms caused by natural infection. In 2008,
plants at the 6-8-leaf stage were inoculated with Puccinia
sorghi spores collected from naturally infected leaves
harvested at the same location in 2007. Whorl inoculations
were performed as previously described (Chung et al.
2010a). Disease severity was rated based on a 0-10 scale
with 0.5 increments, corresponding to the percentage of
infected leaf area of the entire plant. The severity scores
were taken twice and averaged in 2007 and were evaluated
three times at 9-day intervals from 4 weeks after inocula-
tion in 2008. The AUDPCgcyeiy Was calculated for the
2008 data as described above.

Common smut

Resistance to smut was evaluated in Aurora, New York in
2007-2008. In 2007, plants in NLB plots were evaluated
for naturally occurring smut galls. In 2008, plants were
inoculated with six compatible strains of Ustilago
maydis (UmNY001, UmNY002, UmNY003, UnNY004,
UmNYO008, and UmNY009), which were isolated from
naturally infected smut galls collected at the same location
in 2007. Inoculations were done as previously described
(Chung et al. 2010a). The incidence and severity of the
development of ear galls and stalk galls were rated at

4-5 weeks after anthesis. Severity scores were evaluated
for individual plants on a 0-10 scale, corresponding to the
number and size of galls and the disease severity of the
entire plant.

Stewart’s wilt

Resistance to Stewart’s wilt was evaluated in the green-
house at Cornell University in November—December 2007
and in the field at Aurora, New York in 2008-2009. Plants
at the 5-6-leaf stage were inoculated with Pantoea ste-
wartii (syn. Erwinia stewartii) strain PSNY003 (obtained
from Helene Dillard of Cornell University) following a
modified pin-prick method (Chung et al. 2010a). Primary
DLA was rated as the percentage of infected area of the
inoculated leaves. It was evaluated twice with 7-day
interval starting 2 weeks after inoculation.

DNA extraction and genotyping

DNA extraction was conducted following a modified min-
prep CTAB method (Doyle and Doyle 1987; Qiu et al.
2006) in 96-well plates (Chung et al. 2010a). Simple
sequence repeat (SSR) markers were used for genotypic
analysis. A modified single-reaction nested PCR method
using the specific primer pair along with a fluorescently
labeled universal primer (Schuelke 2000) was applied to
incorporate fluorescent dye in PCR product. The PCR
reaction, thermal cycling parameter, and multiplex frag-
ment analysis were as described by Wisser et al. (2008),
Schuelke (2000), and Chung et al. (2010a), respectively.

Experimental design
HIFs and NILs

For each HIF, 50-140 individuals were analyzed, accord-
ing to the availability of seeds. Individual plants in a HIF
were grown within a single block with two B73 rows as the
borders. For QTL confirmation, NILs were evaluated with
2-3 replications per year, in 7-foot single-row plots with
8-10 plants per row. NILs of each set (NILs derived from a
parental line) were randomized within a block, with one
B73 and one CML52 row per block as controls.

RILs

The RILs were evaluated in Aurora, NY for NLB in 2007,
2008, and 2009, and for ASR in 2007 and 2008. Lines were
planted in 7-foot single-row plots with 8—10 plants per row.
The trial was conducted using a single replication with an
augmented design, using each of the inbred parents (B73
and CML52) as repeated checks. Incomplete blocks
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consisted of 18 RILs and each of the two parents. Resis-
tance to GLS was evaluated in Blacksburg, VA in 2008 and
2009. The RILs were planted in 12-foot single-row plots
with 12-14 plants per row. The trial was arranged in an
augmented design with a single replication. Incomplete
blocks consisted of 18 RILs and each of the two parents.
SLB evaluations were conducted in Clayton, North Caro-
lina in 2007 and 2008, and Homestead, Florida in 2007. In
the Clayton and Homestead locations, lines were planted in
3.5-foot and 3-foot single-row plots, respectively, with
approximately 6-8 plants per row. The same augmented
design with a single replication was used. Incomplete
blocks consisted of 20 RILs and the two parents.

Data analysis
QTL identification in HIFs

To identify QTLs in HIFs, lines of derived HIFs were
individually genotyped for segregating marker loci, as well
as phenotyped for DTA and different disease traits (details
in the “Disease evaluations”). Analysis of variance
(ANOVA) was conducted on an individual trait-marker
basis in each of the segregating HIFs using JMP 7.0 (SAS
Institute Inc., Cary, NC, USA). Markers were considered
associated with disease traits when significant phenotypic
differences were detected between homozygous genotypes
carrying contrasting parental alleles, according to two-
tailed Student’s 7 test at P < 0.05. For the HIFs segregating
for multiple markers, the Bonferroni correction was used to
adjust the significance threshold levels. Stepwise regres-
sion, with a significance probability of P < 0.05 for each
marker to enter/leave the model (van Dam et al. 2003), was
also performed in JMP 7.0 to confirm the effects of iden-
tified markers in HIFs.

QTL identification in NILs

The NILs were genotyped as well as phenotyped for DTA
and different disease traits (details in the “Disease evalu-
ations”). Each set of NILs was analyzed separately using
JMP 7.0. Phenotypes of a set of NILs were first tested by
fitting a linear least squares model with “genotype” and
“replication” as fixed factors. In the cases of NILs being
evaluated in multiple years, the variables “genotype”,
“year”, and “replication within year” were used in the
model (the insignificant variable “genotype x year” was
removed from the model). When significant difference in
least squares means of the NILs was detected within the set
(P < 0.05), markers at which the NILs differed were ana-
lyzed for their associations with disease traits on an indi-
vidual trait-marker basis. A linear least squares model was
fit with “marker” and “replication” as fixed factors.
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Phenotypic difference between least squares means of
contrasting homozygous genotypes at the target marker
was determined by two-tailed Student’s ¢ test at P < 0.05.
Markers significantly associated with traits were consid-
ered as candidate disease QTLs. The marker with greatest
significance in a linked block was considered to reflect the
most likely QTL position. For the sets of NILs segregating
for more than one candidate QTL, potential correlation
and/or interaction between the unlinked significant markers
were analyzed following a series of statistical tests
described by Szalma et al. (2007). Briefly, the NILs were
grouped by the alleles at each of the significant marker loci.
Trait-marker analysis was conducted for the NILs fixed for
one marker but contrasting for the other marker(s). A QTL
was declared if the lines contrasting for this locus were
significantly different from each other (P < 0.05), having
fixed the other potential QTLs in the genome.

QTL identification in RILs

For NLB, three disease severity ratings were taken each
season, and a multivariate mixed model was used to obtain
best linear unbiased predictions (BLUPs) of NLB disease
severity at each time point. The trait distribution was
skewed; hence, a square root transformation was used on
the raw data for NLB prior to further analysis. The mixed
model was: D, = Y; + Bj; + Ly, where D is the disease
severity at time ¢, Y; is the random effect of year 7, B; is the
random effect of block j in year i, and L; is the random
effect of line k. Model solution provided BLUPs for NLB
disease severity at each of the three time points. The
BLUPs were used to calculate AUDPC as described above
and were used for QTL analysis.

For ASR, four plants were inoculated and individually
evaluated for disease severity at internodes 1-5. A similar
multivariate mixed model was used for obtaining the best
linear unbiased estimates (BLUEs) for ASR: D, =Y; +
Bji) + Ly, where D is the disease severity for internode n,
Y; is the random effect of year i, B; is the random effect of
block j in year i, and L, is the fixed effect of line k. The
model solution provided BLUEs for ASR severity at each
internode. The disease severity values for internodes 1-5
were summed and subsequently used as the ASR pheno-
type for QTL mapping.

For GLS evaluation, lines were evaluated for disease
severity at three time points. The model for field effects is
D, =Y; + Bj; + L, where D, is the disease severity at
time ¢, ¥; is the random effect of year i, B is the random
effect of block j in year i, and L, is the random effect of
line k. AUDPC for GLS severity was calculated as
described above.

Resistance to SLB was evaluated in three environments.
In each trial, the same augmented design with a single
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replication was used. Disease severity was scored on a row
basis at two time points. A similar multivariate mixed
model was used for obtaining the BLUPs for SLB:
D, = E; + Bj; + L, where D is the disease severity at
time f, E; is the fixed effect of environment i, B; is the
random effect of block j in environment i, and L; is the
random effect of line k. The model solution provided
BLUPs for SLB severity at the two time points. These
values were averaged and subsequently used for QTL
mapping.

To determine phenotypic correlation for different dis-
eases in RILs, Pearson correlation coefficients were cal-
culated using PROC CORR in SAS 9.1. For each of the
traits, the BLUP values from each trait were used to
determine correlations between resistance to the different
diseases and relative maturity.

Three methods were employed for QTL mapping.
Composite interval mapping (CIM) and inclusive com-
posite interval mapping (ICIM) were conducted using
QGene 4.2.3 (Joehanes and Nelson 2008). Baysian
shrinkage regression (BSR; Xu 2003) was programed in R
statistical software (R Development Team). To allow the
identification of QTL that might have pleiotropic effects on
disease resistance and relative maturity, DTA was not
included as a covariate in the QTL models for disease
resistance. The results of CIM and ICIM were very similar,
and only the ICIM results are presented here. For ICIM, the
default scan interval of 2 cM was used. Stepwise cofactor
selection was used with a maximum of eight markers
selected and a selection threshold of F = 2. For BSR, two
or more highly correlated markers can absorb the effect of
a single QTL; therefore, prior to further analysis, marker
loci that were >0.90 correlated were removed. This left 338
markers for BSR analysis. Markov chain Monte Carlo
(MCMC) sampling was run for 20,000 iterations with
10,000-iteration burn-in and thinning every ten iterations.
The posterior means for additive allele effect at each maker
locus were saved and reported.

Results
Selection of MDR genotypes

As a first step towards testing for MDR loci, genotypes with
resistance to multiple diseases were identified (Fig. 1).
MDR donors were selected based on a review of docu-
mented resistance performance of various maize genotypes
(Supplementary Table 1) and confirmed through field
evaluation (Supplementary Table 2). CML52 and DK888
were the best MDR genotypes for which suitable segre-
gating materials were available. CML52 showed high levels
of resistance to NLB, SLB, and GLS. It ranked among the

top 5% of lines for MDR in a panel of 253 diverse lines
(Wisser et al. 2011) and had a high level of resistance
against ear rot among the 394 tropical lines developed by
the International Maize and Wheat Improvement Center
(CIMMYT,; http://www.cimmyt.org/index.php?option=com_
docmané&task=doc_download&gid=84&lang=en). CML52
also showed strong resistance against the colonization and
sporulation of Aspergillus flavus, as well as the accumula-
tion of aflatoxin in a smaller set of diverse maize lines
(Mideros et al. 2009; S. Mideros, personal communication).
DK888 was evaluated as part of the Genetic Enhancement
of Maize program of the USDA (Kraja et al. 2000) and
found to be the overall best genotype carrying favorable
alleles for resistance to NLB, SLB, GLS, northern leaf spot
(NLS, caused by Cochliobolus carbonum, anamorph
Bipolaris zeicola), and common rust.

The above lines of evidence led to the choice of CML52
and DK888 as desirable sources of MDR alleles. Data
subsequently collected from B73, CMLS52, DK888 and
derived HIFs and NILs further supported the superior
resistance of CML52 and DK888 to various diseases
(Supplementary Table 2). DKS888 consistently showed
outstanding performance for resistance to all the diseases
tested though potential heterosis effects should be
acknowledged. CML52 showed high levels of resistance to
NLB, SLB, GLS, ALB, and rust, but was moderately
resistant to Stewart’s wilt, and was moderately susceptible
to ASR. For ALB and rust, to which CML52 and DK888
were both resistant, DK888 was significantly more resistant
than CML52. It is worth noting that B73 was moderately
susceptible to most diseases, including NLB, SLB, GLS,
ASR, ALB, and Stewart’s wilt, but was resistant to com-
mon rust and common smut, both caused by obligate bio-
trophic fungi. For smut, no naturally occurring stalk galls
were observed on B73. Even after inoculation with
U. maydis sporidia through the silk channel, the incidence
and severity of ear galls were as low as 8% (0.1 on a scale
of 0-10, with 3.3 as the highest observed in this
experiment).

Identifying individuals heterozygous for MDR
target regions

To isolate disease QTL regions in NILs, 64 SSR markers
were selected to target 38 bins (of the 100 bins of the maize
genome, ~ 20 cM per bin) associated with identified QTLs
for resistance to NLB, GLS, SLB, as well as other diseases
[Supplementary Fig. 1; adapted from the study of Wisser
et al. (2000)]. In the disease QTL consensus map in maize,
NLB QTLs were identified in 41 bins on Chrs. 1-9, and
GLS QTLs and SLB QTLs were found in 30 of these 41
bins. Among the 38 target bins, NLB QTLs, GLS QTLs,
and SLB QTLs were reported in 25, 25, and 17 bins,
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respectively. To enhance the likelihood of capturing MDR
QTLs, markers were chosen to focus on the regions with
greatest density of disease QTLs. Higher marker densities
were used for genomic regions carrying large numbers of
disease QTLs relative to gene density and the numbers of
flowering time QTLs (Wisser et al. 2006). The majority
of the target bins corresponded to QTLs for more than one
of the three diseases (NLB, SLB, and GLS).

As expected, the initial sample sets consisting of 94 Fs
genotypes derived from B73 x CML52 and 46 Fg geno-
types derived from S11 x DK888 allowed successful
identification of heterozygous lines for almost every locus
of interest. The determination of sample sizes was based on
the expected heterozygosity per locus (the probability that
a given locus remains heterozygous) in the Fs5 (6.25%) and
F¢ (3.125%) generations. In the full set of CML52 deriv-
atives, an average of 6.2% of the marker loci were found to
be heterozygous per line, and an average of 6.2% of the
lines were found to be heterozygous at a given locus. In the
subset of 43 individuals in 13 Fs families, the average
percentages of “heterozygous loci per line” and “hetero-
zygous lines per locus” were 7.3 and 7.4%, respectively. In
the set of 46 individuals in 17 Fg families derived from
S11 x DK888, an average of 6.1% of the markers were
heterozygous in an individual line, and an average of 4.6%
of the lines were heterozygous for each marker locus. All
the ratios conformed approximately to the expected het-
erogeneity in the F5 and Fg generations.

NLB QTLs identified in the HIFs derived
from B73 X CML52 and S11 X DK888

The putative NLB QTLs identified in the HIFs are listed in
Table 1. From 2005 to 2006, a total of 24 HIFs derived
from B73 x CML52 (15 at Fg, 7 at F, and 2 at Fg) were
evaluated for resistance to NLB using a range of pheno-
typic parameters, including IP, LN, Primary DLA, DLA,
and AUDPC. Out of 27 bins investigated, significant phe-
notypic contrasts between CML52 and B73 homozygotes
at the target loci were detected in five bins (1.06,
1.07-1.08, 5.03, 6.05, and 8.02-8.03; significance found
within at least two families for each). By evaluating sets of
NILs developed from selected lines in the HIFs, the
resistance effects of CML52 alleles at bins 1.06 and 6.05
and B73 allele at bin 5.03 were validated. These QTLs
coincided with NLB QTLs previously detected in two other
maize populations (Freymark et al. 1993; Welz et al.
1999b). NLB resistance was detected for bins 1.07-1.08
and 8.02-8.03 in two HIFs of B73 x CML52. However,
these two regions were not declared as NLB QTLs, as their
effectiveness was not verified in derived NILs.

In 2006, three F; HIFs derived from S11 x DK888 were
evaluated for NLB resistance. Out of five bins tested, the
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DK888 allele at bin 8.05-8.06 was found effective for
delaying lesion formation by ~6 days in two HIFs. The
resistance effect was further confirmed in a set of eight
NILs for IP, DLA, and AUDPC (Table 1). Bin 8.05-8.06
has been described as a region associated with quantitative
and qualitative resistance to NLB (Welz and Geiger 2000).
The NLB QTLs at bin 8.05-8.06 were previously identified
in other mapping populations (Schechert et al. 1999; Welz
et al. 1999a, b). Two race-specific major genes for NLB
resistance, Ht2 and Htnl, were also mapped to this com-
plex region (Simcox and Bennetzen 1993; Zaitlin et al.
1992).

To better localize the candidate NLB QTLs identified in
the HIFs, 66 flanking SSR markers (6 for bin 1.06, 8 for bin
1.07-1.08, 14 for bin 5.03, 18 for bin 6.05, 5 for bin
8.02-8.03, and 15 for bin 8.06) were used to estimate the
start and end points of heterozygous loci in Fs and Fg
families of B73 x CML52 and S11 x DKB888, respec-
tively. The map interval of each QTL was assumed to
extend halfway between two markers around each end of
the QTL. The identified QTLs have an average size of 90
map units on the IBM2n map [~ 23 cM on an F, map (Lee
et al. 2002)] and ~29 Mb on the physical map. The
accuracy of the estimation was affected by the numbers of
flanking markers used to determine the border of a QTL
block.

Characterization of QTLs for multiple
disease resistance

To uncover the resistance effects of MDR target regions,
sets of F¢.7, Fg.g or Fg.9 NILs contrasting for different target
loci were developed from selected lines in HIFs. From
2007 to 2008, 15 sets of NILs differing at a total of 21 bins
were evaluated for SLB, GLS, ALB, ASR, common rust,
common smut, and Stewart’s wilt. Only NILs targeting
regions significantly associated with any traits of a given
disease were phenotyped in the second year. However, to
accurately determine the resistance spectra of the reliably
expressed NLB QTLs, NILs contrasting for bins 1.06, 6.05,
and 8.05-8.06 were evaluated for responses to different
diseases in at least two environments. In the 2008 trials,
~36% of the previously detected trait—-marker associations
were not verified (e.g., ASR resistance conferred by the
CMLS52 allele at bin 7.04 was seen in 2007 but not 2008).
This implied that type II error was likely for the loci not
included in the second-year trials.

Among the four NLB QTLs validated in the NILs, QTLs
in bins 5.03 and 8.05-8.06 were not associated with
resistance to any of the other diseases. Bins 1.06 and 6.05,
on the other hand, were each associated with resistance to
two diseases. The QTLs at bins 1.06 and 6.05 were iden-
tified from the HIFs and NILs segregating for both loci.
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The QTLs for NLB, ASR, and/or Stewart’s wilt were
declared with confidence as their effects were observed to
be significant irrespective of whether the other locus was
segregating or fixed (either homozygous for CML52 or
B73 alleles) in the background. Epistatic interaction
between NLB QTLs at bins 1.06 and 6.05 was not
observed.

Bin 1.06 was significantly associated with resistance to
NLB and Stewart’s wilt. The CMLS52 allele was effective
in decreasing DLA for NLB by 7-10%, and primary DLA
caused by Stewart’s wilt by ~28% (Table 2). The QTL
position is in the vicinity of Swi, a dominant major gene
locus for Stewart’s wilt previously found in inbred line
Kil4 (Ming et al. 1999; Pataky et al. 2008). The effect of
bin 1.06 for resistance to both NLB and Stewart’s wilt has
also been observed from the NILs derived from the inbred
line Tx303 crossed to B73 (Chung et al. 2010b). In this
case, the Tx303 allele at bin 1.06 contributed moderate
resistance to NLB and strong resistance to Stewart’s wilt.

Bin 6.05 was significantly associated with resistance to
NLB and ASR. The CML52 allele effectively decreased
DLA by 7-15% for NLB (Table 2) and decreased total
diseased area caused by ASR in the stalk by ~25%. The
ASR QTL in bin 6.05 is novel, perhaps not previously
mapped because QTLs for ASR resistance have only been
studied in two mapping populations (Jung et al. 1994;
Weldekidan and Hawk 1993), from which an R gene
underlying a major QTL at bin 4.07 has been cloned
(Broglie et al. 2006). Two DK888-derived HIFs segregated
for either bnig2249 or bnigl732 in bin 6.05. The locus
bnlg1732 was not associated with resistance to NLB, ASR,
or five other diseases. The S11 allele at locus bnlg2249, on
the other hand, was associated with ASR resistance, while
its resistance to NLB was not evaluated (Table 2).
Although its effect for NLB resistance is unknown, the S11
allele at bnlg2249 in bin 6.05 was more effective than the
CML52 allele (spanning bnlg2249 and bnlgl732) in
reducing ASR symptoms in maize stalks (reducing ~ 80
and ~40% of total discolored internode area in NILs and
HIFs, respectively). An ASR-specific QTL at bin 5.06 was
also detected in the DK888-derived HIF. The S11 allele at
bin 5.06 conferred resistance by significantly reducing total
discolored internode area by ~24% in NILs and by ~ 14%
in HIFs.

Phenotypic correlation for different diseases in RILs

Phenotypic correlation among traits in a segregating pop-
ulation indicates linkage and/or pleiotropy. To examine
this in the CML52 RIL populations, the Pearson correlation
coefficients were determined among the disease resistance
traits (Table 3). As expected, there were significant corre-
lations between NLB, SLB, and GLS resistance and
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maturity. In general, later maturity results in less disease
severity, and this was seen in the RIL population as a
negative correlation between DTA and disease resistance.
There was a significant positive correlation between NLB
and GLS resistance, indicating linked or common QTLs, or
possibly an indirect association based on shared effects of
maturity. Distinct large-effect QTLs for NLB and GLS
resistance were mapped to bins 8.05-8.06. A QTL for DTA
was identified in the same region (Table 4). Surprisingly,
there was a negative correlation between SLB and ASR
resistance. This is probably largely attributable to a region
of Chr. 3 (discussed in detail below) for which resistance to
SLB was derived from CML52 while resistance to ASR
was derived from B73, creating repulsion phase linkage in
the RILs.

NLB, GLS, SLB, and ASR QTLs identified
in CML52 RILs

The profile of likelihood of odds ratio (LOD) scores for
ICIM is shown in Fig. 2. Permutation analysis for this data
set provided the significance threshold of LOD = 9 for an
experiment-wide alpha of 0.05. At this threshold, only one
locus could be declared significant. The low LOD values
reflected the small sample size. The CML52 RILs dataset
was part of a larger analysis based on the nested association
mapping population of which the CML52 RILs population
is a subset. Thus, responses to NLB, GLS, and ASR were
evaluated on a single replication per year. Because Type I
error was not a great concern, a lower (arbitrary) threshold
of LOD = 3 was used. At this low LOD level, the findings
were quite consistent with the QTLs identified using the
HIF strategy.

In bin 6.05, a small peak for ASR resistance
(LOD = 2.6) co-localized with the QTL for NLB resis-
tance. There was also limited support for ASR resistance
based on BSR analysis, with a very minor effect of —0.05.
The ASR QTL at bin 6.05 was considered credible as it was
also identified in the CML52-derived HIFs/NILs. In bin
3.04, there were QTLs for SLB and ASR resistance.
However, the resistance allele for these two QTLs came
from opposite parents, and the QTL positions were not
identical, reducing the likelihood of an MDR gene. There
have been reports, however, of single genes conditioning
resistance to one pathogen but increasing susceptibility to
another (e.g., Mang et al. 2009). A QTL for NLB was
located at the proximal end of bin 1.07 based on ICIM and
BSR and was considered to be identical with the NLB QTL
located to the distal margin of bin 1.06 based on HIF
analysis (shown as bin 1.06—1.07 in Table 4).

There was general agreement between the ICIM and
BSR QTL mapping analysis in the RIL populations. For
SLB and NLB resistance, all of the QTL positions
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Table 3 Phenotypic correlations between the traits of disease resis-
tance and plant maturity

NLB GLS SLB ASR DTA
NLB 0.23 —0.19
GLS 0.23 —0.18
SLB -0.17 —-0.23
ASR -0.17
DTA —0.19 —0.18 —0.23

In the population of recombinant inbred lines (RILs; n = 196)
derived from B73 x CMLS52, Pearson correlation coefficients were
computed between the values of area under the disease progress curve
(AUDPC) for northern leaf blight (NLB), AUDPC for gray leaf spot
(GLS), AUDPC for southern leaf blight (SLB), total diseased inter-
node area for anthracnose stalk rot (ASR), and days to anthesis
(DTA). The significant correlation coefficients at P < 0.05 are shown

identified by BSR corresponded to peaks in the LOD
profile for ICIM. There were additional QTLs identified by
ICIM, on Chrs. 9 and 10 for SLB and on Chr. 4 for NLB,
with peaks just above the (arbitrary) threshold of
LOD = 3. BSR appeared to produce more robust results
for GLS resistance, identifying all the QTLs from ICIM as
well as three additional QTLs on Chrs. 4, 6 and 10. For
ASR resistance, a single large-effect QTL was identified on
Chr. 3 using both BSR and ICIM. However, there were
several small-effect QTLs that were not consistently
identified between the two methods. The mapping results
for maturity were less consistent between ICIM and BSR
than for the different disease resistances though the reason
for this remains unclear.

The large-effect QTLs for each disease were consis-
tently identified with both RIL-based mapping methods.
Minor and potentially novel QTLs identified by ICIM or
BSR were declared only if validated in the HIFs. Disease
QTLs confirmed by at least two methods (both RIL-based
methods or one RIL-based plus NILs) are listed in Table 4
with their genetic and physical map positions.

Pleiotropic QTLs for disease resistance
and flowering time

The late-maturing properties of CML52 and DKS888 led to
the question of whether the effects of disease QTLs reflect
indirect expression of flowering time QTLs. To address
this, the NILs and RILs were scored for DTA on a row
basis and analyzed for potential QTLs using ICIM and
BSR. As previously noted, RIL-based mapping was con-
ducted for each of diseases without accounting for varia-
tion in DTA as a model covariate to allow detection of
QTL for DTA. Both ICIM and BSR detected several QTL
peaks for DTA, with the majority showing minor effects
(Fig. 2). DTA QTLs at bins 1.04, 1.06-1.07, 3.04,
8.05-8.06, and 9.04 were closely linked or identical to

@ Springer

QTLs for GLS, NLB, SLB, NLB/GLS, and SLB, respec-
tively (Table 4). The QTLs for SLB and DTA in bin 3.04
were identified by the same marker using BSR. Fine-
mapping and further examination of the QTLs affecting
disease resistance and flowering time will be needed to
distinguish linkage from pleiotropy for these loci. For
several of the disease QTLs, no association with maturity
was detected.

In the HIF analysis, although variation for flowering
time was sometimes observed among NILs within a set,
none of the targeted loci were found to affect DTA, sug-
gesting that the resistance conferred by the identified dis-
ease QTLs was not the result of a change in relative
maturity. The results from CML52-derived NILs largely
agreed with the results from RIL-based mapping, except
for the identification of co-localized DTA and NLB
QTL(s) at bin 1.06—1.07 in RILs but not NILs. No DTA
effect was detected in the NILs segregating for bin
1.06-1.07, perhaps due to genetic background effect, or
because the segregating region did not contain
gene(s) affecting flowering time [linkage rather than plei-
otropy for the DTA and NLB QTL(s) at bin 1.06-1.07].

Discussion

Disease QTLs identified using HIF- and RIL-based
approaches

To discover maize loci conditioning resistance to single as
well as multiple diseases, HIF- and RIL-based approaches
were applied for QTL mapping using genetic materials
derived from the broadly resistant maize lines CML52 and/
or DK888. Each approach identified several QTLs, most of
which were consistent for the two methods. The parallel
studies provided cross-validation of the detected QTLs,
particularly those with minor effects.

The HIF-based QTL approach aimed to capture and
characterize resistance alleles at loci associated with pre-
viously identified major genes and disease QTLs. The
selected CML52- and DK888-derived HIFs were among
the advanced inbred populations available at the inception
of the study. Seventy-three SSR markers were applied to
target 39% of the maize genome, focusing on the regions
associated with clusters of previously reported disease
genes and QTLs. The strategy used here was to first
identify QTLs for resistance to NLB (our primary disease
of focus) in segregating HIFs, to generate sets of NILs
contrasting for the candidate NLB QTLs, and to use the
derived NILs for NLB QTL validation and characterization
of resistance spectrum. Using HIF analysis, four NLB
QTLs at bins 1.06, 5.03, 6.05 and 8.05-8.06, two ASR
QTLs at bins 5.06 and 6.05, and one Stewart’s wilt QTL at
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Fig. 2 Quantitative trait loci (QTLs) detected by inclusive composite
interval mapping (ICIM; in blue) and Bayesian shrinkage regression
(BSR; in red) in the population of recombinant inbred lines (RILs)
derived from the B73 x CML52 cross. The likelihood of odds ratio
(LOD) scores detected by ICIM are shown on the left axis; the mean
posterior additive effects (Post. Add.) detected by BSR are shown on
the right axis. Loci conditioning resistance to northern leaf blight
(NLB), southern leaf blight (SLB), gray leaf spot (GLS), and
anthracnose stalk rot (ASR), as well as loci affecting days to anthesis

bin 1.06 were detected and validated. The average size of
the identified QTLs was 90 map-units on the IBM2n map,
which is slightly smaller than the average disease QTL size
in previous mapping studies [107 map-units on the IBM2n
map (Wisser et al. 2006)]. The precision of QTL locations
was improved with increased marker density (66 additional
markers) surrounding the QTL regions.

Using the RIL-based approach, QTLs were identified for
NLB at bins 1.06-1.07, 5.03, 6.05 and 8.05-8.06, for SLB
at bins 1.08, 2.03, 3.04, 9.02 and 9.04, for GLS at bins 1.04
and 8.05, and for ASR at bin 3.05 and 6.05. Different
statistical methods for QTL mapping have been developed
to improve the genome-wide genetic analysis of complex
traits. While ICIM and BSR take different statistical
approaches to identification of QTLs, it is expected that
there should be concordance in the results for ‘real’ QTLs.
This was generally the case in the present study, especially
for QTLs that were validated in the HIFs. Since the RILs
utilized in the study were genotyped with a high density of
SNP markers, the QTL resolution was significantly
increased. The average size of the identified QTLs was
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(DTA) are shown on the respective plots. Individual markers are
shown by diamonds at their genetic position on each chromosome.
Chromosomes are separated by vertical gray lines with chromosome
numbers designated below the plots. For BSR, negative allele effects
for NLB, SLB, GLS, and ASR indicate resistance comes from
CMLS52. For DTA, positive allele effects indicate that later flowering
comes from CMLS52. To provide comparison of effect sizes for BSR,
each trait was standardized (i.e., mean = 0 and standard devia-
tion = 1) prior to analysis

~6.5 cM on the NAM map and ~ 10 Mb on the physical
map. The high-precision mapping successfully distin-
guished the SLB and ASR QTLs on Chr. 3.

Mapping results from the parallel HIF- and RIL-based
studies were used for cross-validation. QTLs identified in
HIFs/NILs largely conformed to the QTLs mapped in
RILs. Most of the genetic regions investigated in the
CML52 HIFs/NILs (27 bins as a total) did not show sig-
nificant effects for resistance to NLB, SLB, GLS, or ASR,
which was consistent with their lack of phenotypic effects
in the RILs. HIF- and RIL-based approaches detected co-
localized NLB QTLs at bins 1.06—-1.07, 5.03 and 6.05, and
co-localized ASR QTLs at bin 6.05 (QTLs were considered
co-localized if they are overlapping or nearly overlapping).

Five large-effect QTLs for resistance, including a NLB
QTL at bin 8.05-8.06, SLB QTLs at bins 2.03, 3.04 and
9.02, and an ASR QTL at bin 3.05, as well as one minor-
effect SLB QTL at bin 1.08, were mapped in RILs but not
HIFs/NILs. These genetic regions were not targeted by the
markers utilized, were fixed in all the available HIFs, or
were not evaluated due to poor agronomic performance of
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the HIFs. (Note that the region of bin 1.08 tested in CML52
HIFs was ~20 Mb distant from the SLB QTL identified at
bin 1.08 in the RILs. As a result, the SLB QTL at bin 1.08
was not captured and evaluated in HIFs.)

HIF-based QTL analysis: considerations
and lessons learned

The use of RILs is an efficient way of getting a whole-
genome QTL map at reasonable resolution, especially
when populations with high-density marker data are
available. In the present study, RIL-based mapping detec-
ted all the QTLs identified in HIFs, as well as several
additional QTLs. The objective of this study, however, was
not to identify all QTLs in a given genotype, but rather to
test the hypothesis that selected loci from selected geno-
types condition MDR. Relevant RIL populations were not
available at the inception of this study, whereas we had
access to intermediate inbred material suitable for the
extraction of NIL pairs. This study demonstrates that HIF-
derived NILs can be used for QTL mapping, particularly
when, as in this study, partially inbred materials are
available and certain loci are to be targeted.

The efficiency of HIFs in this study was the use for
analysis of multiple diseases at specific loci associated
with MDR. The HIF strategy presented here, as modified
from the methodology of Tuinstra et al. (1997), involved
selecting QTLs for the primary focus of disease (NLB),
generating NILs for those QTLs, and testing them for
response to other diseases. To be able to focus on the
regions for resistance to NLB, individual trait-marker
analysis was conducted in earlier generations of HIFs,
which may cause higher probability of type II error due to
the evaluation of individual plants with heterogeneous
genetic backgrounds. This problem was addressed by
confirming the candidate QTLs in another HIF(s) and/or
advanced NILs. Along the way, selfed seeds were
obtained from a large proportion of genotyped lines within
selected HIFs, which became useful as sources of NILs
and segregating populations suitable for subsequent QTL
characterization and fine-mapping. As a result, the QTLs
at bins 1.06 and 6.05 were confirmed to confer broader-
spectrum resistance, and the NLB-specific QTL at bin
8.05-8.06 was delimited to a region of 460 kb (Chung
et al. 2010a).

While a HIF-based approach was successfully utilized,
certain weaknesses should be acknowledged. The outcome
of HIF-based analysis is determined by the genetic struc-
ture of the starting materials. Starting with limited number
of Fs or Fg families, HIFs segregating for a given locus
may or may not be available. While the large-effect QTLs
in targeted regions were clearly identified using HIFs, some
QTLs were identified only in the RILs either because they

were not targeted or because of the nature of the starting
materials: they were fixed in the selected HIFs or were
captured in NIL pairs with resistant backgrounds or
unsuitable agronomic performance. Alternatively, the
QTLs not identified in the NILs could have been false
positives in the RIL-based analysis as we were unable to do
a suitable determination of type I error.

In this study, it is difficult to determine the relative
detection power of HIF- and RIL-based mapping by
comparing allelic effects of a given QTL resulting from the
two approaches. Evaluations of HIFs and RILs were con-
ducted by different researchers in different environments.
The magnitudes of QTL effects have proven to be vul-
nerable to different people’s ratings though the proportion
of phenotypic variation explained was relatively constant
between individuals (Poland and Nelson, 2011). However,
the proportion of phenotypic variance that a QTL will
account for is determined both by the QTL and other QTLs
segregating in the population. While many other QTLs
were segregating in the RIL population, the NIL back-
grounds were largely fixed, making a comparison of allele
effects not meaningful. Using simulated data, Kaeppler
(1997) showed that QTL mapping using RILs generally
(and sometimes substantially) provided better power over
the use of backcross-derived NILs despite the higher pre-
cision phenotyping in the NILs. Since the HIF-based
approach is conducted on the basis of contrasting effects of
pairs of NILs, it may provide similar power as the con-
ventional NIL-based approach and therefore less power
than RIL-based approach.

The major weakness of the HIF-based approach to NIL
development is the effect of diverse backgrounds in
selected HIFs and derived NIL pairs. In contrast to back-
cross-derived NILs, which are in the background of the
(susceptible) recurrent parent, HIF-derived NILs have
genetic constitutions recombined from two parental gen-
omes. The mosaic genome of HIF-derived NILs may or
may not be appropriate for QTL expression. The observed
effectiveness of a QTL can be masked by major-effect
QTLs (Eshed and Zamir 1995; Keurentjes et al. 2007) or
affected by epistatic QTLs (Njiti et al. 1998; Szalma et al.
2005) in the unlinked region(s) of the genome. In this
study, QTL effects were masked by resistant genetic
backgrounds in two NIL pairs. All the QTLs detected using
the HIF-based approach were identified in HIFs/NILs
exhibiting low to moderate levels of resistance. In contrast,
the minor-effect NLB QTL at bin 5.03 was not found to be
effective in a HIF carrying resistance alleles at three larger-
effect NLB QTLs. The masking or epistatic effect caused
by genetic background has been observed in other studies,
in which some candidate QTLs were validated in the NILs
derived from some but not all the chosen HIFs (Pumphrey
et al. 2007; Tuinstra et al. 1997).
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The observation that disease QTL effects are dependent
on genetic background, and that minor QTL effects can be
masked by major QTL effects, has implications for the
value of marker-assisted selection (MAS) in resistance
breeding programs. Use of MAS has been proposed (and
demonstrated in some cases) to be more efficient than
conventional phenotypic selection for traits that are diffi-
cult to manage (Flint-Garcia et al. 2003; Ribaut and Ragot
2007; Xu and Crouch 2008; Yousef and Juvik 2001). This
refers to the penetrance of the target loci and the costs
associated with phenotyping. As a complex trait, disease
resistance is controlled by multiple loci affecting diverse
defense mechanisms. Pyramiding favorable alleles for
multiple QTLs conditioning resistance to a single disease
and/or various diseases is expected to result in resistance
that is more durable. However, in practice, phenotypic
selection alone may not be effective for combining desir-
able alleles for multiple QTLs as some QTL effects would
be undetectable in certain working backgrounds. MAS, on
the other hand, is relatively attractive because of its
potential of tracking and pyramiding favorable chromo-
somal segments regardless of the manifested phenotypes.

Association and non-association between plant maturity
and disease resistance

Plant maturity has been found to be negatively correlated
with disease resistance for necrotrophic diseases in maize
(Bubeck et al. 1993; Carson 1999; Keller and Bergstrom
1988; Leonard and Thompson 1976). Late-flowering maize
lines tend to be more resistant to NLB, SLB, and GLS. In
the maize association panel, 48, 45, and 52% of resistance
variation to NLB, SLB, and GLS, respectively, were
explained by variation in days to anthesis (Wisser et al.
2011). While both CML52 and DK888 are late-maturing
(Supplementary Table 2), we provided evidence that part
of their resistance is the result of defense mechanisms
rather than developmental effects. We evaluated juvenile
plants of CML52 and DK888 in repeated greenhouse and
field trials for NLB, the primary emphasis of disease at the
inception of this study. Compared to B73, the formation of
NLB lesions in juvenile plants of CML52 and DK888 was
delayed by approximately 4 and 5 days in the greenhouse,
and 4 and 9 days in the field, respectively (data not shown).
The results suggested that NLB resistance in both geno-
types is effective regardless of their maturity stage or
growing environment (greenhouse vs. field). For resis-
tances to NLB, GLS, and SLB, maturity and resistance
effects were co-localized at some chromosomal segments
but not at others in the RIL-based QTL analysis. Genetic
dissection and detailed investigation will be needed to
uncover the complex relationship between resistance and
physiological mechanisms in plants.

@ Springer

Implications of MDR

To study the phenomenon of MDR, a diverse set of path-
ogen species was evaluated on a small set of maize geno-
types reputed to possess MDR, as well as on a large set of
their near-isogenic derivatives, targeting chromosomal
regions previously shown to be associated with MDR.
MDR was observed in the study at the level of genotype
and co-localized QTL. Among the genotypes used as
sources of alleles, the hybrid DK888 exhibited superior
resistance to all the eight diseases tested; the tropical
inbred line CML52 showed superior to moderate levels of
resistance to all the tested fungal leaf diseases, including
NLB, SLB, GLS, ALB, and common rust, and the bacterial
disease Stewart’s wilt; the elite inbred line B73 showed
resistance only to common rust and common smut, which
are caused by biotrophic fungi. Based on HIF- and/or RIL-
based QTL analyses, the CML52 allele at bin 1.06—-1.07
was associated with co-localized NLB QTL and Stewart’s
wilt QTL, and the CML52 allele at bin 6.05 was associated
with co-localized NLB QTL and ASR QTL. Identification
of these QTLs confirmed the hypothesized existence of
chromosomal segments conditioning MDR (albeit for two
diseases per locus) in these broadly resistant genotypes.

Genotypes with MDR characteristics and genomic
regions contributing MDR have been recognized for a
range of plants. MDR phenotype could be due to pyram-
iding or linkage of genes with disease-specific effects, or to
the presence of gene(s) with broad-spectrum effects. In
general, race-specific (and hence pathogen-specific) resis-
tance is controlled by resistance (R) genes, which encode
proteins that can recognize specific pathogen effectors and
trigger rapid induction of the hypersensitive response and a
series of defense reactions (Jones and Dangl 2006). Genes
with pleiotropic resistance effects, on the other hand, may
be key regulatory genes controlling the recognition or
signaling of non-host resistance, basal resistance, and
systemic acquired resistance [e.g., mlo (Buschges et al.
1997), nprl (Cao et al. 1998), and Lr34 (Krattinger et al.
2009)]. They may also be defense response (DR) genes
functioning as the downstream components of a variety of
defense mechanisms [e.g., pathogenesis-related (PR) genes
(Edreva 2005)]. In addition, the specificity of resistance
may be associated with temporal and spatial induction of
antimicrobial structures or compounds and the spectrum of
these defense responses. This type of broad-spectrum
resistance, controlled by a single pleiotropic gene or mul-
tiple genes, could affect pathogens with similar mode of
pathogenesis.

The eight pathogens evaluated here have diverse life-
styles (Supplementary Table 2). These pathogens can be
classified based on the plant tissues that they colonize. Bin
1.06 was associated with resistance to the two pathogens
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that cause wilting lesions by growth within the xylem:
S. turcica (the fungus causing NLB) and P. stewartii (the
bacterial pathogen causing Stewart’s wilt). This suggests
the possibility that both might be affected by a defense
mechanism that either prevents pathogen invasion or
reduces pathogen growth and dissemination in the xylem
lumen. In rice, a peroxidase has been implicated in the
vascular defense response against the bacterial blight
pathogen Xanthomonas oryzae pv. oryzae. Induction and
accumulation of the peroxidase, PO-CI, in the xylem
parenchyma, vessel walls, and lumen is associated with
the rapid thickening of the xylem secondary wall and
the generation of antimicrobial reactive oxygen species
(Hilaire et al. 2001). This and/or other defense mechanisms
could function in the maize vascular system. A large
number of peroxidases as well as other defense-related
proteins, such as chitinase, beta-glucanase, and polyga-
lacturonase inhibitor (PGIP), have been characterized in
the maize xylem sap. The antifungal activity of the sap
proteins has also been confirmed (Alvarez et al. 2006).
The CMLS52 allele(s) at bin 6.05 was associated with
resistance to NLB and ASR, while the same chromosomal
segment from S11 was associated with resistance to ASR
but not NLB or other diseases. NLB and ASR occur in
distinct tissues (leaf vs. stalk tissues). The two causal
organisms, S. turcica and C. graminicola, both hemibio-
trophic fungi, share similar modes of initial colonization:
their early development involves biotrophic interactions
with primary infected epidermal cells and the subsequent
intercellular hyphal growth and colonization of chloren-
chyma or parenchyma cells. Subsequently, different means
of progression are used by S. turcica and C. graminicola:
the former grows aggressively in the xylem vessels then
spreads into the neighboring chlorenchyma cells, while the
latter colonizes the mostly nonliving fiber cells associated
with the vascular bundles and rind, then breaks into the
adjacent parenchyma cells (Venard and Vaillancourt
2007a). For a single defense mechanism to work against
both pathogens, it would have to function in both leaf
chlorenchyma and stalk parenchyma, before the pathogen
enters into the respective tube structures, or after the
pathogen emerges to consume the neighboring tissues.
There is, however, little reason to expect that resistance
expressed in the leaf and stalk tissues would be controlled
by the same gene(s). Leaf and stalk resistance to the same
or closely-related pathogen species have been found to
be non-correlated (Lim and White 1978; Venard and
Vaillancourt 2007b; Zuber et al. 1981). Similarly, no cor-
relation was observed between resistance to ASR and ALB
(both caused by C. graminicola) among the HIFs in the
present study, and none of our identified ASR QTLs
showed ALB effects. It is thus suspected that resistance to
NLB and ASR are conditioned by linked genes in bin 6.05.

Conclusion

Several disease-specific QTLs and two MDR QTLs were
identified and validated using HIF-based targeted QTL
analysis and classical RIL-based QTL mapping. While the
value of the disease QTL consensus map to MDR QTL
prediction was not rigorously assessed, detection of chro-
mosomal segments conditioning resistance to more than
one disease reflected the generally observed clustering of
disease QTLs in plants. Overall, the study allowed empir-
ical comparisons for the advantages and limitations of
using HIFs and RILs for distinct and complementary
purposes. Evaluations of a range of pathogens causing
important diseases revealed chromosomal segments con-
ditioning pleiotropic resistance. While the specific combi-
nations of resistance provoke speculation on the underlying
mechanisms, further studies are needed to shed light on
these mechanisms. QTL resolution in this study was higher
than in conventional QTL mapping but is not sufficient for
identifying candidate genes affecting resistance. Fine-
mapping and positional cloning is underway to resolve the
complex genetic mechanisms.
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