
32 WWW.CROPS.ORG CROP SCIENCE, VOL. 51, JANUARY–FEBRUARY 2011

RESEARCH

Since being reported in Africa (Akinsanmi and Ladipo, 2001; 
Pretorious et al., 2001), South America (Yorinori et al., 2005; 

Rossi, 2003), and North America (Schneider et al., 2005), soybean 
rust (SBR), caused by the fungus Phakopsora pachyrhizi Syd. & P. Syd., 
has become the most threatening fungal disease of soybean [Glycine 
max (L.) Merr.]. Although yield losses associated with SBR in experi-
mental plots in the United States are usually lower than 35% (Mueller 
et al., 2008), yield losses in tropical and subtropical areas that account 
for approximately 50% of the current world soybean production can 
be 40 to 80% and even up to 100% (Yorinori et al., 2005). In Brazil, 
estimates suggest that SBR has caused approximately US$13 billion 
in economic loss since its fi rst appearance in 2001 (Consórcio anti-
ferrugem, 2009). Therefore, it is easy to understand why the occur-
rence and rapid spread of SBR in the Western Hemisphere was a 
turning point in both soybean production and research.

Fungicide application has been the primary tool used to man-
age SBR (Patil and Anahosur, 1998; Miles et al., 2007). Never-
theless, several negative issues related to chemical control have 
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been raised. Increased production costs, environmental 
and social risks associated with widespread use of fungi-
cides, diffi  culties in applying fungicide during rainy peri-
ods, and diffi  culties in targeting fungicide to the lower 
leaves where the disease generally starts are the common 
concerns for producers. Another serious concern is the 
possibility that the fungus may be developing tolerance 
to fungicides, particularly to triazole chemistries, leading 
researchers as well as agrochemical companies to stop rec-
ommending the use of fungicide application as a curative 
tactic for managing rust.

Attempts to develop cultivars that are resistant to SBR 
have been undertaken around the world [e.g. India (Singh 
et al., 1975), Taiwan (Wang and Hartman, 1992), and Nige-
ria (Twizeyimana et al., 2008)] and SBR-resistant cultivars 
with specifi c genes have been released in Uganda (Oloka et 
al., 2008). To date, however, no resistant cultivars appear 
to have been cultivated on a large scale in these countries. 
The largest breeding program using resistance genes for 
SBR control is probably in Brazil, where two soybean cul-
tivars carrying single SBR resistant genes were released and 
cultivated on approximately 100,000 ha in the 2009/2010 
soybean growing season (authors, unpublished data, 2010).

The development of durable genetic resistance to soy-
bean rust will depend on our understanding of the genetic 
and molecular bases of the resistance response. At least fi ve 
diff erent SBR resistant genes (Rpp genes) have been identi-
fi ed in cultivated soybean: Rpp1 (McLean and Byth, 1980), 
Rpp2 (Bromfi eld and Hartwig, 1980), Rpp3 (Bromfi eld 
and Melching, 1982), Rpp4 (Hartwig, 1986), and Rpp5 
(Garcia et al., 2008). Eff orts to understand the resistance 
response at the molecular level have also been reported. 
Global gene expression analyses with Rpp2- and Rpp3-
mediated resistant genotypes showed hundreds of diff eren-
tially expressed genes and a biphasic nature of the disease 
resistance response (Van de Mortel et al., 2007; Panthee et 
al., 2007; Panthee et al., 2009). A candidate gene for Rpp4-
mediated resistance to SBR encodes a protein belonging 
to the CC-NBS-LRR family of disease resistance genes 
(Meyer et al., 2009). As has been shown for several resistant 
genes in other pathosystems, at least two other homologs 
are present in the vicinity of the Rpp4 candidate gene.

Allelic variations have been reported for the known 
Rpp genes. These variations include diff erent dominant 
and incompletely dominant alleles for the Rpp1 locus 
(Chakraborty et al., 2009; Ray et al., 2009) and reces-
sive (Calvo et al., 2008) and dominant alleles for the Rpp2 
and Rpp5 loci (Garcia et al., 2008). To fully understand 
the genetic basis of soybean rust resistance, it is important 
to know how these diff erent loci and/or alleles interact 
among themselves as well as with other unidentifi ed genes 
in the soybean genome. Here we report an allele at either 
the Rpp1 locus or at closely linked locus that confers a 
dominant susceptible phenotype to SBR.

MATERIALS AND METHODS

Plant Material
As part of a general strategy to discover new Rpp genes and to 

breed new SBR-resistant soybean cultivars at TMG (Tropical 

Melhoramento e Genética Ltda., Cambé-PR, Brazil, 23°15’04” 

S and 51°14’54” W), the Chinese maturity group (MG) IX soy-

bean accession PI 594760B (Germplasm Resources Informa-

tion Network, 2008), previously described as highly resistant 

to soybean rust (Miles et al., 2006, 2008), was crossed with 

the high-yielding soybean breeding lines TMG06_0012 and 

TMG06_0011 (by TMG). Both lines are susceptible to soy-

bean rust and are adapted to Brazilian growing conditions. 

TMG06_0012 is a MG VIII genotype that is resistant to stem 

canker (Diaporthe phaseolorum var. meridionalis), soybean cyst nem-

atode (Heterodera glycines), races 1 and 3, and root knot nematode 

(Meloidogyne ssp.). The line is derived from the cross ‘MG/BR-46 

Conquista’(2) × (‘BRS MT Pintado’ × Roundup Ready). MG/

BR-46 Conquista and BRS MT Pintado are cultivars developed 

by Fundação MT (Fundação de Apoio a Pesquisa Agropecuária 

de Mato Grosso, Rondonópolis-MT, Brazil). TMG06_0011 is a 

MG VI genotype resistant to steam canker. This breeding line 

is derived from the cross ‘Embrapa 48’(2) × ‘IAC-12’. Embrapa 

48 is a cultivar from EMBRAPA (Empresa Brasileira de Pes-

quisa Agropecuária, Londrina-PR, Brazil) and IAC-12 is a cul-

tivar developed by IAC (Instituto Agronômico de Campinas, 

Campinas-SP, Brazil). Two populations named Population 1 

(POP-1; PI 594760B × TMG06_0012) and Population 2 (POP-

2; PI 594760B × TMG06_0011) were produced and, in October 

2008, 160 F
2
 seeds from POP-1 and 105 F

2
 seeds from POP-2 

were planted. Plants were grown to maturity, and 20 seeds from 

each individual F
2
 plant were bulked and planted in February 

2009 to conduct a F
2:3

 progeny test. Final F
2:3

 data were obtained 

from 156 families for POP-1 and 104 families for POP-2. The F
1
, 

F
2
, and F

2:3
 generations and the parents were evaluated for their 

SBR responses in greenhouse screenings as described below.

Additional crosses were also made between the breeding 

lines TMG06_0012 and TMG06_0011 and the soybean acces-

sions PI 200456, PI 200487, PI 200526, PI 224270, PI 471904, 

PI 561356, PI 587905, CG 84058-18, and CG 84058-21, which 

each possess a single SBR resistant gene (Garcia et al., 2008; Calvo 

et al., 2008; Miles et al., 2008; Camargo et al., 2009; authors, 

unpublished data, 2009). For these crosses, only the F
1
 genera-

tion was scored for SBR response, except for the crosses involv-

ing PI 561356. This PI, a Chinese MG V accession, has a single 

dominant resistant gene close to the Rpp1 genomic region and is 

eff ective against the P. pachyrhizi fi eld populations currently pres-

ent in Brazil (Camargo et al., 2009), in spite of the ineff ectiveness 

of the original source of Rpp1 (PI 200492) (Yorinori et al., 2005). 

The 96 F
2
 plants from the cross PI 561356 × TMG06_0011 were 

screened for SBR resistance. Five F
2
 plants that were resistant 

were backcrossed with TMG06_0011 and were also crossed 

with the SBR susceptible cultivar CD205 (Coodetec, Coopera-

tiva Central de Pesquisa Agrícola, Cascavel-PR, Brazil). The F
1
 

plants, 262 F
2
 plants from the TMG06_0011 backcross, and 552 

F
2
 plants from the CD205 cross were rated for SBR resistance.

In all the crosses the susceptible parents TMG06_0012 and 

TMG06_0011 were used as the female parents and we always used 

the pollen from a single resistant plant for each combination. Also, 
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bulked segregant analysis (BSA; Michelmore et al., 1991). Four 

bulks were formed by pooling an equal amount of DNA from 

eight diff erent homozygous plants that were either resistant (resis-

tant bulks) or susceptible (susceptible bulks) to SBR. The poly-

morphic markers in that region were then used to screen each F
2
 

plant from POP-1 and POP-2. All polymorphic SSR markers used 

were codominant, and the 1:2:1 expected segregation was tested 

with the chi-square (χ2) test. The F
2
 SBR reactions were con-

verted to data suitable for mapping based on the genotypes (homo-

zygous dominant, recessive, or heterozygous for the resistance) of 

the F
2
 individuals surmised from the F

2:3
 tests. JoinMap version 3.0 

(Van Ooijen and Voorrips, 2001) was used for map constructions. 

A likelihood of odds (LOD) score threshold of 2.0 and Kosambi’s 

mapping function were used for linkage confi rmation and distance 

calculations. Control maps were constructed by removing either 

the Rpp gene data or each SSR marker used on an individual basis 

to check the mapping data. The maps obtained were compared to 

the consensus soybean linkage map of Song et al. (2004).

RESULTS

Genetic Segregation
Unusual genetic behavior in crosses involving the SBR-
resistant PI 594760B and two of our susceptible breeding 
lines (TMG06_0012 and TMG06_0011) was identifi ed in 
our study. On the cross involving TMG06_0012, the F

1
 

plants were resistant to SBR. Conversely, when we crossed 
the same PI with TMG_0011, all the F

1
 plants were suscep-

tible. Since we used pollen from the same PI 594760B plant 
for both crosses, we speculated that this contrasting resistant 
response probably was caused by our breeding lines.

Phenotypic analysis of the F
2
 population derived from 

the cross PI 594760B × TMG06_0012 (POP-1) showed 
a segregation of 124 plants with the RB resistance lesion 
type and 36 plants with the TAN susceptible lesion type. 
Analysis in the F

2:3
 progenies identifi ed 48 lines homozy-

gous for the RB lesion type (HR), 73 lines segregating, and 
35 lines homozygous for the TAN lesion type (HS). A chi-
square test revealed that the observed segregations fi t the 
3:1 resistant (R):susceptible (S) ratio and a 13:3 R:S ratio 
in the F

2
 generation but only a 1:2:1 R:segregating:S ratio 

in the F
2:3

 generation, as expected for a single dominant 
resistance gene (Table 1). Segregation was further analyzed 
by randomly choosing some segregating F

2:3
 lines and 

combining the data from the plants within these F
2:3

 lines. 
Only a 3:1 R:S segregation ratio was observed for this test 
(Table 2), supporting the hypothesis of a single dominant 
gene, as expected, since the F

2:3
 plants were derived from 

F
2
 genotypes heterozygous at the resistance locus.

In the F
2
 generation from the population derived from 

the cross PI 594760B × TMG06_0011 (POP-2), 27 out of 
105 plants were scored as having the RB lesion type and 78 
as having the TAN lesion type. This phenotypic segregation 
fi ts a 1:3 R:S ratio (Table 1), suggesting that a single recessive 
gene controls the resistance in this cross. The observed segre-
gation also fi ts the 3:13 R:S ratio that would be expected in 

seeds from a single F
1
 plant were used to produce the F

2
 population 

in all the crosses. Seeds were sown in 8-L plastic pots fi lled with a 

mixture of soil, manure, and sand (5:3:2 by volume). In the F
1
 gen-

eration only one seed was planted in each pot. For the F
2
 genera-

tion four seeds were sown in a pot, and all the seeds from the same 

F
2:3

 family were planted together in the same pot. All the popu-

lations were planted and were evaluated along with the parental 

genotypes and with remnant seeds from the previous generation(s).

Soybean Rust Screening
The SBR resistance screening was conducted using a green-

house-maintained population of P. pachyrhizi according to the 

procedures described by Garcia et al. (2008) and Calvo et al. 

(2008). The greenhouse was equipped with fi ltered ventilation 

and a double door entry system that minimized introduction of 

contaminating rust spores from outside. The response to SBR 

was evaluated in the V2 growth stage (Fehr et al., 1971) and was 

confi rmed in the V4 stage. Each plant was scored for lesion type: 

susceptible (TAN), resistant [reddish-brown (RB) or immune], 

or mixed (TAN and RB lesions on the same leaf ) (Bromfi eld, 

1984). For the progeny test, only F
2:3

 families with 11 or more 

individuals were rated. Families were classifi ed as homozygous 

resistant (HR), homozygous susceptible (HS), or segregating 

based on the presence of RB and/or immune, TAN, or both 

lesion types, respectively. Phenotypic (F
2
) and genotypic (F

2:3
) 

segregation hypotheses were tested with a chi-square (χ2) test.

Because we used a possibly heterogeneous P. pachyrhizi popu-

lation for screenings, we also conducted a validation test to con-

fi rm the results of the SBR evaluation. Single-lesion isolates were 

obtained by pipeting 10 μL of a solution of water and Tween 20 

(0.01% v/v) onto a TAN lesion from a infected leaf of the culti-

var BRS Bacuri (by EMBRAPA) that is used to maintain our 

P. pachyrhizi population (Garcia et al., 2008). The urediniospore 

suspension was then diluted in a ratio of 1:20, and 10 μL of the 

diluted suspension was used to inoculate healthy detached leaves 

from BRS Bacuri plants that had been grown in a growth cham-

ber. Leaves were cultured in Petri dishes as described by Twizey-

imana et al. (2007). After 2 wk of incubation, well-developed rust 

lesions were identifi ed and the isolation procedure was repeated. 

Following the third round of culture, all of the urediniospores 

obtained from a single lesion were used to inoculate healthy leaves 

to obtain a larger amount of spores for screening purposes. These 

urediniospores were used to repeat the SBR screening with the 

remaining seeds of the soybean parental genotypes (PI 594760B, 

TMG06_0011, and TMG06_0012), the F
1
 from POP-1 and POP-

2, and with 10 randomly chosen F
2:3

 progenies from each cross.

Molecular Analysis
Molecular mapping was performed in the POP-1 (PI 594760B 

× TMG06_0012) and POP-2 (PI 594760B × TMG06_0011) 

populations. DNA isolation, polymerase chain reaction (PCR), 

and marker detection procedures were conducted as described 

by Garcia et al. (2008). Public simple sequence repeat (SSR) 

molecular markers mapped in the vicinity of the known Rpp 

resistance genes were used for mapping analysis. Sequences from 

each molecular marker were retrieved from Soybase (2009) and 

primers were synthesized by Invitrogen (Carlsbad, CA).

The possible genomic regions associated with the SBR resis-

tance trait in each F
2
 population were initially identifi ed through 
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the F
2
 generation if a second gene suppressing the resistance 

was present (Table 1). Nevertheless, the hypothesis of a sup-
pressor gene was rejected due to the 27 HR, 52 segregating, 
and 25 HS lines observed in the F

2:3
 progeny test and the 

ratio of 57 plants with the RB lesion type to 153 plants with 
the TAN lesion type observed when the data from randomly 
chosen segregating F

2:3
 lines were analyzed. These segrega-

tions fi t only 1:2:1 (Table 1) and 1:3 (Table 2) R:S ratios, 
respectively, strongly supporting the presence of a single 
recessive gene controlling the resistance in this population.

Molecular Mapping
We used the published SSR markers linked to each of 
the fi ve known SBR resistance genes to identify genomic 
regions potentially involved in the SBR resistance found in 
both segregating populations. In both POP-1 and POP-2 
populations, BSA showed that the F

2
–inferred SBR phe-

notypic data were signifi cantly associated only with SSR 
markers linked to the Rpp1 locus. Therefore, we concluded 
that the Rpp2, Rpp3, Rpp4, and Rpp5 loci were not involved 
in the resistance segregating in these two populations.

The Rpp1 locus is located on soybean molecular link-
age group (MLG) G (chromosome 18) between the SSR 

markers Sct_187 and Sat_064 (Hyten et al., 2007). Based 
on the molecular map of Song et al. (2004), the markers 
closest to the Rpp1 locus are Sct_199, Satt472, Satt191, 
Sat_117, and Sct_182 (all on the centromeric side of the 
Rpp1 locus) and Sat_372 and Sat_064 (both on the telo-
meric side the Rpp1 locus). For POP-1, Satt472, Satt191, 
and Sat_117 were the only polymorphic markers. For POP-
2, Satt191, Sat_117, and Sct_187 were polymorphic. These 
markers, along with the phenotypic lesion type were con-
sidered qualitative traits and were used for the molecular 
mapping. All the markers analyzed segregated according to 
the expected single gene 1:2:1 ratio (Table 3). Moreover, 
the genetic deviation toward the homozygous resistant gen-
otype observed in POP-1 F

2:3
 segregation (Table 1) was also 

observed for segregation of the molecular markers (Table 3).
In POP-1 the resistance locus mapped within 6.9 cM 

of Satt191 and 5.1 cM of Sat_117 (Fig. 1). Although we 
were not able to fl ank the SBR resistance locus in this 
population, this is the same region where the Rpp1, Rpp1b, 
and the likely Rpp1 allele discovered in PI 587886 were 
previously mapped (Hyten et al., 2007; Chakraborty et 
al., 2009; Ray et al., 2009). In POP-2, the resistance locus 
was positioned between Sat_117 and Sct_187 (Fig. 1), in 

Table 1. Soybean rust (SBR) resistance segregation in F
2
 and F

2:3
 populations derived by crossing the SBR-resistant PI 594760B 

to two different susceptible soybean breeding lines.

F
2
 test χ2 of the expected 

segregations

F
2:3

 test

No. of plants No. of families

Population RB† TAN‡ 3:1 R:S§ 13:1 R:S HR¶ Segregating HS# χ2 of the expected segregations

1:2:1 R: Segregating: S 1:2:1 R: Segregating: S

Population 1 (PI 594760B × 

TMG06_0012)

124 36 0.53

p†† = 0.48 NS‡‡

1.48

p = 0.22 NS

48 73 35 2.81

p = 0.25 NS

166.58

p < 0.01**

Population 2 (PI 594760B × 

TMG06_0011)

27 78 1:3 R:S

0.03

p = 0.86 NS

3:13 R:S

3.34

p = 0.07 NS 

27 52 25 1:2:1 R: Segregating: S

0.09

p = 0.96 NS

1:8:7 R: Segregating: S

61.39

p < 0.01**

**Signifi cant at the 0.01 probability level. 
†RB, reddish-brown (resistant lesion type).
‡TAN, tan (susceptible lesion type).
§R, resistant; S, susceptible.
¶HR, homozygous resistant.
#HS, homozygous susceptible.
††Probability of signifi cance of the chi-square. Values higher than 0.05 are considered nonsignifi cant
‡‡NS, nonsignifi cant.

Table 2. Soybean rust (SBR) resistance segregation data from F
3
 plants selected from segregating F

2:3
 families.

Population
No. of F

3
 plants inside 

segregating F
2:3

 families χ2 of the expected segregations

RB† TAN‡ 3:1 R:S§ 13:3 R:S

Population 1 (PI 594760B × TMG06_0012) 255 77 0.58

p¶ = 0.47 NS#

4.30

p = 0.04*

Population 2 (PI 594760B × TMG06_0011) 57 153 1:3 R:S

0.51

p = 0.47 NS

3:13 R:S

9.71

p < 0.01**

*Signifi cant at the 0.05 probability level.

**Signifi cant at the 0.01 probability level. 
†RB, reddish-brown (resistant lesion type).
‡TAN, tan (susceptible lesion type).
§R, resistant; S, susceptible.
¶Probability of signifi cance of the chi-square. Values higher than 0.05 are considered nonsignifi cant.
#NS, nonsignifi cant.
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the same region as the POP-1 locus and Rpp1 from other 
sources and in the same map order as the soybean consen-
sus linkage map (Song et al., 2004).

Together, the genetic and molecular data suggest that 
a single gene located at or very close to the Rpp1 locus in 
both populations is controlling SBR resistance. However, 
the resistance gene has a dominant nature in POP-1 while 
this relation is inverted in POP-2, where the resistance 
gene segregates as recessive.

Role of the TMG06_0011 in Suppressing 
the Resistance Phenotype
To investigate the potential inversion of dominance caused 
by our breeding line, we performed several crosses between 
known sources of SBR resistance genes and our two breed-
ing lines, TMG06_0012 and TMG06_0011 (Table 4). PI 
200487, PI 200526, and PI 471904 are sources of dominant 
alleles in the Rpp5 genomic region (Garcia et al., 2008). PI 
200456 is the original source of the recessive allele of Rpp5 
(Garcia et al., 2008; Calvo et al., 2008). The F

1
 plants were all 

scored as resistant for the fi rst three PIs and susceptible for the 
cross involving PI 200456. These data agree with what was 
previously reported for these PIs, indicating that no inversion 
of dominance occurred at the Rpp5 locus. Inversion of domi-
nance also did not occur in the crosses involving PI 224270, 
source of a recessive allele at the Rpp2 locus (Garcia et al., 
2008; Calvo et al., 2008) or CG 84058-18 and CG 84058-
21, sources of a dominant allele in the Rpp4 region (authors, 
unpublished data, 2009). However, the inversion occurred 
when we crossed TMG06_0011 with PI 587905, which car-
ries a dominant resistance allele in the Rpp1 genomic region 
(authors, unpublished data, 2009), as well as with PI 561356, 
which was recently reported as also possessing a dominant 
gene near the Rpp1 locus (Camargo et al., 2009). Unfortu-
nately, we were not able to test the Rpp3 locus, since the 
P. pachyrhizi isolated used in our study is able to defeat the 
resistance conferred by the sources of Rpp3 resistant alleles.

Genetic Analyses of the 
PI 561356 × TMG06_0011 Cross
We further evaluated the PI 561356 × TMG06_0011 cross. 
Several responses to rust have been reported for this PI: it was 

reported as having a single dominant gene close to the Rpp1 
locus (Camargo et al., 2009), a TAN and/or mixed lesion 
type was observed for this PI in previously studies (Miles 
et al., 2006), and under our screening conditions it had an 
immune phenotype (resistant reaction with no apparent 
lesion symptoms). All the F

1
 plants derived from this cross 

showed the TAN susceptible lesion type. The F
2
 generation 

segregated 72 plants with the TAN lesion type to 24 immune, 
which perfectly fi ts the expected segregation ratio for a single 
recessive gene (3:1 S:R, χ2 = 0.00, p = 0.99 [nonsignifi cant]).

With the purpose of confi rming the hypothesis of a 
single locus involved in the resistance, we backcrossed the 
F

2
 resistant plants from the cross PI 561356 × TMG06_0011 

(which in theory were homozygous for the single recessive 
resistance gene) with TMG06_0011. We also crossed these 

Figure 1. Genetic linkage map location of a putative Rpp1 locus 

present in PI 594760B based on the phenotypic data of two F
2
 

populations and the segregation of public simple sequence 

repeat (SSR) markers. The molecular linkage group (MLG) G 

(chromosome 18) from the soybean linkage consensus map 

(Song et al., 2004) is positioned on the center for comparison. The 

genetic distances (in cM) are shown on the left side.

Table 3. Segregation from the simple sequence repeat (SSR) markers used on the molecular mapping of each F
2
 population.

SSR 
marker

Population

Population 1 (PI 594760B × 
TMG06_0012)†

χ2 of the expected 
segregation

Population 2 (PI 594760B × 
TMG06_0011)

χ2 of the expected 
segregation

S H R 1:2:1 S H R 1:2:1

Sat_472 29 69 44 3.28 p‡ = 0.19 NS§ – – – –

Satt191 30 69 44 2.92 p = 0.23 NS 21 61 20 3.94 p = 0.14 NS

Sat_117 29 70 44 3.21 p = 0.20 NS 22 59 20 2.94 p = 0.23 NS

Sct_187 – – – – 27 53 22 0.65 p = 0.72 NS

†Individuals showing the SSR allele from the susceptible (S) parent, heterozygous (H) for the SSR allele, or showing the allele from the resistant (R) parent PI 594760B.
‡Probability of signifi cance of the chi-square. Values higher than 0.05 are considered nonsignifi cant.
§NS, nonsignifi cant.
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same F
2
 resistant plants with the commercial cultivar CD205 

(Coodetec), which is susceptible to SBR. The F
2
 resistant 

plants from the cross of PI 561356 × TMG06_0011 will 
be referred from here as “356_011-F

2
R.” From the back-

cross “356_011-F
2
R” × TMG06_0011, all the F

1
–derived 

plants were susceptible. On the F
2
 generation, 188 plants 

had the TAN lesion type and 74 were immune, confi rm-
ing the segregation of a single recessive resistance gene (3:1 
S:R, χ2 = 1.66, p = 0.20 [nonsignifi cant]; 13:3 S:R, χ2 = 
15.50, p < 0.01). For the cross “356_011-F

2
R” × CD205, 

all the F
1
–derived plants were resistant and showed the 

RB lesion type. The segregation ratio of the F
2
 plants was 

136:272:144 TAN:RB:immune (expected ratio for a single 
gene 1:2:1, χ2 = 0.35, p = 0.84 [nonsignifi cant]), suggest-
ing that the single resistant gene has an incompletely domi-
nant action in this cross and that the heterozygous plants 
develop the RB phenotype. If we combine the RB lesion 
and immune resistant phenotypes the segregation also fi ts 
the expected 3:1 R:S single dominant gene ratio (416:136 
R:S, χ2 = 0.04, p = 0.84 [nonsignifi cant]).

DISCUSSION
In this paper we report the alternation of gene action type 
whereby resistance to SBR conferred by a single resistant 
allele can be inherited as dominant or recessive, depend-
ing on the susceptible allele involved in the cross. To our 
knowledge, this is the fi rst time that this phenomenon has 
been reported for a soybean pathosystem. The presence 
of a second independent gene in the susceptible parent 
TMG06_0011, acting as a suppressor of SBR resistance, 
was our fi rst hypothesis to explain the phenomenon. 
However, the clear single-gene segregation observed in 
all the crosses and the molecular marker data completely 
ruled out this possibility. A second possible explanation 
could be seed contamination in our PI stock such that 
plants were of diff erent genotypes. However, the fact that 

we always performed the crosses using the same individual 
plant as the donor resistant parent excludes this possibility.

PI 594760B was described as highly resistant to SBR as 
both seedlings and adult plants and in greenhouse and fi eld 
evaluations, where low severities (less than 0.5%) and RB 
lesions with low sporulation levels were observed (Miles 
et al., 2006, 2008). The genetic basis of the resistance was 
not determined in these previous studies; however, here 
we report that a single gene controls the SBR resistance in 
PI 594760B derived populations. Interestingly, the resis-
tance is dominant in the cross PI × TMG06_0012 and 
recessive in the cross PI × TMG06_0011.

The fact that we conducted the SBR screenings using a 
greenhouse population of P. pachyrhizi that cannot be veri-
fi ed as a pure culture could be viewed as a limitation to our 
study. We do not believe that this was a problem, however, 
since it has been proven that consistent genetic and molecu-
lar analyses can be done in carefully monitored screenings 
with fi eld (Ray et al., 2009) and greenhouse populations 
(Silva et al., 2008; Calvo et al., 2008; Garcia et al., 2008). 
We also performed a validation test using spores obtained 
from a single lesion. Because of the limited amount of spores, 
this validation was limited to the parents (PI 594760B, 
TMG06_0012, and TMG06_0011), F

1
, and a portion of F

2:3
 

families, but the SBR responses obtained from these tests 
(data not shown) were in perfect agreement with the ones 
obtained using our greenhouse- collected spores.

PI 561356 was described as having a mixed (RB and 
TAN lesions in the same leaf ) reaction type in seedling 
screenings where the plants were inoculated with a mix-
ture of isolates from Thailand (TH01-1), Brazil (BZ01-1), 
Paraguay (PG01-2), and Zimbabwe (ZM01-1) (Miles et al., 
2006). In our screenings PI 561356 showed an immune reac-
tion (no obvious lesion symptoms) when challenged with our 
isolated. Also, this PI was scored as resistant in other recent 
study conducted in Brazil (Camargo et al., 2009). The dis-
crepancies between these disease studies are most likely a 
consequence of the diff erent P. pachyrhizi isolates used, since 
SBR resistance genes respond diff erently when challenged 
with diff erent isolates (Bonde et al., 2006; Pham et al., 2009).

The cross PI 561356 × TMG06_0011 and the back-
cross “356_011-F

2
R” × TMG06_0011 (“356_011-F

2
R” = 

F
2
 resistant plants from PI 561356 × TMG06_0011) resulted 

in the inheritance of resistance as a single recessive gene 
and the progenies only showed TAN and immune reac-
tions in the F

2
 populations. On the other hand, the cross 

“356_011-F
2
R” × CD205 resulted in a single locus with 

1:2:1 immune:RB:TAN F
2
 segregation. Because we used F

2
 

recessive resistant plants (356_011-F
2
R) in the backcross with 

TMG06_0011 and in the cross with CD205, the contrasting 
genetic inheritances observed for the resistance (dominant 
and recessive) could only have occurred if a single locus was 
involved in the inheritance, with the allele from PI 561356 
conferring the SBR resistant phenotype, the susceptible allele 

Table 4. Soybean rust (SBR) response in the F
1
 generation 

resulted from the cross between different soybean resistant 

accessions and the two breeding lines TMG_0012 and TMG_001.

Resistant 
genotype

Rpp 
gene

Cross and SBR response

× TMG06_0012× TMG06_0011

PI 594760B Rpp1[?] RB† TAN‡

PI 561356 Rpp1[?] RB TAN

PI 587905 Rpp1[?] RB TAN

PI 224270 rpp2[?] (Recessive) TAN TAN

CG 84058-18 Rpp4[?] RB RB

CG 84058-21 Rpp4[?] RB RB

PI 200456 rpp5(Recessive) TAN TAN

PI 200526 Rpp5[?] RB RB

PI 200487 Rpp5[?] RB RB

PI 471904 Rpp5[?] RB RB

†RB, reddish-brown (resistant lesion type).
‡TAN, tan (susceptible lesion type).
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from TMG06_0011 being dominant to the resistance, and 
the susceptible allele from CD205 being recessive.

The resistance pattern with three phenotypic responses 
to SBR (immune, RB, and TAN) in the F

2
 generation 

also occurred for PI 587866 and PI 587880 in response 
to a fi eld inoculation in Paraguay during the 2007/2008 
growing season (Ray et al., 2009). In that case, the authors 
identifi ed a single locus—a putative Rpp1 allele—acting 
with incomplete dominance. A dosage eff ect where the 
Rpp1/Rpp1 genotype produces the immune reaction, 
the Rpp1/rpp1 leads to the RB lesion, and the rpp1/rpp1 
conferred the TAN lesion type was proposed (Ray et al., 
2009). A single locus with incomplete dominance also 
appears to be acting in our population. Circumstantial 
evidence of immune reactions was reported for the Rpp4 
(Hartwig, 1986) and Rpp3 (Bonde et al., 2006) locus, but 
it has only been consistently observed for the Rpp1 locus 
in response to some of P. pachyriyzi isolates (McLean and 
Byth, 1980; Bonde et al., 2006; Hyten et al., 2007; Pham 
et al., 2009; Ray et al., 2009). Moreover, up to now the 
incomplete dominance resulting in the RB phenotype of 
the heterozygous genotype has only been clearly reported 
for the possible Rpp1 gene described by Ray et al. (2009).

The genetic linkage map location of the dominant 
(POP-1, cross PI 594760B × TMG06_0012) and the reces-
sive (POP-2, cross PI 594760B × TMG06_0011) genes 
reported here is in the same region as Rpp1 (Hyten et al., 
2007), Rpp1b (Chakraborty et al., 2009), and the likely 
Rpp1 allele discovered in PI 587886 (Ray et al., 2009). A 
single dominant gene for PI 561356 was also mapped in 
the Rpp1 vicinity (Camargo et al., 2009). The map dis-
tances are not the same in our two mapping populations 
and also vary from those in previous studies. Nonethe-
less, these diff erences are common in small genetic inter-
vals, since the linkage maps are a measure of recombinant 
events. They may result from the diff erent types of map-
ping populations, diff erent numbers of individuals and/
or markers, deviations in the segregation, or from small 
genotyping and/or phenotyping errors. The most relevant 
point is that the order of the markers in the map is in 
agreement with the order of the soybean linkage consen-
sus map (Song et al., 2004).

Taken together, the genetic and molecular data from 
PI 594760B-derived populations and the genetic data from 
PI 561356-derived populations indicate that the same single 
locus is involved in the dominant, incomplete dominant, and 
recessive SBR resistant phenotypes. Although it is possible 
that the gene reported here is an independent resistance locus 
linked to Rpp1, it is more likely that the gene is a diff erent 
allele at the Rpp1 locus. However, allelism tests between the 
PIs reported here and the sources of other Rpp1 alleles, and 
the SBR reactions of the progenies to diff erent P. pachyrhizi 
isolates, will be necessary to clearly answer this question.

The dominant, incomplete dominant, and recessive 
nature of the SBR resistance genes (Rpps) are well docu-
mented. For instance, at least two dominant alleles are 
reported for the Rpp1 locus (McLean and Byth, 1980; 
Chakraborty et al., 2009). Dominant alleles are also 
known for Rpp2, Rpp3, Rpp4, Rpp5, and [Rpp?]_PI506764 
(Bromfi eld and Hartwig, 1980; Bromfi eld and Melching, 
1982; Hartwig, 1986; Garcia et al., 2008; Monteros et al., 
2007). Incomplete dominance has been observed for the 
possible Rpp5 allele from PI 471905 (Garcia et al., 2008) 
and for the possible Rpp1 allele from PI 587886 and PI 
587880A (Ray et al., 2009). The fi rst single recessive genes 
controlling SBR resistance were reported in PI 224270 
and in PI 200456 (Calvo et al., 2008). In subsequent stud-
ies it was elucidated that PI 224270 posses a possible reces-
sive allele of Rpp2 and that PI 200456 has a recessive allele 
at Rpp5 (Garcia et al., 2008). However, a single resistant 
allele in the same plant acting as recessive and dominant 
(or incomplete dominant) was never reported.

Our fi ndings point toward a complex interaction and 
it seems that the nature of the single Rpp resistant genes is 
a relative status. We propose that a dominant susceptible 
allele, present in TMG06_0011, is interfering in the SBR 
resistance leading to the inversion of dominance observed 
in each cross. Therefore, a multiallelic series is acting, 
where the TMG06_0011 susceptible allele is dominant 
over the PI 594760B and PI 561356 resistant alleles, which 
in turn are dominant to the TMG06_0012 and CD205 
susceptible alleles.

Further molecular analysis is needed to explain the 
inversion of dominance reported here. By now, due to the 
fact that the same resistant allele (most likely a Rpp1 allele) 
was present in the dominant and the recessive inheritance 
analysis, we are speculating that a gene silencing mecha-
nism is taking part in this pathosystem. This could be hap-
pening at the transcriptional or posttranscriptional level 
(Mlotshwa et al., 2002; Rahman et al., 2008), triggered 
by an inverted repeat and/or a truncated gene at the resis-
tance locus or in a neighboring gene, leading to formation 
of double-stranded RNA (dsRNA).

It is notable that very often two or more genes or parts 
of the genes are arranged as inverted repeats. Many of 
such inverted repeats are dominant silencing loci, repress-
ing the expression of homologous genes (Muskens et al., 
2000). If a transcript of one repeat extends into the other, 
the result would be production of antisense RNA of the 
second repeat, allowing for the formation of dsRNA that 
could trigger posttranscriptional gene silencing mecha-
nisms. A similar phenomenon was reported for silencing 
soybean CHS (chalcone synthase) in seed coats (Clough 
et al., 2004). The ii locus contains a 10.9 kb cluster of 3 
CHS genes inversely duplicated, as well as a neighboring 
subtilisin gene that is truncated and transcribed toward 
the CHS cluster (Clough et al., 2004). The large inverted 
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duplication of the CHS gene cluster and the presence of the 
neighboring truncated subtilisin gene can lead to produc-
tion of antisense or aberrant CHS RNAs that could poten-
tially be involved in the silencing of CHS expression in 
seed coats (Clough et al., 2004; Tuteja et al., 2004, 2009).

Inverted repeats of endogenous sequences are clearly the 
result of duplications (Muskens et al., 2000). Resistance genes 
are found both as isolated genes (singletons) and as tightly 
linked arrays of related genes (gene clusters) and these clus-
ters are mainly a result of tandem duplications (Leister 2004). 
Gene families rapidly evolving under stress, such as these 
complex disease-resistant gene clusters, are prime candi-
dates for young small RNA-generating loci in plants (Voin-
net, 2004). The soybean genome contains many duplicated 
regions with approximately 75% of the genes occurring as 
multiple copies (Schoemaker et al., 1996; Schmutz et al., 
2010). Moreover, the recent molecular characterization of 
the SBR resistance gene Rpp4 (Meyer et al., 2009) revealed 
that three resistance genes candidates from the same family 
are arranged in a tandem manner. Also, the Rpp4 locus is 
duplicated elsewhere in the soybean genome (Meyer et al., 
2009). If the Rpp1 genomic region evolved in a similar man-
ner as Rpp4, it is possible that an inverted sequence could 
have arisen at the TMG06_0011 locus related to SBR resis-
tance. The molecular cloning of this genomic region in our 
plant material and/or the detailed annotation of the soybean 
genome sequence will be necessary to test this hypothesis.

We performed several crosses with other sources of 
known SBR resistant genes and our two breeding lines. The 
inversion of dominance did not occur for the Rpp2, Rpp4, and 
Rpp5 populations, but it was observed in populations derived 
from the possible Rpp1 accessions PI 594760B, PI 561356, and 
PI 587905. We could not test the Rpp3 locus because there 
were no Rpp3 alleles known to condition resistance to the P. 
pachyrhizi isolate used in our study. However, it appears that 
the phenomenon is exclusively related to the Rpp1 genomic 
region. This genomic region has a great diversity for the SBR 
resistance manifested by the diff erent alleles or loci (Hyten et 
al., 2007; Chakraborty et al., 2009; Ray et al., 2009). Also, it 
is the only genomic region with SBR resistance loci and/or 
alleles that consistently gives an immune reaction to some P. 
pachyrhizi isolates (McLean and Byth, 1980; Bonde et al., 2006; 
Hyten et al., 2007; Pham et al., 2009; Ray et al., 2009). Even 
a quantitative trait locus related to disease severity was mapped 
to the Rpp1 region (Chakraborty et al., 2009).

This diversity is particularly interesting for a breed-
ing perspective. The original Rpp1 allele from PI 200492 
(McLean and Byth, 1980) is no longer eff ective in Brazil 
(Yorinori et al., 2005). In spite of that, the SBR resis-
tance sources reported here probably have Rpp1 alleles 
or genes at a closely linked locus that are eff ective under 
greenhouse screenings in our country. This expands the 
potential sources of resistance genes that could be used 
in the development of SBR-resistant cultivars, providing 

breeders and researchers with more tools to stay ahead of 
P. pachyrhizhi in the host versus pathogen race. In addition, 
we described the presence of a dominant susceptible allele 
that can suppress the SBR resistance. This is crucial infor-
mation for breeders make eff ective and durable genetic 
combinations, and it is possible that many other SBR 
resistance genes are hidden behind susceptible alleles.

Acknowledgments
The authors would like to thank Marcelo A.S. Baço, Adriano A. 

Marino, and Dr. Jair R. Unfried for technical assistance, Dr. Luiz 

G.E. Vieira for improving the discussion, and Dr. Steve J. Clough 

and Dr. David R. Walker for proofreading the manuscript. Alex-

andre Garcia received a scholarship from CAPES (Coordenação 

de Aperfeiçoamento de Pessoal de Nível Superior).

References
Akinsanmi, O.A., and J.L. Ladipo. 2001. First report of soybean rust (Pha-

kopsora pachyrhizi) in Nigeria. Plant Dis. 85:97.

Bonde, M.R., S.E. Nester, C.N. Austin, C.L. Stone, R.D. Frederick, G.L. 

Hartman, and M.R. Miles. 2006. Evaluation of virulence of Phakop-

sora pachyrhizi and P. meibomiae isolates. Plant Dis. 90:708–716.

Bromfi eld, K.R. 1984. Soybean rust. In Monogr. No. 11. Am. Phytopath. 

Soc., St. Paul, MN.

Bromfi eld, K.R., and E.E. Hartwig. 1980. Resistance to soybean rust and 

mode of inheritance. Crop Sci. 20:254–255.

Bromfi eld, K.R., and J.S. Melching. 1982. (Abstract.) Sources of specifi c 

resistance to soybean rust. Phytopathology 72:706.

Calvo, E.S., R.A.S. Kiihl, A. Garcia, A. Harada, and D.M. Hiromoto. 

2008. Two major recessive soybean genes conferring soybean rust 

resistance. Crop Sci. 48:1350–1354.

Camargo, P.O., L.L. Catelli, M.P. Rincao, A.R. Piovezani, C.A.A. Arias, 

and R.V. Abdelnoor. 2009. Mapping of the Asian rust resistance 

locus on the genotype PI561356. p. 102. In Proc. Congr. Brasileiro 

de Soja, 5th, Goiânia, Brasil. 19–22 May 2009. (In Portuguese.) 

Empresa Brasileira de Pesquisa Agropecuária, Londrina, Brazil.

Chakraborty, N., J. Curley, R.D. Frederick, D.L. Hyten, R.L. Nelson, 

G.L. Hartman, and B.W. Diers. 2009. Mapping and confi rmation of 

a new allele at Rpp1 from soybean PI594538A conferring RB lesion-

type resistance to soybean rust. Crop Sci. 49:783–790.

Clough, S.J., J.H. Tuteja, M. Li, L.F. Marek, R.C. Shoemaker, and L.O. 

Vodkin. 2004. Features of a 103-kb gene-rich region in soybean 

include an inverted perfect repeat cluster of CHS genes comprising 

the I locus. Genome 47:819–831.

Consórcio anti-ferrugem. 2009. Cost table. Available at http://www.con-

sorcioantiferrugem.net/?Conhe%E7a_a%26nbsp%3Bferrugem%26

nbsp%3B:Tabela_de_custo (verifi ed 4 Aug. 2010). (In Portuguese.) 

Empresa Brasileira de Pesquisa Agropecuária, Londrina, Brazil. 

Fehr, W.R., C.E. Caviness, L.I.T. Burmood, and I.S. Penninglon. 1971. 

Stage of development descriptions for soybeans, Glycine max (L.). 

Merrill. Crop Sci. 11:929–931.

Garcia, A., E.S. Calvo, R.A.S. Kiihl, A. Harada, D.M. Hiromoto, and 

L.G. Vieira. 2008. Molecular mapping of soybean rust (Phakopsora 

pachyrhizi) resistance genes: Discovery of a novel locus and alleles. 

Theor. Appl. Genet. 117:545–553.

 Germplasm Resources Information Network. 2008. National plant 

germplasm system. Available at http://www.ars-grin.gov/npgs/

index.html (verifi ed 4 Aug. 2010). Natl. Germplasm Resour. Lab., 

Beltsville, MD.

Hartwig, E.E. 1986. Identifi cation of a fourth major gene conferring 



40 WWW.CROPS.ORG CROP SCIENCE, VOL. 51, JANUARY–FEBRUARY 2011

resistance to soybean rust. Crop Sci. 26:1135–1136.

Hyten, D.L., G.L. Hartman, R.L. Nelson, R.D. Frederick, V.C. Conci-

bido, J.M. Narvel, and P.B. Cregan. 2007. Map location of the Rpp1 

locus that confers resistance to soybean rust in soybean. Crop Sci. 

47:837–840.

Leister, D. 2004. Tandem and segmental gene duplication and recombina-

tion in the evolution of plant disease resistance genes. Trends Genet. 

20:116–122.

McLean, R., and D.E. Byth. 1980. Inheritance of resistance to rust (Phako-

psora pachyrhizi) in soybean. Aust. J. Agric. Res. 31:951–956.

Meyer, J.D.F., D.C.G. Silva, C. Yang, K.F. Pedley, C. Zhang, M.V. 

DeMortel, et al. 2009. Identifi cation and analyses of candidate genes 

for rpp4-mediated resistance to Asian soybean rust in soybean. Plant 

Physiol. 150:295–307.

Michelmore, R.W., I. Paran, and R.V. Kesseli. 1991. Identifi cation of mark-

ers linked to disease-resistance genes by bulked segregant analysis: A 

rapid method to detect markers in specifi c genomic regions by using 

segregating populations. Proc. Natl. Acad. Sci. USA 88:9828–9832.

Miles, M.R., R.D. Frederick, and G.L. Hartman. 2006. Evaluation of 

soybean germplasm for resistance to Phakopsora pachyrhizi. Plant 

Health Prog. 10.1094/PHP-2006-0104-01-RS.

Miles, M.R., C. Levy, W. Morel, T. Mueller, T. Steinlage, R.N. Van, 

R.D. Frederick, and G.L. Hartman. 2007. International fungi-

cide effi  cacy trials for the management of soybean rust. Plant Dis. 

91:1450–1458.

Miles, M.R., W. Morel, J.D. Ray, J.R. Smith, R.D. Frederick, and G.L. 

Hartman. 2008. Adult plant evaluation of soybean accessions for 

resistance to Phakopsora pachyrhizi in the fi eld and greenhouse in Para-

guay. Plant Dis. 92:96–105.

Mlotshwa, S., O. Voinnet, M.F. Mette, M. Matzke, H. Vaucheret, S.W. 

Ding, G. Pruss, and V.B. Vance. 2002. RNA silencing and the 

mobile silencing signal. Plant Cell 14 (Suppl. 2002):289–301.

Monteros, M.J., A.M. Missaoui, D.V. Phillips, D.R. Walker, and H.R. 

Boerma. 2007. Mapping and confi rmation of the ‘Hyuuga’ red-

brown lesion resistance gene for Asian soybean rust. Crop Sci. 

47:829–834.

Mueller, T.A., M.R. Miles, G.L. Hartman, G.K. O’Brien, and J.J. Marois. 

2008. Evaluation of fungicides and fungicide timing for the control 

of soybean rust in northwest Florida, 2006. Plant Dis. Mgt. Rep. 

Report 2:FC086. Available at http://www.plantmanagementnet-

work.org/pub/trial/pdmr/volume2/abstracts/fc086.asp (verifi ed 4 

Aug. 2010). Plant Management Network, St. Paul, MN.  

Muskens, M.W.M., A.P.A. Vissers, J.N.M. Mol, and J.M. Kooter. 2000. 

Role of inverted DNA repeats in transcriptional and post-transcrip-

tional gene silencing. Plant Mol. Biol. 43:243–260.

Oloka, H.K., P. Tukamuhabwa, T. Sengooba, and S. Shanmugasundram. 

2008. Reaction of exotic soybean germplasm to Phakopsora pachyrhizi 

in Uganda. Plant Dis. 92:1493–1496.

Panthee, D.R., J.J. Marois, D.L. Wright, D. Narváez, J.S. Yuan, and C.N. 

Stewart. 2009. Diff erential expression of genes in soybean in response 

to the causal agent of Asian soybean rust (Phakopsora pachyrhizi Sydow) 

is soybean growth stage-specifi c. Theor. Appl. Genet. 118:359–370.

Panthee, D.R., J.S. Yuan, D.L. Wright, J.J. Marois, D. Mailhot, and C.N. 

Stewart. 2007. Gene expression analysis in soybean in response to the 

causal agent of Asian soybean rust (Phakopsora pachyrhizi Sydow) in an 

early growth stage. Funct. Integr. Genomics 7:291–301.

Patil, P.V., and K.H. Anahosur. 1998. Control of soybean rust by fungi-

cides. Indian Phytopathol. 51:265–268.

Pham, T.A., M.R. Miles, R.D. Frederick, C.B. Hill, and G.L. Hartman. 

2009. Diff erential responses of resistant soybean entries to isolates of 

Phakopsora pachyrhizi. Plant Dis. 93:224–228.

Pretorious, Z.A., R.J. Kloppers, and R.D. Frederick. 2001. First report of 

soybean rust in South Africa. Plant Dis. 85:1288.

Rahman, M., I. Ali, T. Husnain, and S. Riazuddin. 2008. RNA interfer-

ence: The story of gene silencing in plants and humans. Biotechnol. 

Adv. 26:202–209.

Ray, J.D., W. Morel, J.R. Smith, R.D. Frederick, and M.R. Miles. 2009. 

Genetics and mapping of adult plant rust resistance in soybean PI 

587886 and PI 587880A. Theor. Appl. Genet. 119:271–280.

Rossi, R.L. 2003. First report of Phakopsora pachyrhizi, the causal organism 

of soybean rust in the province of Misiones, Argentina. Plant Dis. 

87:102.

Schmutz, J., S.B. Cannon, J. Schlueter, J. Ma, T. Mitros, W. Nelson, et 

al. 2010. Genome sequence of the palaeopolyploid soybean. Nature 

463:178–183.

Schneider, R.W., C.A. Hollier, H.K. Whitman, M.E. Palm, J.M. McK-

enny, J.R. Hernández, L. Levy, and R. Devries-Paterson. 2005. First 

report of soybean rust caused by Phakopsora pachyrhizi in the conti-

nental United States. Plant Dis. 89:774.

Schoemaker, R.C., K. Polzin, J. Labate, J. Specht, E.C. Brummer, T. 

Olson, et al. 1996. Genome duplication in soybean (Glycine subgenus 

soja). Genetics 144:329–338.

Silva, D.C.G., N. Yamanaka, R.L. Brogin, C.A.A. Arias, A.L. Nepomu-

ceno, A.D. Mauro, S.S. Pereira, L.M. Nogueira, A.L.L. Passianotto, 

and R.V. Abdelnoor. 2008. Molecular mapping of two loci that con-

fer resistance to Asian rust in soybean. Theor. Appl. Genet. 117:57–63.

Singh, B.B., S.C. Gupta, and B.D. Singh. 1975. Sources of fi eld resistance 

to rust and yellow mosaic diseases of soybean. Indian J. Genet. Plant 

Breed. 34:400–404.

Song, Q.J., L.F. Marek, R.C. Shoemaker, K.G. Lark, V.C. Concibido, 

X. Delannay, J.E. Specht, and P.B. Cregan. 2004. A new integrated 

genetic linkage map of the soybean. Theor. Appl. Genet. 109:122–

128.

Soybase. 2009. Soybase and the soybean breeder’s toolbox. Available at 

http://soybase.org/resources/ssr.php (verifi ed 4 Aug. 2010). USDA-

ARS and Iowa State University, Ames, IA.

Tuteja, J.H., S.J. Clough, W.C. Chan, and L.O. Vodkin. 2004. Tissue-

specifi c gene silencing mediated by a naturally occurring chalcone 

synthase gene cluster in Glycine max. Plant Cell 16:819–835.

Tuteja, J.H., G. Zabala, K. Varala, M. Hudson, and L.O. Vodkin. 2009. 

Endogenous, tissue-specifi c short interfering RNAs silence the 

chalcone synthase gene family in Glycine max seed coats. Plant Cell 

21:3063–3077.

Twizeyimana, M., P.S. Ojiambo, T. Ikotun, J.L. Ladipo, G.L. Hartman, 

and R. Bandyopadhyay. 2008. Evaluation of soybean germplasm for 

resistance to soybean rust (Phakopsora pachyrhizi) in Nigeria. Plant Dis. 

92:947–952.

Twizeyimana, M., P.S. Ojiambo, T. Ikotun, C. Paul, G.L. Hartman, and 

R. Bandyopadhyay. 2007. Comparison of fi eld, greenhouse, and 

detached-leaf evaluations of soybean germplasm for resistance to Pha-

kopsora pachyrhizi. Plant Dis. 91:1161–1169.

Van de Mortel, M., J.C. Recknor, M.A. Graham, D. Nettleton, D.D. 

Jaime, R.T. Nelson, et al. 2007. Distinct biphasic mRNA changes in 

response to Asian soybean rust infection. Mol. Plant Microbe Inter-

act. 20:887–899.

Van Ooijen, J.W., and R.E. Voorrips. 2001. JoinMap 3.0, software for the 

calculation of genetic linkage maps. Plant Res. Int., Wageningen, 

the Netherlands.

Voinnet, O. 2004. Shaping small RNAs in plants by gene duplication. 

Nat. Genet. 36:1245–1246.

Wang, T.C., and G.L. Hartman. 1992. Epidemiology of soybean rust and 

breeding for host resistance. Plant Protect. Bull. 34:109–124.

Yorinori, J.T., W.M. Paiva, R.D. Frederick, L.M. Costamilan, P.F. Bert-

agnoli, G.L. Hartman, C.V. Godoy, and J.J. Nunes. 2005. Epidemics 

of soybean rust (Phakopsora pachyrhizi) in Brazil and Paraguay from 

2001 to 2003. Plant Dis. 89:675–677.


