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Abstract Southern corn rust (SCR), Puccinia polysora
Underw, is a destructive disease in maize (Zea mays L.).
Inbred line Qi319 is highly resistant to SCR. Results from
the inoculation test and genetic analysis of SCR in five F,
populations and five BC;F; populations derived from
resistant parent Qi319 clearly indicate that the resistance
to SCR in Qi319 is controlled by a single dominant
resistant gene, which was named RppQ. Simple sequence
repeat (SSR) analysis was carried out in an F, population
derived from the cross “Qi319x340”. Twenty SSR primer
pairs evenly distributed on chromosomel0 were screened
at first. Out of them, two primer pairs, phil18 and phi
041, showed linkage with SCR resistance. Based on this
result, eight new SSR primer pairs surrounding the region
of primers phill8 and phi 041 were selected and further
tested regarding their linkage relation with RppQ. Results
indicated that SSR markers umc1,318 and umc 2,018
were linked to RppQ with a genetic distance of 4.76 and
14.59 cM, respectively. On the other side of RppQ,
beyond SSR markers phi 041 and phill8, another SSR
marker umcl1,293 was linked to RppQ with a genetic
distance of 3.78 cM. Because the five linkage SSR
markers (phill8, phi 041, umcl,318, umc 2,018 and
umc1,293) are all located on chromosome 10, the RppQ
gene should also be located on chromosome 10. In order
to fine map the RppQ gene, AFLP (amplified fragment
length polymorphism) analysis was carried out. A total 54
AFLP primer combinations were analyzed; one AFLP
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marker, AF1, from the amplification products of primer
combination E-AGC/M-CAA, showed linkage with the
RppQ gene in a genetic distance of 3.34 cM. Finally the
RppQ gene was mapped on the short arm of chromosome
10 between SSR markers phi 041 and AFLP marker AF1
with a genetic distance of 2.45 and 3.34 cM respectively.

Introduction

Southern corn rust (SCR) distributes broadly in Americas,
Africa, Asia and Australia. It is caused by Puccinia
polysora Underw, and has enormous destructive potential
in maize (Zea mays L.) (Melching 1975). Severe epiphy-
totics were observed in Africa since 1949 and its resulted
yield loss was estimated up to 50% (Rhind et al. 1952).
Futrell (1975) reported that southern rust reached epi-
phytotic levels in US in 1972-1974. Rodriguez-Ardon et
al. (1980) reported that southern rust caused yield loss of
up to 45% on susceptible maize hybrids. In China, Duan
and He (1984) reported that southern corn rust was first
found in Ledong, Hainan Province, in 1972. It occurred
mainly in the southern part of China. In 1998, SCR broke
out and for the first time reached epiphytotic levels in the
northern part of China, and caused serious yield loss of up
to 42% to 53% (Liu and Wang 1999; Wang 1999). In
recent years, SCR has become a main maize disease in
China.

The epiphytotics of SCR were attributed, in part, to the
susceptibility of inbred lines and hybrids of southern rust.
Rodriguez-Ardon et al. (1980) suggested that most of the
commercial American hybrids were susceptible to south-
ern rust. In China, Ye (2000) made a field survey on
maize inbreds and hybrids, and obtained similar results.
Therefore, it is desirable to exploit resources of resistance
against southern rust to improve the disease resistance of
parents used in maize breeding. Using the resistant line as
a parent in crossing, is the preferred method to control
SCR infestations.

Ullstrup (1965) identified a single dominant-gene,
Rpp9, from a South African cultivar that conferred
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resistance to race pp. 9. Futrell et al. (1975) identified
another single dominant gene resistance to pp 9 in a line
designated B1138TRpp, but the relationship of this gene
to Rpp9 was not studied. Scott et al. (1984) studied the
inheritance of resistance found in several lines by using
four corresponding segregation populations. One-gene or
two-gene models with varying degrees of dominance
were used to explain the resistance found in different
populations. Tests of allelism with Rpp9 indicated that
each line carried a resistance gene either at or closely
linked to the Rpp9 locus. Several studies (Bailey et al.
1987; Zummo 1988; Holland et al. 1998) have indicated
that partial resistance to southern rust exists in some
maize genotypes.

Ye (2000) tested the resistance of 200 inbred lines to
SCR on a field survey in Hainan Island; the results
indicated that only Qi319 was completely resistant to
SCR. Chen et al. (2003) identified the resistance to SCR
of ten inbred lines, which have been most widely
employed of corn breeding programs in China; the results
showed that only Qi319 was highly resistant to SCR both
in the field and in greenhouse conditions. So, Qi319 is an
elite germplasm in Chinese maize resistant breeding. The
objectives of this study were to map the resistance gene
by molecular markers (SSRs, AFLPs) and to develop a
linkage map of the resistance gene-encompassing region.
It will provide a valuable tool for marker-assisted
selection (MAS) in maize breeding.

Materials and methods
Plant materials

SCR resistant maize inbred line Qi319 was crossed with five
susceptible lines (Luyuan 92, 478, 340, 9801 and Huangzao 4); then
five F, and five BCF; populations were developed from the
progeny of these crosses.

Pathogen, inoculation and symptom scoring

Inoculation experiments were performed on the parents, F;, F, and
BC,F, populations in the Experimental Farm-station of Shandong
Agricultural University, respectively, in 2001. The SCR pathogen,
P. polysora Underw, was obtained from susceptible corn in
Lingshui County, Hainan Province. We purified the pathogen by
using the detached leaf method (Hooker and Yarwood 1966) and
obtained single uredium isolates; then the uredium was cultured by
serial transfers and maintained on susceptible corn seedlings in the
greenhouse, where temperatures ranged from 18°C to 34°C. The
inoculum used in this experiment was a solution of P. polysora
uredospores mixed with distilled water containing two drops of
Tween-20/0.5 1 of water. The parents, F, F, and BCF, populations
were inoculated twice with the inoculum at the 4-5 leaf stage using
the brush technique, and then using the airbrush technique 1 week
later. The temperatures ranged from 17°C to 34°C in the field.
Symptoms were scored at weekly intervals and the first time was
taken at 2 weeks after the second inoculation. Final scoring was
conducted 30 days after the initial inoculation when SCR symptoms
were fully developed.

Statistics and genetic analysis

In the tests, F; and the parents were taken as controls. The numbers
of resistant plants and susceptible plants were counted and
calculated in the F, and BC,F; populations, respectively. Then,
2% tests were performed to determine whether the goodness of fit is
a ratio of 3:1 in F, populations, and a ratio of 1:1 in BCF;
populations.

DNA preparation

Leaves from susceptible plants of the F, populations were harvested
after 2 weeks of the second SCR inoculation. Leaves from resistant
plants were harvested individually after 30 days of the initial
inoculation, when SCR symptoms were fully developed. Harvested
leaves were freeze-dried and well-ground to a powder in liquid
nitrogen. DNA extraction was performed according to the standard
CTAB (Cetyl trimethyl ammonium Bromide) method (Hoisington
et al. 1994), with one additional purification step using chloroform
isoamyl-alcohol to obtain high-quality DNA.

SSR analysis

Ullstrup (1965) performed traditional genetic analysis to the
resistant gene Rpp9 and showed that Rpp9 was closely linked to
the gene Rp, which resulted in resistance to P. sorghi on
chromosome 10. We selected 20 SSR primers on chromosome 10
at first, to screen the polymorphic SSR markers by using BSA
(bulked segregant analysis). The polymorphic markers on BSA
were amplified on the population to verify linkage to the resistant
gene. Then, around the polymorphic SSR markers, eight new SSR
markers were chosen to further screen more linkage markers to the
resistant gene.

SSR amplification was performed as described by Chin et al.
(1996), Lubberstedt et al. (1988) and Akagi et al (1996) with minor
modification. Each SSR reaction mixture contained 1xXPCR buffer,
1.5-2.0 mM of MgCl,, 0.1 mM of each dNTP, 1 U of Tag-
polymerase, 150 ng each of the left and right primers, and 50 ng of
template DNA in a total volume of 20 ul. The PCR reaction was
accomplished in an MJ PTC-100 thermocycler, at standard
amplifications of 94°C for 2 min; followed by 30 cycles of 94°C
for 1 min, 58°C for 2 min and 72°C for 2 min, then with a final
extension step at 72°C for 5 min before cooling to 4°C. The SSR
products were separated by electrophoresis in 3.5% agarose gels in
preliminary screening. For further SSR screening, each SSR
reaction mixture also contained [a-3?P]dCTP 0.8 uCi (purchased
from Amersham Technology Inc.). The amplification products
were separated on the 6% PAGE (polyacrylamide gel electropho-
resis) sequencing gel at 100 W for 2.0 h after pre-electrophoreses
for 30 min. The gel was then removed from the apparatus, dried
with the BRL Model 583 gel dryer and exposed to X-ray film at
—70°C for 2-3 days until the film was adequately exposed.

The sequence of SSR primers were obtained from the maize
database (http://www.agron.missouri.edu) and synthesized by
Bioasia Biotech Lt. Co., Shanghai.

AFLP analysis

AFLP analysis was performed by using the AFLP Analysis System
I Kit (GibcoBRL, Life Technologies), with **P-labelled oligonu-
cleotides according to the suppler’s instructions and as described by
Vos and Hogers (1995). All of the 54 primer combinations
recommended for maize in the AFLP Analysis System [ were
screened. The obtained putative linkage markers were confirmed by
co-segregation analysis with a large number of F, individuals.
Amplification products were separated on a 6% PAGE sequencing
gel, at 100 W for 2.5 h after pre-electrophoresis for 30 min. The gel
was then removed, dried and exposed according to the procedure
described above.



Primary mapping

For bulked segregant analysis (BSA), an equal amount of DNAs
from each of the ten high resistant F, plants were pooled to form the
resistant bulk (BR); while an equal amount of DNAs from each of
the ten highly susceptible F, plants were pooled to form the
susceptible bulk (BS). DNA samples of the two parents and the two
bulks were subjected to BSA analysis together. Once a potential
linkage marker was identified by BSA screening, co-segregation
analysis would be carried out in the F, population, derived from the
cross “Qi319x340”, to confirm and determine the genetic linkage
between the SCR resistant gene and the marker.

Constructing a local linkage map

Based on the SSR and AFLP data, combined with the phenotypic
data, linkage analysis was performed with MAPMAKER Version
3.0 (Lander et al. 1987). Recombination fractions were converted
into genetic map distance (cM) using the Kosambi mapping
function (Kosambi 1944).

Results

Phenotype observation and genetic analysis of SCR
resistance

Inoculation experiments were performed on the parents,
F;, F, and BCF; populations in the experimental Farm
Station of Shandong Agricultural University, respective-
ly, in 2001. The symptoms began to develop on the leaf
surface of susceptible plants about ten days after initial
inoculation. After 1 month, almost all leaves of suscep-
tible plants displayed densely SCR pustules on the leaf
surface. F; plants were all resistant, while the F, and
BC,F; populations segregated significantly. There were
two phenotypic responses to SCR in the segregation
populations, phenotypic resistant plants with no SCR
pustule and with the SCR pustule of the phenotype
susceptible plant. The final scoring for resistance and

Table 1 The results of y° test to F, and BC,F; populations
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susceptibility was performed after 30 days of the initial
inoculation; scoring results were summarized in Table 1.
In the five tested F, populations, the ratios of resistant
individuals to susceptible individuals were all in 3:1.
While in the five tested BC|F; populations, the ratios of
resistant individuals to susceptible individuals were all in
1:1 (Table 1). Chi-square tests were performed to
determine the goodness of fit of a 3:1 ratio or a 1:1 ratio.
Results indicated that in any crosses the ratio of resistant
plants to susceptible plants was fitted to the 3:1 ratio in
the F, populations and the 1:1 ratio in the BC;F;
populations (Table 1). These results clearly pointed out
that a single dominant gene controlled the resistance to
the pathogen P. polysora Underw, and the resistance was
from the resistant parent Qi319, which was referred to as
RppQ temporarily.

Screening of SSR markers linked to RppQ
and primary mapping of the RppQ gene

Out of the F, population of the cross “Qi319x340”, 120
selected individuals (60 resistant plants and 60 susceptible
plants) were used for screening molecular markers
putatively linked to the SCR resistance gene. In order to
find molecular markers linked with RppQ, and to quickly
map the RppQ gene to a specific chromosome, SSR-BSA
analysis was carried out. Twenty SSR primer-pairs
(phil18, phi041, phi052, umc2114, umc2034, umc2069,
umc2016, umc2017, umc2067, umc2043, umc2021,
umcl1047, umcl648, umcl280, umcl402, umcl507,
umcl1678, umc1827, umc1898 and umc1569), distributed
roughly throughout the ten chromosomes, were screened.
Out of them, two primers on chromosome 10, phil18 and
phi041, showed linkage with the SCR resistance gene
RppQ; the amplification pattern of phil18 was shown in
Fig. 1. Because the two linkage markers, phill8 and

Populations Total plants No. of susceptible ~ No. of resistant Actual R/S Expected R/S Chi square 2>-test
plants plants ratio ratio

Qi319xLuyuan92

F, 446 116 330 2.845 3:1 0.243 ns*

BCF, 137 62 75 1.209 1:1 1.234 ns

478xQi319

F, 447 109 338 3.101 3:1 0.023 ns

BC,F, 166 79 87 1.101 1:1 0.026 ns

Qi319x340

F, 368 82 286 3.487 3:1 1.449 ns

BC,F, 150 68 82 1.206 1:1 1.306 ns

Qi319x9801

F, 411 97 314 3.237 3:1 0.429 ns

BC,F 123 62 61 0.984 1:1 0.018 ns

Qi319xHuangzao4

F, 436 107 329 3.075 3:1 0.440 ns

BC,F,; 156 75 81 1.080 1:1 0.206 ns

 ns: not significantly different
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Pr Ps Bg Bs 1

Fig. 1 The amplification primer of SSR marker phill8 on 30
susceptible F, plants from the population of “Qi319x340”. The
samples in each lane are: Py resistant parent Qi319; Pg susceptible

30

parent 340; By resistant bulk; Bg susceptible bulk; /-30 F,
susceptible individuals. This is a 3.5% agarose gel stained by
ethidium bromide. The star indicates the recombinant

Pe Ps Bp Bg 1

30

Fig. 2 The amplification primer of SSR marker umc1293 on 30
resistant F, plants from the population of “Qi319x340”. The
samples in each lane are: Py resistant parent Qi319; Py susceptible

Fig. 3 AFLP pattern amplified
with primer combination E-
AGC/M-CAA on the F, popu-
lation. The star indicates the
recombinant. The samples in
each lane are: Py resistant par-
ent Qi319; Py susceptible parent
340; Bg resistant bulk; By sus-
ceptible bulk; /-15 F, resistant
individuals; 71630 F, suscepti-
ble individuals. The arrow in-
dicates the specific band AF1

PrPsBrBsl

parent 340; By resistant bulk; Bg susceptible bulk; /-30 F,
susceptible individuals. This is a 6% PAGE gel. Stars indicate
the recombinant

phi041, are already located on chromosome 10, the RppQ
gene should also be located on chromosome 10.

Based on the above results, eight new SSR primer-
pairs (umc1293, umc2018, phill7, umc2053, umc1291,
umc1318, umc1380 and umc1152) surrounding the region
of primers phill8 and phi041 on chromosome 10 were
selected, and were further tested regarding their linkage
with RppQ. Results revealed that three out of eight SSR
primers (umc2018, umc1293 and umc1318) were linked
to RppQ. The amplification pattern of umc1293, one of
the three, was shown in Fig. 2.

Screening AFLP markers linked to RppQ

AFLP-BSA analysis showed that there were about 50-80
bands in each 3+3 primer combination when labeled with
[y-33p] ATP. In the bulked segregant analysis, 54 primer
combinations were screened and only one primer combi-
nation, E-AGC/M-CAA, amplified polymorphic bands
linked with RppQ, which was dominated as AF1 (Fig. 3).

Constructing a local linkage map of the RppQ gene
encompassing the region on chromosome 10

Based on above linkage analysis, a total of six markers
showed a linkage relation with the RppQ gene. The
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Fig. 4 A partial linkage map of the region surrounding RppQ on
the short arm of Chr. 10

phenotypic data and the SSR/AFLP data were combined
for linkage analysis using the MAPMAKER Vision 3.0
program. Finally a local linkage map of the RppQ gene-
encompassing region on chromosome 10 was constructed
(Fig. 4). RppQ is located in an interval of 5.79 cM flanked
by SSR marker phi041 and AFLP marker AF1 on the
short arm of Chr.10, with a genetic distance of 2.45 cM
and 3.34 cM respectively (Fig. 4). On the AF1 side, a SSR
marker umc1318 is 4.76 cM apart from RppQ. On the phi
041 side, two additional SSR markers, phill8 and
umc1293, were linked to RppQ with a genetic distance
of 3.33 and 3.78 cM, respectively (Fig. 4).

Discussion

The exploitation of the new resistant inbred line Qi319
will facilitate maize breeding for SCR resistance

Southern corn rust caused by P. polysora Underw is a
broadly distributed maize disease in the whole world. It
was not so severe compared with the major disease in the
past. However, it has been developing very quickly and
widely. Now it becomes one of the major maize diseases
in some areas or countries, such as China. It affects maize
production both in yield loss and reduced quality. The
major reason leading to the rapid spreading of SCR is due
to the lack of resistant resources. Most of the inbred lines
used in corn breeding, and the commercial varieties used
in production, are susceptible to SCR (Rodriguez-Ardon
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et al. 1980; Ye 2000). Adopting good resistant material
for maize SCR breeding will be an effective method to
control the quick spreading of SCR. The exploitation of
the new resistant inbred line Qi319 will make its
contribution to maize SCR resistance breeding due to its
high resistance and the simple genetic model for SCR.

Identification and genetic mapping of RppQ to SCR
and its marker-assisted selection

SCR is an enormous destructive disease on susceptible
maize. So it is desirable to exploit additional sources of
resistance against southern rust to improve the disease
resistance of present maize hybrids. Moreover, SCR does
not occur every year, so general resistance genes could
easily be lost in the absence of selection pressure in the
maize conventional breeding program. Marker-assisted
selection (MAS) promises to be superior to conventional
phenotypic selection, if the trait is severely affected by
environmental conditions or is difficult to evaluate
(Visscher et al. 1996). Localization of genes controlling
disease resistance via DNA markers could allow intro-
gression of these genes into elite materials, even in areas
where the disease is not common (Hillel et al. 1990;
Hospital et al. 1992). In this paper, we identified a
dominant resistance gene to SCR in inbred Qi319, which
was completely resistant to SCR. SSR and AFLP
techniques were carried out to screen markers linked
with SCR resistance; as a result five SSR markers and one
AFLP marker, which displayed linkage to the RppQ gene,
were obtained. The closest linkage markers are AFLP
marker AF1 and SSR marker phiO41, with the genetic
distance away from the RppQ of 3.34 cM and 2.45 cM,
respectively. Although they are not close enough to the
RppQ gene, they can be used for MAS. Research work is
currently in progress to perform fine mapping the RppQ
gene with a larger F, segregation population.

The results reported in this paper clearly demonstrated
that the BSA combination with the SSR and AFLP
techniques are very powerful, reliable and rapid for
molecular marker screening in maize.

Linkage or allelic relationships between RppQ
and Rpp9

Genes conferring resistance to different pathogens are
often clustered in the same chromosome region of the
maize genome (McMullen and Simcox 1995). The short
arm of chromosome 10 harbors the resistance genes Rpl
and Rp5, both against common rust (Hulbert and
Bennetzen 1991) and Rpp9 (Ullstrup 1965; Holland et
al. 1998). Moreover, Rpl, Rp5, Rpp9 are closely linked to
each other or allelic. In the present study, a single
dominant gene, RppQ, was identified. Linkage analysis
demonstrated that RppQ was also located on the short arm
of Chr.10, the same region of Rp/. So it was suggested
whether, or not, the Rpl, Rpp9 and RppQ, were clustered
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in the same chromosome region. The research on the
allelic relation between RppQ and Rpp9 is undergoing in
our laboratory.
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