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Abstract Southern rust, caused by Puccinia polysora
Underw, is a foliar disease that can severely reduce
grain yield in maize (Zea mays L.). Major resistance
genes exist, but their eVectiveness can be limited in
areas where P. polysora is multi-racial. General resis-
tance could be achieved by combining quantitative and
race-speciWc resistances. This would be desirable if the
resistance alleles maintained resistance across environ-
ments while not increasing plant maturity. Recombi-
nant inbred (RI) lines were derived from a cross
between NC300, a temperate-adapted all-tropical line,
and B104, an Iowa StiV Stalk Synthetic line. The RI
lines were topcrossed to the tester FR615£ FR697.
The 143 topcrosses were scored for Southern rust in
four environments. Time to Xowering was measured in
two environments. The RI lines were genotyped at 113
simple sequence repeat markers and quantitative trait
loci (QTL) were mapped for both traits. The entry
mean heritability estimate for Southern rust resistance
was 0.93. A multiple interval mapping model, including

four QTL, accounted for 88% of the variation among
average disease ratings. A major QTL located on the
short arm of chromosome 10, explained 83% of the
phenotypic variation, with the NC300 allele carrying
the resistance. SigniWcant (P < 0.001), but relatively
minor, topcross-by-environment interaction occurred
for Southern rust, and resulted from the interaction of
the major QTL with the environment. Maturity and
Southern rust rating were slightly correlated, but QTL
for the two traits did not co-localize. Resistance was
simply inherited in this population and the major QTL
is likely a dominant resistant gene that is independent
of plant maturity.

Introduction

Southern rust, caused by Puccinia polysora Underw,
has been a major problem for corn production in
Africa (Agarwal et al. 2001) and Asia (Chen et al.
2004). In the southern United States, signiWcant South-
ern rust infections have occurred approximately once
in Wve years. When epiphytotics have occurred they
were often serious, causing yield losses of up to 45%
(Raid et al. 1988; Rodriguez-Ardon 1980). The peri-
odic nature of Southern rust epiphytotics has made
breeding for resistance challenging, and the severity of
the disease when it does occur can be attributed, in
part, to the limited resistance of the U.S. maize crop
(Futrell 1975; Futrell et al. 1975).

Several races of P. polysora, distinguished by the
reactions they incite on diVerent maize lines, have been
reported. Three races, EA1, EA2 and EA3 were found
in East Africa (Ryland and Storey 1955; Storey and
Ryland 1954; Storey and Howland 1961). Six further
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races (PP. 3, PP. 4, PP. 5, PP. 6, PP. 7 and PP. 8) were
identiWed from North and Central American isolates
and were shown to be distinct from the East African
races (Robert 1962). A tenth P. Polysora race (PP. 9)
was discovered by Ullstrup (1965).

At least three unique, major, race-speciWc Southern
rust resistance genes have been discovered. Major
genes, Rpp1 and Rpp2 were identiWed by Storey and
Howland (1957) and confer resistance to P. polysora
races EA1 and EA2, respectively. These genes were
shown to be loosely linked to each other (Storey and
Howland 1959), but their genomic locations have not
been determined. A major resistance gene, Rpp9, con-
ferring resistance to P. polysora race PP. 9 was identi-
Wed from Boesman Yellow Flint (Ullstrup 1965). It was
shown to be closely linked to the Rp1 gene for resis-
tance to common maize rust (causal agent Puccinia
sorghi Schw.) on the short arm of chromosome 10.
Another major gene that also confers resistance to race
PP. 9 was identiWed (Futrell 1975), but its linkage and
allelic relationships with Rpp9 were not established.

Major genes for resistance to Southern rust on the
short arm of chromosome 10 have been reported in at
least four diVerent subsequent studies, using diVerent
sets of maize germplasm (Scott et al. 1984; Holland
et al. 1998; Liu et al. 2003; Chen et al. 2004). The major
genes reported in these studies were closely linked to
Rpp9 in each case, but linkage or allelic relationships
and racial speciWcity of these genes were not deter-
mined. This knowledge is of importance as major resis-
tance (race-speciWc) genes commonly fail in the tropics,
where multiple races of P. polysora exist (Carlos and
Ferreira 2002). The loss of valuable maize and fungal
stocks from the closing of both Hooker and Ullstrup
programs in combination with the tight linkages of
dominant resistance genes on chromosome 10 has
made obtaining such information very diYcult.

General resistance could be achieved by combining
quantitative and race-speciWc resistances. This would
be desirable if the resistance alleles maintained resis-
tance across environments while not increasing plant
maturity. Quantitative trait loci (QTL) for Southern
rust resistance have been mapped on chromosomes 3
and 4 (Holland et al. 1998), 3, 4 and 9 (Jiang et al. 1999)
and 9 (Brunelli et al. 2002), but none co-localized
across studies (Wisser et al. 2006). Most of these exper-
iments, unfortunately, did not use complete genome
coverage in mapping resistance QTL, and some QTL
may have not been detected. In addition, the eVective-
ness of the resistance provided by these QTL to
hybrids was not addressed.

In these Southern-rust-resistance mapping studies,
the interaction between resistance genes and the envi-

ronment was not extensively investigated because the
phenotypic distributions of populations were often
assumed to result from simple modes of inheritance.
Only Holland et al. (1998) evaluated Southern rust
resistance in multiple environments, and they reported
signiWcant, but relatively minor, genotype-by-environ-
ment interaction. However, they did not investigate
QTL-by-environment interaction. Understanding the
interaction between QTL and the environment is
important in determining the consistency of QTL
eVects over environments (Bubeck et al. 1993). Such
knowledge can further assist in choosing candidate
QTL for marker assisted selection (MAS) by prevent-
ing erroneous decisions resulting from often overesti-
mating the percent of phenotypic variation explained
by QTL (Bubeck et al. 1993; Beavis et al. 1998).

Southern rust, and other foliar diseases of maize,
such as gray leaf spot and anthracnose (caused by
Cercospora zeae-maydis Tehon and E. Y. Daniels and
Colletotrichum graminicola (Ces.) G. W. Wils, respec-
tively), are generally late season diseases in North
Carolina, with most disease development occurring
post-anthesis (White 1999). Although signiWcant corre-
lation between Southern rust and maturity has not
been reported, there is concern that disease ratings
could be correlated with maturity, as demonstrated in
studies that mapped resistance to other diseases and
maturity QTL in the same populations (Bubeck et al.
1993; Carson et al. 2004; Clements et al. 2000; Jiang
et al. 1999; Jung et al. 1994). These studies collectively
demonstrated that disease resistance and Xowering
time were slightly correlated, that QTL for each trait
would sometimes map to similar genomic regions, and
that such regions usually increased both disease resis-
tance and maturity.

The infrequent occurrence of Southern rust in the
United States has resulted in inconsistent selection
environments, which has led to diYculties in selecting
and maintaining Southern rust resistance in U.S. maize
breeding lines. In the absence of selection pressure,
stochastic processes govern gene frequencies in breed-
ing populations (Wright 1952). Such processes can
often result in losing alleles, especially those with
minor eVects on resistance, from populations, as has
occurred with common rust resistance genes (Davis
et al. 1990). In this case, it might be more eVective to
use marker-assisted selection for loci linked to major
and partial-resistance QTL, despite the questionable
durability of major race-speciWc resistance alleles.

The Wrst objective of this study was to localize and
estimate the eVects of minor and major sources of
Southern rust resistance loci using DNA markers with
thorough genome coverage in a tropical by temperate
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