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Abstract Quantitative trait loci (QTLS) for resistance to
the fungal pathogen Setosphaeria turcica, the cause of
northern corn leaf blight (NCLB), were mapped in a
population of 220 F; families derived from a cross be-
tween two moderately resistant European inbred lines,
D32 (dent) and D145 (flint). The population was geno-
typed with 87 RFLP and 7 SSR markers. Trials were
conducted in the field in Switzerland, and in the green-
house with selected F; families in Germany. The F; pop-
ulation segregated widely for resistance with transgres-
sion of the parents. By composite interval mapping, a to-
tal of 13 QTLs were detected with two disease ratings
(0O and 3 weeks after flowering). Together these QTLs
explained 48% and 62% of the phenotypic variation.
Gene action at most QTLs was partially dominant. Eight
out of the 13 QTL alleles for resistance were contributed
by the more-resistant parent, D145. On chromosomes 3,
5 and 8, QTLs were located in the same chromosomal
regions as QTLs in tropical and U.S. Corn Belt germ-
plasm. Some QTLs affected NCLB, head smut and com-
mon rust at the same time, with alleles at these loci act-
ing isodirectionaly.
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Introduction

The fungus Setosphaeria turcica Leonard & Suggs with
its conidial state Exserohilum turcicum Leonard & Suggs
causes northern corn leaf blight (NCLB), afoliar disease
of maize that occurs in many environments. NCLB is
particularly damaging in the tropics but awareness of the
disease has also grown in western Europe (Welz et al.
1996, 1998). Cultivars with quantitative resistance are
widely used to control NCLB and diverse sources of re-
sistance have been described (Adipala et a. 1993; Smith
and Kinsey 1993; Carson and Van Dyke 1994; Lipps et
al. 1997; Schechert et al. 1997; Welz et al. 1998).

Quantitative trait loci (QTLS) affecting resistance to S
turcica were discovered by means of molecular markersin
U.S. Corn Belt germplasm (Freymark et al. 1993,1994;
Dingerdissen et a. 1996) and in tropical African maize
(Schechert et a. 1999). In the present study, we mapped
such QTLs in a European DentxFlint population that was
tested in a temperate environment. Our objectives were to:
(1) assess the genomic position of QTLS for resistance to
S turcica, (2) estimate the magnitude of gene effects and
the mode of gene action at the QTLs detected, (3) com-
pare the QTL positions with those found in American and
African maize germplasm, and (4) compare the positions
of QTLs for NCLB resistance with those of QTLs for re-
sistance to other fungal diseases, mapped previously in the
same population (L Gibberstedt et al. 1999).

Materials and methods
Mapping population

The early maturing European inbred lines D32 (dent) and D145
(flint), proprietary to the University of Hohenheim, were crossed
in both directions to produce a random set of 220 F; families. This
set was balanced such that an about-equal number of F; families
occurred in the cytoplasm of D32 and D145, respectively. Seed of
each F; family was increased by randomly crossing ten female and
ten male F; plants (see Lubberstedt et a. 1999). The parent lines
both have a moderate level of NCLB resistance (Welz et al. 1998).
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Field trial

The mapping population was tested in one field tria at Cadenazzo,
near Bellinzona at Lago Maggiore, Switzerland, in 1998. The same
field had been used successfully in previous, naturally infected NCLB
trials (Welz et a. 1998). The experiment included 230 entries planted
in a23x10 apha design (Patterson and Williams 1976) with two rep-
licates. Entries comprised 220 F; families, two of each of the parent
lines D32 and D145, two of each of their F; hybrids, two resistant
check inbreds (CML202 and D164), and two susceptible check inb-
reds (L0951 and KW3231). The check inbreds were described by
Welz et a. (1998) and Schechert et d. (1999). Plots consisted of sin-
gle rows, 5-m long, spaced 75-cm apart. They were planted on May
6th at adensity of 30 plants per row, i.e. 8 plants m2.

The trial was inoculated with a conidial suspension on June 4th,
at the 4-6-leaf stage, by means of a repetitive pipette (see Sche-
chert et al. 1999). One 100-ul drop containing 1000 conidia was
placed in the leaf whorl of each plant. The inoculum was prepared
from dried infected leaves which had been collected in the same
and adjacent fields in 1997, and were incubated for 3 days in the
laboratory. The disease severity was scored twice, on July 22nd
and on August 14th (DS 1 and 2). Ten consecutive plants in a row
were rated individualy for the percentage of leaf area affected by
NCLB to derive the plot mean (see Schechert et al. 1999).

Plant height was measured on August 19th as the distance be-
tween the stem base and the top leaf insertion on one representa-
tive plant per row.

Greenhouse trial

The parental lines, the five most-resistant F; families, the five
most-susceptible F; families, plus cv Helix as a susceptible check,
were subsequently tested in a greenhouse pot trial at the Universi-
ty of Hohenheim. The trial was planted in randomized complete
blocks with two replicates on August 5th, 1998. Each plot consist-
ed of ten plantsin 2-1 pots. The trial was inoculated on September
9th using inoculum produced from the same source as for the field
trial. 1t was scored once on October 11th, when most test entries
were flowering. The incubation period of NCLB was also record-
ed on asingle-plant basis, as the number of days between inocula-
tion and the first appearance of wilted lesions (Welz et al. 1998).

Molecular-marker analysis

The 220 F; families were genotyped with 87 RFLP and 7 SSR
markers by Xia et al. (1999) who mapped QTLs for virus resis-

tance in the same population. The linkage map had a total length
of 1799 cM with an average interval length of 21.4 cM and wasin
good agreement with published maize maps (Xiaet a. 1999).

Data analysis

Phenotypic field trial data were analysed using the software pack-
age PLABSTAT (Utz 1993). Lattice-adjusted entry means of the
220 F; families were subjected to an analysis of variance (AN-
OVA) treating genotypes as a random variable. Estimates of vari-
ance components for the experimental error (6% and genotypes
(63), and the repeatability (h?) of the traits DS 1, DS 2 and plant
height, as well as phenotypic correlations among traits (7,), were
computed. The means of parent lines (P1 and P2), midparent (P),
and F; families (F3) were compared by orthogonal contrasts (Sne-
decor and Cochran 1980, p 96). The greenhouse trial data were
analysed with an ANOVA treating genotypes as fixed effects.
Means were compared by least-significant differences (LSD, 5%
level), and the phenotypic correlation between incubation period
and blight severity was estimated.

To detect QTLs and estimate their gene effects, composite in-
terval mapping (Zeng 1994) was employed using the software
PLABQTL (Utz and Melchinger 1996) as described by Bohn et al.
(1996). Basicaly, this method is a multiple regression analysis
with markers as co-factors. Co-factors were selected by stepwise
regression, in order to minimize Akaike's information criterion
with a penalty of 3.0 (Jansen 1993). The significance threshold to
postulate the presence of a QTL at a given genomic position was
set at LOD=2.5. Two QTL positions on the same chromosome
were regarded as different when they were separated by at least
two markers and a minimum distance of 20 cM. The proportion of
the phenotypic variance (63) explained by an individual QTL was
given by the sguare of the partial regression coefficient (Melchin-
ger et a. 1998). The proportion of the phenotypic variance ex-
plained by all detected QTLs was finally determined in a simulta-
neous fit.

Results

Plant stands in the field trial developed well and the arti-
ficial infection was successful. The highly susceptible
check inbred KW3231 was amost entirely killed by
NCLB before flowering (DS 1, Table 1). The less-sus-
ceptible check inbred L0951 from Italy was much less
attacked by S. turcica. Check inbred D164 confirmed its

Table1l Means, variance com-

two disease severity ratings

(DS 1and 2) and piant height ~ Means of checks

of the mapping population (F;), CML202 0 0 236.6

its parent lines (P1, P2), their D164 105 37.7 121.1

F, hybrid and four check inb- L0951 323 57.0 191.9

réds, in the field trial KW3231 90.9 100 135.7
Means of test entries
D32 (P1) 36.9 69.4 1715
D145 (P2) 24.1 47.7 149.6
P 30.5 58.6 160.6
= 22.7 54.2 213.2
Fs 279 53.3 179.6
Standard error (all entries) 31 5.0 74
LSD-5% (all entries) 8.6 14.0 20.6
Variance components
62 94.1** 201.3** 282.5%*
6 18.0 45.2 96.1
Repeatability (F?) 0.83 0.80 0.72

** Gignificant at P = 0.01




60

D145 D32
50 A 4 \ 4

40 -

30

No. of families

20

5 25 45 65 85
Leaf blight severity (%)

Fig. 1 Frequency distribution of leaf-blight severity (DS 2) in a
population of 220 F; families derived from the cross D32xD145,
in a field trial inoculated with S. turcica, at Cadenazzo, Switzer-
land. Triangles indicate parental means assigned to histogram
classes. Standard error of adjusted entry means=5.0% blight sever-
ity

moderate level of resistance (Welz et al. 1998) and
CML202 proved its outstanding polygenic resistance
(Schechert et al. 1999). The African CIMMYT inbred
showed only one small lesion at the site of inoculation
but no secondary infection.

The parental inbreds both showed a moderate level of
resistance (Table 1), D145 being significantly (P=0.05)
more resistant than D32, asin previous trials (Welz et al.
1998). The mapping population segregated transgressiv-
ely (Fig. 1) and the genotypic variance components were
highly significant (Table 1). Repeatabilities were high
for both scorings. The F, hybrid and the F; were more
resistant than the midparent (P) but these differences
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were not significant (P=0.05). The mid-parent heterosis
for plant height in the F, generation amounted to 33%
(Table 1). Plant height was weakly correlated with the
severity of NCLB and other diseases (f, values for DS
1:-0.16*, DS 2: -0.27**, common rust: —0.07, head
smut: —0.22**, common smut: —0.13; */** indicating
significance at P=0.05 or 0.01).

In the greenhouse experiment, the parent lines per-
formed accordingly, D145 again being slightly more re-
sistant than D32. Nine of the ten selected susceptible
and resistant F; families reacted as in the field trial.
Only inbred #52 behaved as a resistant outlier in the
group of susceptible families. The phenotypic correla-
tion between incubation period and disease severity
was 7,=-0.90 (P=0.01). For both traits the means
among F; families were significantly different (AN-
OVA: F=8.60, df=9, P<0.01). Assuming that the mean
of the ten selected entries equalled the population
mean, slight heterosis for resistance was also expressed
by the F; families in the greenhouse (Table 2). The phe-
notypic correlation between disease severity in the
greenhouse and in the field (DS 2) was 7,=0.75 (n=12
entries).

A total of 13 QTLs were detected with the field data.
Thirteen and 18 markers were used as co-factors in the
multiple regression for DS 1 and DS 2, respectively.
QTLs were identified on all chromosomes except 7 and
10 (Table 3). Six QTLs were significant for DS 1. The
same six plus seven additional QTLs were significant
for DS 2. Accordingly, the total proportion of the phe-
notypic variance explained by QTLs was higher for DS
2 than for DS 1 (62=62% vs 48%). For both scores a
dominance model oF inheritance gave the best fit to the
data although the QTL-specific dominance effects were
only significant in a few cases (Table 3). The average
dominance ratio DR of the QTL (DR = 1/i Y |d; /a], for

Table 2 Mean incubation peri-

od (IP) and disease severity Entry IP (days) DS (%)
DS) of northern corn leaf . .

E)Iig?\t in a controlled green- Check hybrid (‘Helix’) 129 23.0

house trial with selected ress- 232 (P1) 14.1 135

tant and susceptible F, families 2145 (F2) 14.8 128

of the mapping population F, 14.4 132

(D32xD145), its parental in- Susceptible Fys

breds and a susceptible check #25 14.4 13.7

hybrid (cv Helix) #30 14.8 18.1
#52 17.0 10.7
#59 13.8 185
#180 12.7 325
Mean 14.5 18.7
Resistant F3s
#70 175 4.1
#97 175 6.8
#120 17.0 4.6
#127 15.2 104
#150 16.3 6.1
Mean 16.7 6.4
F, (10 entries) 15.6 12.6
Sandard error (F;s only) 0.6 22
LSD-5% (Fss only) 18 7.0
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Table 3 Genomic location of QTLs for northern corn leaf blight resistance and their additive (a) and dominant (d) gene effects, given as
percent affected leaf area, in a population of 220 F; families derived from the cross D32xD145

Chromosome DS1 DS2
No. BinP Position  Flanking markers — a (%) d (%) R2(%) LOD a(%) d%) R2(%) LOD
(cM)
1 1.06/08  134/166  csu6lb—dupl2 2.33%* 252 58 2.8 2.56% b -64 6.7 33
2 2.06 94 umc255-umc5a -3.64** -46 75 3.7
3 3.01 14 umc32a-umcl21 —-3.34** -2.70 5.2 25
3.03d 42 umc38b-asg24 5.09%* -1.74 9.3 4.7
3.07 168 umc3b-umcl7a -253** -1.01 8.4 42  -513** -2.78 11.8 6.0
4 4.03 16/28 phi21-csu253b -6.12**  -1.80 239 130 -8.96** 8.00 209 11
4.06 78 umc47-umc66a —4.87** 1.16 9.6 4.8
5 5.03 86 umc27a-umc43 -3.43* 6.32 6.5 32
5.04 112 csu36a-bnl7.71 -6.47** —-6.49** 134 6.8 -532** —5.58 7.3 3.6
6 6.05/07 102/132  umc2l-asg7 —4.27%* 3.28 10.6 53 -553** 214 108 47
8 8.02/03 2 umc103a-bngl669 4.29** 2.98 7.8 39
8.06 74 umcl7b—-npi268a 3.88** -0.62 10.1 51 7.19%* 142 19.2 10.1
9 9.02 56 umcl05a-umcll4 3.71*%* 9.44* 58 2.8
Total 47.6 30.7 61.5 454

*x % QTL effect significant at P =0.01 or 0.05, respectively
a Disease severity rating

b QTLs were assigned to hins according to reference maps (Maize Data Base 1999). A bin is defined as the interval between two fixed
core marker loci and numbered by a code designating the linkage group and the location within the linkage group (Gardiner et al. 1993)
¢ Positive effect means that the QTL allele for resistance was contributed by the more-susceptible parent, D32

d Marker umc38b was previously mapped to bin 8.05 (Maize Data Base 1999)

Table 4 Genetic relationship between diverse resistances in the
mapping population F; (D32xD145). Above the diagonal: number
of shared QTLs for resistance (in parentheses: number of QTLsS
with an equal additive effect sign) to S. turcica (NCLB ratings DS

1 and 2), Sporisoriumreiliana (head smut), Ustilago maydis (com-
mon smut), and Puccinia sorghi (common rust). On the diagonal
(bold face): number of QTLs detected for these traits. Below the
diagonal: phenotypic correlation coefficient

Item NCLB 1 NCLB 2 Head smuta Common smutP Common rust¢
NCLB 1 6 44 (4) 313 0 11

NCLB 2 0.84** 13 4(3) 21 33

Head smut 0.37** 0.29** 8 3(1) 1(1)
Common smut 0.09 0.14* 0.04 9 2(0)
Common rust 0.24** 0.29** 0.21** 0.01 8

** * Correlation coefficient significant at P=0.01 or P=0.05, respectively

a Assessed at Gongzhuling, China, in 1998 (see L Uibberstedt et al. 1999)

b.c Assessed at Eckartsweier, Germany, in 1996 (see L Ubberstedt et al. 1999)

d QTL positions were considered identical when the QTL likelihood curve peaks were <20 cM apart and separated by at least two

markers

i QTLs) was 0.45 for DS 1 and 0.39 for DS 2. Stuber et
al. (1992) defined a value between 0.2 and 0.8 as indi-
cative of partial dominance. Eight out of the 13 QTL
aleles for resistance were contributed by the more-
resistant parent line, D145. Five alleles for resistance
came from D32, the less-resistant parent.

The QTLs in bins 1.06/07, 3.07, 4.03, 5.04, 6.05/06
and 8.06 were significant for both leaf-blight ratings.
The most highly significant QTL for DS 1, in bin 4.03,
also carried the highest LOD score for the second dis-
ease rating. Repulsion-phase linkage of QTLs occurred
on chromosome 3 (Table 3). We detected no digenic epi-
static interaction effects among the QTLs for DS 1
(P=0.05). Epistasis could not be tested for DS 2 because
the large number of QTLs could not be accomodated by
the PLABQTL software.

QTLs for resistance to head smut, common smut and
common rust were previously mapped in the same maize
population (Libberstedt et al. 1999). Some of these
QTLs resided at the same chromosomal locations (Table
4). The three QTL alleles that provided for resistance to
both head smut and NCLB rating 2, even attained exact-
ly the same position in the two studies: chromosome
4-78 cM, 5-112 cM and 8-74 cM. One QTL for com-
mon rust resistance mapped to chromosome 5-114 cM.
In most cases, the additive effects of various resistance
genes at a given QTL had the same sign, i.e. the resis-
tance alleles originated from the same parent line. In par-
ticular, the alleles for resistances to NCLB, head smut
and common rust were genetically associated. The coef-
ficients of phenotypic correlation among these three dis-
ease resistances were positive and significant, though
only moderately (Table 4). Resistance to common smut



was phenotypically high independent from resistance to
NCLB, head smut or common rust, and was apparently
inherited by different genes.

Discussion

As in previous trials (Welz et al. 1998), the parent lines
D32 (dent) and D145 (flint) both had a moderate level of
resistance, in the field and in the greenhouse. Their rank-
ing in terms of resistance was also consistent across tri-
als, D32 always being the more-susceptible line. Accord-
ing to pedigree information, line D145 has 25% of its ge-
nome from Mol7 (Messmer et a. 1992) which may ex-
plain some of its resistance (Carson 1995). Resistance
phenotypes were characterized by a prolonged incuba-
tion period as in many other sources of quantitative re-
sistance (Smith and Kinsey 1993; Carson 1995;
Schechert et a. 1997, 1999), but otherwise showed nor-
mal lesion development. The mapping population segre-
gated widely and, in either direction, a substantial por-
tion of F5 families transgressed the resistance of the par-
ent lines (Fig. 1). This was probably due to the fact that
the parents carried a similar number of resistance genes,
most of which were either unlinked or linked in cou-
pling, allowing for transgressive progeny to occur among
the 220 F; families. However, even the most highly re-
sistant F; family was significantly more diseased than
CML202, ahighly resistant African inbred line (Schechert
et a. 1999), underscoring the breeding value of this trop-
ical line.

In the greenhouse, but not in the field, F; family #52
showed extensive chlorotic spotting on the foliage.
These symptoms were not due to fungal infection — they
also appeared on uninfected new leaves — but most likely
due to recessive detrimental genes with pleiotropic ef-
fects. Lesion-mimic genes could be involved. These mu-
tant genes induce flecks and lesions of varying size, aso
in the absence of infection. In one study, the dominant
lesion-mimic gene Lesl promoted the hyphal growth of
S turcica and other fungi, resulting in larger lesions on
infected plants (Echt and Trese 1989). In another study,
lesion-mimic genes were associated with an enhanced
expression of genes involved in systemically acquired
resistance (Morris et al. 1998). There are at least 23,
mostly dominant lesion-mimic genes located on several
maize chromosomes (Neuffer et a. 1997). Since more
than one of the selected F; families showed the fleck re-
action, either of the two parent lines might have carried
an undetected recessive lesion-mimic gene.

More QTLs were detected for DS 2, recorded about 3
weeks after flowering, than for DS 1, which was taken
during the flowering period. The repeatability of DS 2
was aso dightly higher than for DS 1. In a tropical
mai ze population, most of the major QTLs were aready
detected by the incubation period at an early stage of
plant development, and the least number of QTLs were
detected after flowering (Welz et al. 1999). This different
pattern may reflect the different adaptation of the germ-
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plasm used in the two studies, but the tight correlation
between incubation period and disease severity in our
greenhouse trial suggests that, also in this temperate
maize population, most resistance genes were aready
expressed in the juvenile plant stage. This is confirmed
by the similar shape of the QTL likelihood curves for DS
1 and 2 (data not shown).

A low level of partial dominance of the quantitative
resistance was signified by the phenotypic generation
means and by the average dominance ratio of QTL ef-
fects. In previous studies, the significance of dominance
varied with the genetic material tested. Additive gene ac-
tion prevailed (Jenkins and Robert 1952; Hughes and
Hooker 1971; Sigulas et al. 1988; Carson 1995; Sche-
chert et al. 1999), but in some crosses the heterosis was
substantial (Schechert et al. 1997).

The magnitudes of individual gene effects were quite
homogeneous, conforming with earlier QTL mapping
studies (Dingerdissen et a. 1996; Schechert et al. 1999).
The QTL with the largest effect for both disease ratings
was located on the short arm of chromosome 4, in bin
4.03. This same genomic region was unimportant for
NCLB resistance in tropical maize (Schechert et al.
1999) but carried a minor QTL in U.S. Corn Belt maize
(Freymark et a. 1993). McMullen and Simcox (1995)
speculated that variation at bx1, a locus on chromosome
arm 4 S harboring genes for the production of DIMBOA
(2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one), a pre-
formed antimicrobial compound that acts against S. tu-
rcica (Couture et al. 1971), might be the underlying
cause. However, in the reference linkage map of maize
(Maize Data Base 1999), bx1 and other bx loci were as-
signed to bin 4.01 rather than 4.02/03 (McMullen and
Simcox 1995), making this explanation less likely. A
biochemical assessment of DIMBOA production in ge-
notypes grouped into opposite marker classes at the puta-
tive resistance QTL might help to clarify thisissue.

The QTLs in chromosomal bins 3.07, 5.03/04 and
8.05/06 are also of specia interest. These regions were
significant for both disease ratings, DS 1 and 2, in this
population and also in two other populations viz F5 lines
of the crosses L0951xCML202 and B52xMo017, having
alargely different genetic background (Welz 1998; Sche-
chert et al. 1999). Resistance aleles in bins 5.03/04 and
8.05/06 were shared by Mol7 and D145 and may be
identical by descent in these lines. The universal impor-
tance of these QTLs may be due to duplication events
because DNA probes from bin 8.05 also hybridized to
DNA from bins 3.07/08 and 5.06/07 (Helentjaris 1995).
Here, the marker umc38b, assigned to bin 8.05 in a refer-
ence map of maize (Maize Data Base 1999), resided in
chromosome bin 3.03. Interestingly, two race-specific
major genes, Ht2 and Htnl, also liein bins 8.05/06 (Sim-
cox and Bennetzen 1993).

Since some genomic regions in maize are associated
with resistance to various pests and diseases, there may
be "clusters’ of closely linked resistance genes, or else
gene action at the QTLs may be pleiotropic, either
through shared physiological pathways or through multi-
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functional gene products (McMullen and Simcox 1995).
The compound DIMBOA, for example, istoxic for S. tu-
rcica and the European corn borer Ostrinia nubilalis
(Molot and Anglade 1968). Our study uncovered QTLs
for resistance to S. turcica (NCLB), Sporisorium reiliana
(head smut) and Puccinia sorghi (common rust) that
were either very closely linked or allelic. Again, the
chromosomal bins 5.03/04 and 8.05/06 were involved.
More detailed genetic studies are clearly needed to clari-
fy the fine structure of these genomic regions.

Our results confirm that early maturing European in-
bred lines contain useful genes for quantitative resistance
to S turcica. Recombining moderately resistant inbred
lines may lead to more-highly resistant progeny, as in
this population. Broad-scale application of marker-assist-
ed selection for NCLB resistance is certainly feasible,
though not necessarily economic (Schechert et al. 1999),
regarding the high heritability of quantitative NCLB re-
sistance and the simplicity of conducting field tests. But
marker-assisted conversion of proven elite inbreds may
be a viable option to enhance valuable commercia hy-
brids that lack NCLB resistance. Their resistance to head
smut or common rust could be simultaneously improved
if donor genotypes and QTLs are carefully selected.
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