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Abstract We mapped and characterized quantitative trait
loci (QTL) for resistance to Sporisorium reiliana. A pop-
ulation of 220 F; families produced from the cross of
two European elite inbreds (D32, D145) was evaluated
with two replications at a French location with high nat-
ural incidence of S reiliana and at a Chinese location
employing artificial inoculation. The 220 F; families
were genotyped with 87 RFLP and seven SSR markers.
Using composite interval mapping, we identified two
different sets of 3 and 8 QTL for the French and the Chi-
nese locations explaining 13% and 44% of respectively.
Individual QTL explained up to 14% of 65. The 11 QTL
mapped to eight maize chromosomes and displayed
mostly additive or partial dominant gene action. Signifi-
cant digenic epistatic interactions were detected for one
pair of these QTL. Only afew QTL for S reiliana were
in common with QTL for resistance to Ustilago maydis
and Puccinia sorghi, identified at a German location for
the same population. Consequently, in our materials re-
sistance to these three fungal pathogens of maize seems
to be inherited independently.

Keywords Maize - Head smut - Sporisoriumreiliana -
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Introduction

Head smut is a soil-borne and systemic disease of maize
(Zea mays L.) and sorghum (Sorghum bicolor L. Moench)
caused by host-specific strains of Sporisorium reiliana
(Kuhn) Langdon & Fullerton [Sphacelotheca reiliana
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(KUhn) Clint] (Frederiksen 1977). Economic losses re-
sulting from the infection of susceptible varieties are due
to stunting and the sori of head smut replacing inflores-
cences. In individual environments, up to 80% smutted
maize plants have been observed (Frederiksen 1977).
Head smut occurs in most of the maize growing regions
of the world and is an increasing problem in seed pro-
duction areas as well asin grain maize production in the
southwestern region of France (Bernardo et al. 1992).
Hitherto, S. reiliana incidence has appeared only sporad-
icaly in Germany, but it remains a potential threat to hy-
brid maize seed production in the upper Rhine valley
(Dutzmann and Duben 1993).

Chemical control of head smut in maize is possible by
the in-furrow application of fungicides (Meinert 1997,
Simpson and Fenwick 1971). However, for ecologic and
economic reasons the cultivation of resistant varieties is
the preferred way of disease control. Identification of S.
reiliana-resistant genotypes can be accomplished by di-
rect selection at locations with a high natural incidence of
head smut or using artificial inoculation methods (Fred-
eriksen 1977). Both approaches can be hampered by ei-
ther varying infection conditions in field experiments or
limited capacities for seedling assays. Hence, indirect se-
lection based on molecular markers might be a valuable
complementary tool to improve resistance to S. reiliana.

Race-specific as well as race-unspecific resistance to
S reiliana has been reported for sorghum (Craig and
Frederiksen 1992). Differences in pathogenicity of iso-
lates of S. reiliana affecting sorghum can be evaluated
using differential host varieties (Mehta et a. 1967). A
major gene involved in race-unspecific head smut resis-
tance was mapped to sorghum linkage group A by
bulked segregant analysis (Oh et al. 1994). In contrast,
no race-specific resistance to S. reiliana has been report-
ed so far for maize (Ali and Baggett 1990; Bernardo et
al. 1992; Stromberg et al. 1984; Whythe and Gevers
1988) as holds true for resistance to common smut
caused by Ustilago maydis (LUbberstedt et al. 1998a).
The mode of gene action of resistance to S. reiliana was
found to vary between predominantly additive and domi-
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nant depending on the materials and experimental condi-
tions employed.

In the study presented here, we evaluated 220 F; fam-
ilies from the cross of two European maize inbred lines
at a French location with high natural incidence of S.
reiliana and at a Chinese location with artificial inocula-
tion. The objectives of our research were to (1) deter-
mine the number, genomic positions, and gene effects of
quantitative trait loci (QTL) involved in head smut resis-
tance, (2) assess the importance of digenic epistatic in-
teractions, (3) compare results from natural and artificial
infection, and (4) investigate phenotypic correlations be-
tween resistance to head smut, common smut, and com-
mon rust as well as the number of QTL in common
among these traits.

Materials and Methods

Inbred line evaluation

In 1995, 20 inbred lines including KWA, KWB, KWC, 106589,
Rz01, D32, D145, and D408 were evaluated for resistance against
S reiliana and U. maydis at Chantonnay and Colmar (France) us-
ing a randomized complete block design with six replications.
Plots consisted of single rows, 0.7 m apart and 3 m long. Plots
were overplanted and later thinned to a fina plant density of 9
plants m2 with a total of 20 plants. Individua plants were scored
for presence or absence of S. reiliana as well as U. maydis galls 6
weeks after mid-silking by cutting open each ear. The percentage
of plants infected by S. reiliana (SPO) and U. maydis (UST) was
the subject of the subsequent analyses.

Mapping population

Two early-maturing European inbred lines, D145 (flint) and D32
(dent) were crossed in both reciprocal forms to produce a random
set of 220 F; families (population D32xD145). A subset of 122 F,
families had the cytoplasm of line D145 and the remaining 98 F5
families that of D32. For each F; family, a pool of 20 F; plants
was chosen to generate an “immortalized F,” (Gardiner et al.
1993) population (IF,) by randomly crossing 10 F; plants as fe-
males and 10 F; plants as males. Lines D145 and D32 were cho-
sen for this and a companion study (Xia et a. 1999) because of
their complementary performance against sugarcane mosaic virus

(SCMV) (Kuntze et a. 1997), U. maydis, and S. reiliana (Table 1).
Both lines are proprietary public inbreds of the University of Ho-
henheim, Germany.

Marker assays and linkage maps

The restriction fragment length polymorphism (RFLP) and simple
sequence repeat (SSR) assays and the segregation and linkage ana-
lyses of the marker loci have been described in detail elsewhere
(Xia et al. 1999). The RFLP data and marker linkage map given
by these authors were also used in the QTL analyses presented
here. A total of 87 RFLP and 7 SSR marker loci well distributed
over the maize genome were used to genotype the parental F, indi-
viduals of all 220 F; families.

Agronomic trials

Population D32xD145 was evaluated at Chantonnay in 1996 and
1997 for resistance against S reiliana and U. maydis. The experi-
ment included 200 entries in a 20x10 alpha design (Patterson and
Williams 1976) with two replications: 188 F; families, randomly
chosen out of the 220 families from population D32xD145, in
1996 and the respective IF, familiesin 1997, both parent lines and
their F, hybrid, included as duplicate entries each, and six Europe-
an check inbred lines with relatively high (KWB, KWC) or low
(D408, 106589, KWA, RZ01) S. reiliana incidence at Chantonnay
in 1995 (Table 1). In addition, population D32xD145 was evaluat-
ed at Gongzhuling (Jilin Province, China) in 1998 for resistance to
S reiliana after artificial inoculation. This experiment included
230 entries in a 23x10 alpha design (Patterson and Williams 1976)
with two replications: 220 |F, families, quintuple entries of the F;
hybrid of D32 and D145, as well as five Chinese checks. More-
over, al 220 F; (1996) or IF, (1997) families were evaluated for
resistance to SCMV (Xia et a. 1999), U. maydis, and rust (Pu-
ccinia sorghi) at Eckartsweier 1996 and Hohenheim 1997, respec-
tively. These experiments consisted of 230 entries in a 23x10 al-
pha design with two replications: the 220 F; or corresponding IF,
families in 1996 and 1997, respectively, and inbred lines D32 and
D408, included as quintuple entries each. Plots consisted of single
rows, 0.7 m apart and 3 m long. Plots were overplanted and later
thinned to afinal plant density of 9 plants per square meter with a
total of 20 plants.

At Chantonnay, individual plants were scored for presence or
absence of S reiliana as well as U. maydis galls 6 weeks after
mid-silking by cutting open each ear. The percentage of plantsin-
fected by S. reiliana (SPO) and U. maydis (UST) was the subject
of the subsequent analyses. Artificial inoculation was applied at
Gongzhuling by sowing maize kernels together with S reiliana

Table 1 Means of eight European maize inbred lines evaluated for resistance to S. reiliana and U. maydis at Colmar in 1995 (Col95) and
at Chantonnay from 1995 to 1997 (Cha95, Cha96, Cha97), least significant differences (LSD 5%) between means, and repeatabilities

Inbred S reiliana (%) U. maydis (%)
Col95 Cha9s  Cha9% Cha97 Mean Col95 Cha9s  Cha9% Cha97 Mean

D32 (P1) 261 38.72 40.20 2.90 21.11 0.00 1.96 0.09 0.00 051
D145 (P2) 0.00 11.95 1.90 0.05 348 2.89 4.09 8.67 271 4.59
D408 0.09 0.00 0.13 0.00 0.03 0.23 7.37 6.92 313 441
106589 0.00 0.00 0.15 0.05 0.05 0.00 0.00 0.03 0.03 0.02
KWA 0.00 0.88 0.07 0.26 0.30 0.00 0.00 0.00 0.01 0.00
KwWB 8.16 55.09 7.40 15.21 21.47 3.26 1.91 6.21 2.52 3.48
KWC 2.68 86.08 89.16 9.66 46.90 0.00 9.46 6.58 7.14 5.80
Rz01 1.62 4.05 3.29 0.23 2.30 1.06 9.47 0.00 251 3.26
Mean 1.90 24.60 17.79 355 11.96 0.93 4.28 3.56 2.26 2.76
LSD5% 3.70 10.30 19.30 7.62 3.80 7.40 12.09 7.52
Repeatability2 0.27 0.87 0.69 0.20 0.44 0.56 0.47 0.22

a Repeatability was calculated on a single-plot basis



spores bulked from the previous field season. At Gongzhuling for
SPO and for UST at both German environments, symptoms were
recorded without opening ears by cutting. Plants were scored for
symptoms of rust (PUC) 3 weeks after mid-silking on a 1-9 scale
for the portion of leaf area covered with naturally occuring rust.
Similar to the disease scoring (1-7 scale) by Kim and Brewbaker
(1977), ratings of 1, 3, 5, 7, and 9 were scored when the diseased
leaf area covered was 0, 10%, 20%, 30%, and more than 40%, re-
spectively, of the leaf surface of representative plants in each plot,
excluding the youngest and oldest |eaves.

Statistical analyses

For individual environments, analyses of variance were conducted
on non- transformed (SPO, UST, PUC) or transformed (TSPO=arc-
sin VSPO/100; TUST=arcsin VUST/100) phenotypic data. Entry
means adj usted for incomplete block effects in the lattice design
and effective error mean sgquares were calculated as described by
Cochran and Cox (1957). The contrast of F; means based on the
cytoplasmic origin (D145 versus D32) resulted in non-significant
differences for resistance to S reiliana and U. maydis, but signifi-
cantly (P<0.01) higher PUC values for F; families with cytoplasm
derived from D32 compared to D145. Hence, al 220 F; families
were subjected to subsequent analyses irrespective of their cyto-
plasm. The sums of squares for entries were partitioned into sums
of squares due to F; families and checks (parent lines, F,, check
inbreds). Estimates of variance components for g2 (error variance)
and g (genotypic variance) of the F; families and their standard
errors as well as repeatabilities and phenotypic (rp) correlations
among traits were calculated by applying standard procedures
(Searle 1971) implemented in software PLABSTAT (Utz 1991).

Adjusted entry means and effective error mean squares were
used to compute combined analyses of variance across environ-
ments for each population as described by Bohn et al. (1996). Her-
itabilities (h2) on an entry-mean basis were estimated as described
by Hallauer and Miranda (1981). However, because infection lev-
els in individual environments differed considerably and mostly
caused non-significant estimates of 02 and low heritabilities (h?),
results from the analyses across envi ifonments were neither pre-
sented here nor employed for QTL analyses.

We used the method of composite interval mapping (CIM)
(Zeng 1994) for mapping of QTL and estimation of their effects as
described by Bohn et al. (1996). A LOD threshold of 2.5 was cho-
sen for declaring a putative QTL significant. For each population
and environment and also for the joint analyses across environ-
ments, cofactors were selected by stepwise regression (Draper and
Smith 1981). Final selection was for the model that minimized
Akaike's information criterion with penalty=3.0 (Jansen 1993).
QTL positions were determined at the local maxima of the LOD
(log,o odds ratio) plot curve in the regions under consideration.
The proportion of the phenotypic variance (og) explained by anin-
dividual QTL was calculated as the square of the partial correla-
tion coefficient (Melchinger et al. 1998). Putative QTL were ex-
amined for the presence of digenic epistatic interactions (L Gibber-
stedt et al. 1997). All computations were performed with the soft-
ware package PLABQTL (Utz and Melchinger 1996).

Results and discussion
Agronomic trait analysis

The choice of parentsis crucial in QTL mapping studies
because the chances for detection of QTL increase if the
parents are extremes for the traits of interest substitute
by: (Lander and Botstein 1989). In previous studies, 137
European maize inbred lines were evaluated in 1993 and
1994 for resistance to corn borer (Schulz et a. 1997),
Setosphaeria turcica (Welz et al. 1998), sugarcane mo-
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saic virus (SCMV) (Kuntze et al. 1997), Ustilago may-
dis, Sporisorium reiliana, and Puccinia sorghi
(LUbberstedt, unpublished data). Twenty of these inb-
reds were re-evaluated for resistance to S. reiliana and
U. maydis at two locations in 1995 in order to choose
parents with an extreme and opposite resistance reaction
to different pathogens for the development of a mapping
population. Data from a subset of eight inbreds evaluat-
ed across four environments are presented in Table 1.
Much higher levels of natural infection across these
eight inbreds were found for both fungal diseases at
Chantonnay 1995 compared to Colmar 1995 (Table 1).
SPO ranged between 0.0% to 86.1% with an arithmetic
mean of 24.6% at Chantonnay compared to a range of
0.0% to 8.2% with a mean of 1.9% at Colmar. Likewise,
means for UST were 4.3% at Chantonnay and 0.9% at
Colmar. While D32 and D145 differed substantially but
were not extremes with regard to resistance against S.
reiliana and U. maydis, they were chosen as the parents
of our mapping population due to complementary resis-
tance against other pests of maize.

Several biotic and abiotic stress factors are character-
ized by an unstable expression across environments.
While the infection level of the checks for S. reiliana and
U. maydis was similar in 1994 to 1996, it was much low-
er in 1997 (Table 1). More than 86.0% of all plants of in-
bred line KWC were infected with S reiliana between
1994 (L Ubberstedt, unpublished data) and 1996, but only
9.7% in 1997 (Table 1). Likewise, infection of inbred
D32 exceeded 38.7% between 1994 and 1996, but was
only 2.9% in 1997. The mean for SPO across the 188 F;
families of population D32xD145 dropped from 15.7%
in 1996 to 2.1% in 1997 (Table 2). For UST, 6.1% of all
F5 individuals were infected in 1996, whereas in 1997
only 2.6% showed symptoms. Consequently, repeatabili-
ties for SPO and UST at Chantonnay were much lower
in 1997 compared with 1995 and 1996 (Table 1). Impor-
tant reasons for the low infection level in 1997 might
have been the comparatively low temperatures in June
and more than twofold higher precipitation during May
and June 1997 compared with 1994-1996, causing sub-
optimal conditions for seedling infection by S. reiliana
that requires warm and dry weather. Interestingly, other
fungal pathogens with different life cycles and infection
pathways, such as U. maydis and P. sorghi also showed a
rather low incidence at German locations in 1997 (Table
2; Lubberstedt, unpublished data). Another environment
with a low incidence of S reiliana was Colmar 1995
(Table 1), a result of the low infection pressure in the
Upper Rhine valley. Consequently, Chantonnay 1997
and Colmar 1995 were dropped from further analyses.

Natural infection and artificial inoculation

Artificial inoculation can help to ensure a high infection
level and has been successfully established for S reili-
ana (Baggett and Koepsell 1983; Mehta et al. 1967). In
fact, the percentage of infected F5 plants of population
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Table 2 Means, variance components, and repeatabilities of par-
ent lines D32 and D145, their F, hybrid, and 188 or 220 F; (IF,)
families of cross D32xD145 evaluated at Chantonnay in 1996 and
1997 (Cha96, Chad7) for the percentage of plants infected by S.

reiliana (SPO) or U. maydis (UST), at Gongzhuling (Gon98) in
1998 for SPO, and at Eckartweier in 1996 (Ewe96) for UST and
rust (P. sorghi) ratings

Parameters S reiliana (%) U. maydis (%) P. sorghi
(1-9 scale)
Cha%6 Chag7 Gon98 Cha96 Chag7 Ewe96
Means?
D32 40.20+6.78 2.90+2.69 — 0.09+4.25 0.00+2.68 3.23+6.11 5.53+1.16
D145 1.90+6.78 0.05+2.69 - 8.67+4.25 2.71+2.68 - -
F, 17.00+6.78 2.16+2.69 35.72+6.60 3.09+4.25 0.03+2.68 - -
Fs 15.73£1.18 2.11+0.38 40.31+1.29 6.11+0.61 255+0.09  12.47+0.72 3.29+0.15
Variance components
63 212.3+28.41** 3.60+2.93** 255.4+37.13**  33.21+7.63** 4.12+0.81** 75.92+11.34** 3.68+0.50**
G2 91.910.18 14.49+1.61 217.6+£22.62 36.22+4.01 14.42+1.60 74.71+7.11 2.71+0.26
Repeatability 0.77 0.25 0.68 0.63 0.36 0.74 0.70
90% C.I.b (0.70; 0.83) (0.01;044)  (0.58;0.75) (051;0.73)  (0.15,052) (0.66;0.80)  (0.61;0.77)
*, ** Significant at the 0.05 and 0.01 probability levels, respectively
a Standard errors are attached
b Confidence intervals (C.1.) of repeatabilities were calculated by the method of Knapp et al. (1985)
Table3 QTL detected for
resi ganctho S reiliana and Disease chromosome  Position2 (cM) LOD R2 (%) Gene effect
U. maydis for 188 F; lines - .
of cross D32xD145 evaluated Additive Dominant
at Chantonnay in 1996 —
S reiliana
6 162 2.7 7.2 -0.86 16.19
8 6 2.5 6.0 -3.47* -5.63
9 70 31 7.3 -3.56%* 4.36
Total 5.6 12.7 7.89 26.18
*, ** Gignificant at the 0.05 '
and 0.01 probability levels, U. maydis
respectively 2 80 2.8 6.7 -3.46* 1.32
aMap position according 2 98 5.0 11.7 5.89** -4.51
to Xiaet a. (1999) 5 172 2.8 7.0 2.90** 11.00**
b Percentage phenotypic
variance explained by QTL Total 7.5 16.9 12.25 16.83
D32xD145 was more than two times greater at Gong- QTL analysis

zhuling (Jilin province, China) in 1998 than at Chanton-
nay in 1996. The mean across all 220 F; families of
cross D32xD145 evaluated for resistance to S reiliana
after artificial inoculation at Gongzhuling was 39.7%
(Table 2). It is a crucia question for breeders, whether
results from artificial inoculation are consistent with
those obtained under natural infection conditions. Since
our method of artificial inoculation exclusively increased
the concentration of S. reiliana spores in close proximity
to seeds, no principal difference compared to natural in-
fection was expected. However, no QTL for TSPO or
SPO were in common between Chantonnay in 1996 and
Gongzhuling in 1998 (Tables 3 and 4), which was in
agreement with a poor phenotypic correlation (f,=0.03)
among entry means in these two environments. Igossi ble
reasons are QTL-by-environment interactions caused by
(1) different races of S reiliana prevalent at both loca-
tions, interacting with race-specific resistance genes, or
(2) different growing conditions both for maize and the
pathogen at the two locations.

For Chantonnay 1996, histograms for SPO and UST were
strongly skewed to the right. Snedecor’s (1956, p 200)
measure of skewness (g;) was highly significant (P<0.01)
for both SPO (g,=1.76) and UST (g,=1.61). Therefore,
QTL analyses were performed for SPO and UST as well
as for TSPO and TUST. Three QTL were detected for
TSPO (chromosomes 6, 8, 9) and TUST (Chromosomes
2, 2, 5) explaining in total 12.7% and 16.9% respectively,
of 62 (Table 3). Individual QTL accounted for 6.0-11.7%
of 2. For comparison, only 1 QTL (chromosome 6) and
2 Q‘?’L (both on chromosome 2) were detected for SPO
and UST, respectively. Thisin contrast to almost identical
QTL results for SPO and TSPO at Gonzhuling as well as
agood agreement of QTL detected for UST and TUST in
another study (LUbberstedt et al. 1998a). Additive gene
effects were significant for 5 out of the 6 QTL, whereas
only 1 QTL (TUST, chromosome 5) displayed significant
dominant gene action. Digenic epistatic interactions of
type additivexdominant were found for TUST between



Table 4 Parameters associated with putative QTL significantly af-
fecting percentage of plantsinfected by S. reiliana at Gongzhuling
(Jilin, China) in 1998 after artificial inoculation, for percentage of
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plants infected by U. maydis, and for rust ratings evaluated at Eck-
artsweier in 1996 for 220 F; lines of maize population D32xD145

Chrom.2  Sporisoriumreiliana Ustilago maydis Puccinia sorghi
a db Rz Positiond a d R2 Position a d R2 Position
% % %
1 0.74** -0.18 11.7 12
1 572**  10.84 6.3 52
1 -4.67** -3.30 6.3 132 0.40** -008 52 120
1 5.06**  10.50* 70 212 -045** -018 81 228
2 -4.89** -0.16 105 42
2 6.31%* 6.48 6.3 100
3 -6.13* -23.86** 65 110 5.08** -2.97 7.1 90
3 -052** 138 95 144
4 —9.00** 2.46 13.9 78 -4.89** 522 11.8 88
5 -0.77 -108 6.2 42
5 -10.75** =520 13.3 112 -0.88** 001 193 114
6 -5.68** 0.96 6.9 16 4.38**  -897** 7.0 20
6 -0.64** -0.03 9.6 70
6 —7.67** -3.25 12.4 114
7 457+* 7.46 6.7 134
8 047* 021 95 16
8 5.06** 221 5.6 74
9 433** 294 6.6 120
10 4.05** 0.32 6.3 6
Total 56.32 55.26 44.0 41.92 41.84 411 4.87 315 471

*** Gignificant at the 0.05 and 0.01 probability levels, respectively
aMaize chromosome
b a=additive gene effect and d = dominance effect of QTL

one pair of QTL on chromosome 2 at position 98 cM and
Chromosome 5.

At Gongzhuling in 1998, 8 QTL were detected for
SPO on chromosomes 1, 2, 3, 4, 5, 6 (2 QTL), and 8,
with these 8 QTL explaining altogether 44.0% of 65 (Ter
ble 4). Individual QTL accounted for 5.6-13.9% of G3.
All 8 QTL displayed significant additive gene effects,
whereas only 1 QTL (chromosome 3) displayed domi-
nant gene action. No significant digenic epistatic interac-
tions were found for SPO in this environment.

In total, we identified 11 QTL for SPO on each of the
ten maize chromosomes except for chromosomes 7 and
10 (Tables 3, 4). Additive gene effects were significant
for 10 out of 11 QTL, whereas only 1 QTL on chromo-
some 3 displayed a significant dominant gene effect (Ta-
ble 3). About one-half of the QTL showed additive or
partially dominant gene action, while the other half dis-
played dominant or overdominant gene action. For 8 out
of 11 QTL, the resistance-increasing alele originated
from the resistant parent D145. Dominant gene effects
both increased and decreased resistance to S reiliana
(Tables 3 and 4). Our findings are largely consistent with
classical genetic studies (Ali and Baggett 1990, Bernardo
et al. 1992; Whythe and Gevers 1988) suggesting a pre-
ponderance of additive gene action, especialy under a
high disease incidence (Ali and Baggett 1990). Accord-
ingly, only 2 out of 8 QTL identified at Gongzhuling
1998 displayed overdominant gene action in contrast to
al 3 QTL detected at Chantonnay 1996 (Tables 3, 4).

¢ Percentage phenotypic variance explained by QTL
d Map position according to Xiaet al. (1999)

Different from the pathosystem Sorghum — S. reiliana
(Craig and Frederiksen 1992; Oh et a. 1994), neither ma-
jor nor race-specific resistance genes have so far been de-
tected in maize against S. reiliana. Likewise, we detected
exclusively minor resistance genes individually explain-
ing up to 13.9% of &3 (Table 4). However, the presence
of major resistance genes to S reiliana in maize cannot
be ruled out because some inbred lines (D408, 106589,
KWA) displayed extreme resistance from 1994 to 1997.

Clustering of resistance genes

Under natural infection conditions at Eckartsweier in
1996, 9 and 8 QTL were detected for UST and PUC,
respectively, explaining 41.1% and 47.1% of 65 (Table
4). Individual QTL accounted for 5.2 to 19.3% of G2.
All QTL for both UST and PUC displayed significant
additive gene effects, whereas only 2 QTL for UST
(chromosomes 1, 6) and 1 QTL for PUC (chromosome
3) displayed dominant gene action. Digenic epistatic in-
teractions of type additivexdominant were found for
PUC between the QTL located on chromosome 7 and 1
at position 12 cM. These findings are in agreement with
former studies (LUbberstedt et al. 1998a, b), in which
additive gene action or partial dominance prevailed for
QTL affecting PUC, while about half of the QTL de-
tected for UST displayed dominant or overdominant
gene action.
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Largely different sets of QTL were detected for SPO
at Gongzhuling and UST at Eckartsweier (Table 4). This
is in harmony with the low phenotypic correlation
(7;=0.21) between both traits in population D32xD145
and is aso consistent with the different infection path-
ways of S. reiliana (systemic infection) and U. maydis
(local infection). However, given that the phenotypic
correlation between SPO and UST was much tighter for
the set of 20 inbred lines tested in multiple environments
(?p>0.45) (L Ubberstedt, unpublished data), the poor con-
sistency of QTL for SPO and UST might be specific for
population D32xD145 or attributable to contrasting envi-
ronmental conditions. In addition, only few QTL werein
common between SPO and PUC and between UST and
PUC, which was again in agreement with the findings of
L Ubberstedt et al. (1998a).

Our results do not support the hypothesis of resistance
gene clusters (McMullen and Simcox 1995), at least not
for minor resistance genes. However, interestingly those
two regions (chromosomes 4, 5), which explained most of
02 for SPO a Gongzhuling (13.9%, 13.3%), also ex-
pf)ai ned the largest proportion of 62 for UST (chromosome
4: 11.8%) and PUC (Chromosome 5: 19.3%), respectively,
with identical signs of the additive effects. This raises the
question of whether a clustering of resistance genes is re-
stricted to major genes and QTL with large effects.
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