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Abstract – In this study, the influence of genetic background on the resistance level of a soybean line carrying Rpp2, Rpp4, and Rpp5 
was evaluated by backcrossing it with a susceptible variety. It was also evaluated eight lines which carry these Rpp genes against five 
Asian soybean rust (ASR) isolates, in order to determine the likely range of resistance against ASR isolates differing in pathogenicity. 
The results indicated that a high level of resistance against various ASR isolates could be retained in lines carrying the three Rpp 
genes in susceptible genetic backgrounds, although minor influences of plant genetic background and ASR pathogenicity to the ASR 
resistance could occur. Thus, lines with the pyramided three Rpp genes should be effective against a complex pathogen population 
consisting of diverse Phakopsora pachyrhizi isolates.
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INTRODUCTION
The fungus Phakopsora pachyrhizi, the causal agent 

of Asian soybean rust (ASR), is an airborne foliar disease 
considered to be one of the most serious economic threats 
for soybean producers (Goellner et al. 2010). ASR was first 
detected in the American Continent, in Paraguay, in May 
2001 (Yorinori et al. 2005), and has caused severe losses 
of soybean production in South America (Yorinori 2008). 
Management strategies such as the use of fungicides, the 
adoption of a free host period, and the use of genetic resis-
tance are important for controlling ASR (Yorinori 2008). 
The development of soybean varieties resistant to ASR is 
considered the most economical control strategy; therefore 
it is important to facilitate its management (Twizeyimana et 
al. 2007, Arias et al. 2008, Pierozzi et al. 2008). However, 
resistance is not always durable due to pathogen variability 
(Oliveira et al. 2005), and there is a large regional patho-
genic diversity in the ASR pathogen population in Brazil 
(Freire et al. 2008, Kato and Yorinori 2008, Soares et al. 
2009, Akamatsu et al. 2013).

In soybean, the pyramiding of resistance genes is known 
for its high and broad-spectrum resistance to soybean mosaic 
virus (Saghai Maroof et al. 2008). The pyramiding of avail-
able ASR resistance genes in a single soybean cultivar may 
also provide more durable resistance against P. pachyrhizi 
populations expressing a wide range of pathogenicity in the 
field (Arias et al. 2008). Six resistance loci (Rpp: resistance 
to P. pachyrhizi, Rpp1–6) have been mapped with molecu-
lar markers for ASR (Hyten et al. 2007, Silva et al. 2008, 
Garcia et al. 2008, Chakraborty et al. 2009, Ray et al. 2009, 
Monteros et al. 2010, Li et al. 2012); thus it can be tagged 
and pyramided using molecular markers (Yamanaka et al. 
2008, Lemos et al. 2011).

In a previous study (Lemos et al. 2011), it was identified 
the different genetic contributions of three resistance loci, 
Rpp2, Rpp4, and Rpp5, to the resistance against a highly 
virulent Brazilian ASR population. It was also observed 
high resistance in the line carrying these three resistance 
genes. However, high ASR resistance was detected only in 
a single three-Rpp-pyramided line against one ASR popula-
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tion. The objective of this study was to investigate the ASR 
resistance of soybean lines pyramided with Rpp2, Rpp4, and 
Rpp5 using genotypes with different genetic backgrounds 
and ASR isolates with different virulences.

MATERIALS AND METHODS

Plant materials and marker-assisted selection
Two kinds of experiments were carried out for evalu-

ating Rpp-pyramided lines in this study. For the first 
experiment, a BC1F1 plant was generated by two-time 
backcrosses using the line, ‘No6-12F3-1’ (Lemos et al. 
2011) as a donor parent and the susceptible Paraguayan 
variety ‘Aurora’ as a recurrent parent (Figure 1). Marker-
assisted selection (MAS) was applied to obtain one BC1F1 
plant and two BC1F2 plants (‘BC1F2 6-27’ and ‘BC1F2 
6-90’) carrying all of three resistance genes Rpp2, Rpp4, 
and Rpp5 as heterozygous and homozygous, respectively. 
DNA marker analysis was performed following a previous 
report (Lemos et al. 2011). Five BC1F3 plants were used 
for the first experiment along with three plants of both 
No6-12F3-1 and Aurora.

In a previous study (Lemos et al. 2011), it was obtained a 
total of eight F3 lines (No2-4F3-3, No2-4F3-22, No2-4F3-25, 

No2-4F3-28, No2-4F3-33, No6-12F3-1, No6-12F3-2, and 
No6-12F3-7) carrying Rpp2, Rpp4, and Rpp5 as homozygous 
resistant (Figure 1). In the second experiment, it was used 
three F4 plants derived from each of the eight lines, in order 
to evaluate ASR resistance. Three plants of both parents of 
the F2 population: ‘An76-1’ (Rpp2 and Rpp4) and ‘Kinoshita’ 
(Rpp5), and of the ancestors of An76-1: ‘PI230970’ (Rpp2), 
‘PI459025’ (Rpp4), and ‘BRS184’ (susceptible) were also 
used for the second experiment (Figure 1). For the second 
experiment, single-lesion isolation was carried out to obtain 
ASR isolates with different virulences from one another. 
A susceptible Brazilian variety, BRS184, and a susceptible 
Japanese variety, ‘Tachinagaha’, were used for single-lesion 
isolation from the Brazilian and Japanese ASR populations, 
respectively. Fourteen differential varieties (Yamaoka et 
al. 2002, Kato and Yorinori 2008, Yamanaka et al. 2010, 
Akamatsu et al. 2013) (Table 1) were used for virulence 
characterization of the obtained ASR isolates.

Single-lesion isolation and virulence evaluation
Purification of the two ASR populations BRP-2 and 

JRP (Yamanaka et al. 2010) by single-lesion isolation was 
carried out using a detached-leaf method. Healthy mature 
leaves of susceptible varieties were excised from plants 
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Figure 1. Pedigrees of soybean genotypes used for two kinds of experiments in this study. The resistant Rpp alleles that each genotype carries in 
homozygous state are indicated in parentheses. For each cross, the ovule parent is shown above the pollen parent.
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grown in an ASR-free growth chamber. The lower surfaces 
of leaves were washed with distilled water and rubbed with 
fingers. After removing the excess water on the leaves, they 
were placed in plastic Petri plates with the abaxial surface 
exposed. Cleaning wipes (Kimberly-Clark Corporation) were 
placed to sandwich the bottom of each leaf and moistened 
with sterile distilled water. A spore suspension (100,000 
spores mL-1) containing urediniospores and 0.04% Tween 
20 (Sigma) was prepared as an inoculum, placed on a 5 mm 
piece of filter paper (ca. 5-mm width), and spread on the 
leaves. The Petri plates containing the inoculated leaves were 
closed with the lids and maintained in a growth chamber at 
21 °C for 12 h in the dark and then incubated in a growth 
chamber at 21 °C under a 12-h light photoperiod. Luminance 
at the plate surface of the chamber was approximately 3,000 
lux provided by fluorescent lamps. Single-lesion candidates 
were cut out along with the surrounding leaf area (ca. 1 
cm2) under a stereomicroscope and placed on water-soaked 
filter papers in individual Petri plates. When urediniospores 
were developed on the single lesion, the leaf pieces with 
sporulating lesions were transferred to individual 2.0 mL 
microtubes and stored at −80 °C. For multiplying spores 
of the single lesion isolates, 0.04% Tween 20 solution was 
added to a 2.0 mL microtube containing a sporulating single 
lesion, and the resulting spore suspension was applied to 
detached leaves. After incubation for 2–3 weeks, newly 
reproducing spores were harvested from the infected leaves 
and stored at −80 °C, or used for further experiments. The 
spore multiplication process was repeated to prepare enough 
spores for inoculation in the subsequent experiments.

A set of 14 soybean differential varieties (Table 1) was 
grown in an ASR-free growth chamber for evaluating the 
pathogenicity of the ASR isolates. Three weeks after sowing, 
healthy mature leaves were excised and used for inoculation. 
Inoculation of the detached leaves was carried out with 100 
µL of 50,000 spores mL-1 spore suspension containing 0.04% 
Tween 20 solution. Three resistance characters were scored 
for 30 lesions 14 days after inoculation: frequency of lesions 
with uredinia (%LU), number of uredinia per lesion (NoU), 
and sporulation level (SL). Three independent experiments 
were carried out to obtain the average of three replicates. 
In the present study, the threshold values distinguishing 
resistant (R) and susceptible (S) reactions for these three 
characters were redefined for the detached leaf method 
(Table 2). The phenotypes of the differential varieties were 
then subclassified into five categories: susceptible, slightly 
resistant, resistant, highly resistant, and immune (Table 2) 
according to the R or S phenotypes for the three characters 
following a previous study (Yamanaka et al. 2011).

Evaluation of three Rpp-pyramided lines for ASR 
resistance

In the first experiment, the two BC1F3 families were 
evaluated for ASR resistance together with No6-12F3-1 and 
Aurora. Three weeks after sowing, plants grown in the growth 
chamber were inoculated with a Brazilian ASR population, 
BRP-2 used in the previous studies (Yamanaka et al. 2010, 
Lemos et al. 2011, Yamanaka et al. 2011, Akamatsu et al. 
2013). The three resistance characters %LU, NoU, and SL 
were evaluated for the first experiment.

Table 1. Virulence of four Brazilian and one Japanese ASR isolates in 14 differential varieties as determined by leaf culture experiment
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Brazilian isolates

BRP-2.1 S S R S S S S S S S HR S S S

BRP-2.5 S S S S S S S R S S S S S S

BRP-2.6 S S I S S S S S SR S I S S S

BRP-2.49 S S HR S S S S R S S HR S S S

(BRP-2)2 S S S S S S SR SR SR SR mix S S -

Japanese isolates

T1-2 R R HR S S S HR R I HR HR S S S

(JRP)2 HR HR I SR S SR HR R HR HR HR S S -
1 S: susceptible; SR: slightly resistant; R: resistant; HR: highly resistant; I: immune; mix: two types of lesions mixed; -: No data.
2 The data for ASR populations BRP-2 and JRP were taken from a previous study (Yamanaka et al. 2010) for comparison.
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In the second experiment, eight Rpp-pyramided lines 
were evaluated together with the five ancestors for resis-
tance to five different ASR isolates. Soybean plants were 
grown in a growth chamber and inoculated with the four 
Brazilian ASR isolates (BRP-2.1, BRP-2.5, BRP-2.6 and 
BRP-2.49) and the Japanese isolate (T1-2) three weeks after 
sowing. Four resistance characters were evaluated: %LU, 
NoU, SL, and incubation period (IP: the number of days 
from inoculation to the appearance of visible symptoms).

Growth, inoculation, and evaluation conditions in both 
experiments were mentioned in previous studies (Soares et al. 
2009, Yamanaka et al. 2010, Lemos et al. 2011, Yamanaka et 
al. 2011). Moreover, t-test was applied to determine signifi-
cances of the differences between the Rpp-pyramided lines 
and their ancestors on the values of %LU, NoU, SL, or IP.

RESULTS AND DISCUSSION
In a previous study (Lemos et al. 2011), the Rpp-pyr-

amided line No6-12F3-1 (Rpp2, Rpp4, and Rpp5) showed 
very low NoU (0.1), %LU (7.7%), and SL (0.0) against the 
highly virulent Brazilian ASR population BRP-2. In the first 
experiment using the same ASR population, it was observed 
a similar high resistance in No6-12F3-1 with very low NoU 
(0.1), %LU (6.7%), and SL (0.1), but a little sporulation (SL 
= 0.1) (Figure 2). This SL value is equivalent to one lesion 
with a minimal level of sporulation (SL = 1, Yamanaka et al. 
2010) in every 10 lesions. A similar high level of resistance 
to BRP-2 was also observed in the two BC1F3 families, 6-27 
and 6-90. In contrast, the recurrent parent Aurora showed 
typical susceptible lesions and significant high values for 
these three characters (Figure 2). Each BC1F3 family was 

derived from two backcrosses with Aurora; thus, it was 
expected to carry 75% of the Aurora genome. Accordingly, 
the resistance effect of pyramiding Rpp2, Rpp4, and Rpp5 
can be expected not only in the No6-12F3-1 genetic back-
ground, but also in Aurora, the susceptible parent.

For the second experiment, a total of five ASR isolates 
were obtained to evaluate the effect of pyramiding Rpp2, 
Rpp4, and Rpp5 on resistance against ASR isolates that 
present different pathogenicities. Although some differences 
in virulence among the four Brazilian ASR isolates were 
observed in the differential varieties (PI587880A (Rpp1), 
PI459025 (Rpp4), Shiranui (Rpp5), and PI587905 (un-
known)), there was no large difference in virulence between 
the five ASR isolates or their two sources BRP-2 and JRP 
(Table 1). Thus, the four Brazilian ASR isolates (BRP-2.1, 
BRP-2.5, BRP-2.6, and BRP-2.49) and one Japanese ASR 
isolate (T1-2) differed in virulence, whereas the four Brazil-
ian isolates displayed higher virulence than the Japanese 
(Table 1), in accordance with the observations of a previous 
studies (Yamanaka et al. 2010, Yamanaka et al. 2011). In 
addition, the Brazilian isolates were more virulent than most 
of the ASR populations previously obtained from Brazil 
(Kato and Yorinori 2008, Soares et al. 2009, Akamatsu et 
al. 2013). Accordingly, soybean lines which present high 
resistance to these Brazilian ASR isolates can be expected 
to be good breeding material for ASR resistance in Brazil.

In a second experiment, %LU, NoU, and SL were lower 
(P < 0.05) in the Rpp-pyramided lines (Rpp2+Rpp4+Rpp5) 
than those found in their five ancestors: An76-1 (Rpp2+Rpp4), 
Kinoshita (Rpp5), PI230970 (Rpp2), PI459025 (Rpp4), 
and BRS184, except for Kinoshita, with T1-2 infection, 

Table 2. Classification of three resistance characters: frequency of lesions with uredinia (%LU), number of uredinia per lesion (NoU), and sporulation 
level (SL) and criteria to determine resistance of differential varieties for the detached leaf method

Resistance characters
Phenotypic values

Resistant (R) Susceptible (S)

%LU 0.0 ≤ x < 80.0 80.0 ≤ x ≤ 100.0

NoU 0.0 ≤ x < 1.2 1.2 ≤ x

SL 0.0 ≤ x < 1.5 1.5 ≤ x ≤ 3.0

Resistance categories Criteria 1

Immune No lesion formed

Highly resistant Lesions formed but no uredinia formed

Resistant Resistant phenotypes observed in all three resistance characters

Slightly resistant Resistant phenotypes observed in any of three resistance characters

Susceptible Susceptible phenotypes observed in all three resistance characters
1 This classification criterion of varieties is same as a previous study (Yamanaka et al. 2011).
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and for An76-1, with BRP-2.49 infection, in which typi-
cal resistant lesions were observed (Table 3). The levels 
of %LU, NoU, and SL in the eight Rpp-pyramided lines 
were different among the five ASR isolates. However, this 
difference was not significant at P < 0.05 even though the 
five isolates displayed different virulences. These results 
indicated that Rpp-pyramided lines have significantly 
higher and relatively more stable resistance against differ-
ent ASR isolates than their ancestors. In contrast, average 
of IP in the Rpp-pyramided lines infected by T1-2 (6.1 
days) and BRP-2.6 (4.3 days) were significantly different 
than the averages for other infections: BRP-2.1 (3.2 days), 
BRP-2.5 (3.1 days), and BRP-2.49 (3.3 days). Thus, IP in 
Rpp-pyramided lines was relatively unstable against ASR 
virulence compared to the resistance expressed as lesion 
characteristics (%LU, NoU, and SL).

Although Rpp-pyramided lines had higher and more 
stable resistance than their ancestors against different 
ASR virulences, significant differences in the resistance 
characters were detected among Rpp-pyramided lines. For 

example, No6-12F3-7 displayed a very low SL value (0.0), 
for all 5 isolates, but No2-4F3-25 showed relatively high 
SL values: 0.2 for BRP-2.1 infection, 0.0 for BRP-2.5, 0.9 
for BRP-2.6, 0.4 for BRP-2.49, and 0.0 for T1-2 among 
Rpp-pyramided lines (Table 3). The Rpp-pyramided lines 
tested in this study were derived from the same F2 popula-
tion, but from different F2 or F3 plants. The difference in 
resistance levels observed among the three Rpp-pyramided 
lines could be derived from the genetic background apart 
from the three resistance genes. It may accordingly be 
concluded that high resistance can be expected in different 
genetic backgrounds, as in the first experiment; however 
the level of resistance could vary according to the genetic 
background of the breeding materials.

No significant difference in IP against the four Brazilian 
isolates was detected between Rpp-pyramided lines and the 
ancestors. This result supported previous observations that 
these three Rpp genes do not contribute to enhancing IP 
against Brazilian ASR populations (Yamanaka et al. 2008, 
Lemos et al. 2011). Zambenedetti et al. (2007) also observed 

(A) (A)

(B)

Aurora No6-12F3-1 BC1F3 6-27 BC1F3 6-90
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Figure 2. Images of the ASR lesions (A) and frequency distributions of %LU: frequency of lesions with uredinia, NoU: number of uredinia per le-
sion, and SL: sporulation level with standard deviations (SD) (B) against the Brazilian ASR population BRP-2 in two BC1F3 families carrying three 
resistance genes (Rpp2, Rpp4, and Rpp5), the recurrent parent: Aurora (susceptible), and the donor parent: No6-12F3-1 (Rpp2, Rpp4, and Rpp5). The 
asterisks mean they do not differ significantly (P>0.05) in all three characters.
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Table 3. Mean values of %LU: frequency of lesions with uredinia, NoU: number of uredinia per lesion, and SL: sporulation level, and IP: incuba-
tion period against five ASR isolates (BRP-2.1 ~ T1-2) in eight lines carrying the three resistance genes Rpp2, Rpp4, and Rpp5 and its five ancestors

%LU Genotypes
Phenotypes against ASR isolates

BRP-2.1 BRP-2.5 BRP-2.6 BRP-2.49 T1-2

Ancestors

BRS184 100.0% 100.0% 100.0% 100.0% 100.0%

PI230970 100.0% 100.0% 100.0% 100.0% 100.0%

PI459025 100.0% 96.7% 100.0% 96.7% 100.0%

Kinoshita 100.0% 100.0% 100.0% 100.0% 0.0%

An76-1 87.8% 78.9% 83.3% 38.3% 98.9%

3 Rpp-pyramided lines

No2-4F3-3 1.1% 0.0% 1.7% 0.0% 0.0%

No2-4F3-22 15.6% 11.1% 32.5% 15.0% 4.4%

No2-4F3-25 19.6% 4.4% 53.3% 23.8% 0.0%

No2-4F3-28 3.3% 0.0% 1.1% 3.3% 3.3%

No2-4F3-33 5.6% 10.0% 18.9% 0.0% -

No6-12F3-1 0.0% 0.0% 5.8% 6.7% 0.0%

No6-12F3-2 1.1% 0.0% 0.0% 3.3% 0.0%

No6-12F3-7 0.0% 0.0% 1.1% 0.0% 0.0%

NoU BRP-2.1 BRP-2.5 BRP-2.6 BRP-2.49 T1-2

Ancestors

BRS184 3.8 3.2 3.9 3.8 2.7

PI230970 1.8 2.3 2.2 1.9 1.8

PI459025 1.7 1.7 1.5 1.6 1.5

Kinoshita 2.3 1.7 2.3 1.6 0.0

An76-1 1.4 1.0 1.1 0.6 1.6

3 Rpp-pyramided lines

No2-4F3-3 0.0 0.0 0.0 0.0 0.0

No2-4F3-22 0.2 0.1 0.3 0.2 0.0

No2-4F3-25 0.2 0.0 0.5 0.2 0.0

No2-4F3-28 0.0 0.0 0.0 0.0 0.0

No2-4F3-33 0.1 0.1 0.2 0.0 -

No6-12F3-1 0.0 0.0 0.1 0.1 0.0

No6-12F3-2 0.0 0.0 0.0 0.0 0.0

No6-12F3-7 0.0 0.0 0.0 0.0 0.0

SL BRP-2.1 BRP-2.5 BRP-2.6 BRP-2.49 T1-2

Ancestors

BRS184 3.0 3.0 3.0 3.0 3.0

PI230970 2.6 2.7 2.8 2.9 3.0

PI459025 2.4 2.3 2.8 2.6 2.7

Kinoshita 2.5 2.5 3.0 2.6 0.0

An76-1 2.1 1.4 1.9 0.5 2.7

3 Rpp-pyramided lines

No2-4F3-3 0.0 0.0 0.0 0.0 0.0

No2-4F3-22 0.4 0.1 0.6 0.2 0.0

No2-4F3-25 0.2 0.0 0.9 0.4 0.0

No2-4F3-28 0.0 0.0 0.0 0.0 0.0

No2-4F3-33 0.1 0.2 0.3 0.0 -

No6-12F3-1 0.0 0.0 0.1 0.1 0.0

No6-12F3-2 0.0 0.0 0.0 0.0 0.0

No6-12F3-7 0.0 0.0 0.0 0.0 0.0

To be continued...
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no difference in IP between susceptible and resistant variet-
ies. However, for T1-2 infection, a significantly longer (1.7 
days) IP of the three-Rpp-pyramided lines was observed in 
comparison with their ancestors (Table 3). Thus, Brazilian 
ASR isolates not only were more virulent (Table 1), but 
they also formed lesions faster than Japanese ASR isolate. 
Although this slower formation of T1-2 lesions may make 
it possible to detect the relatively late lesion development 
(longer IP) in the three-Rpp-pyramided lines, the resistance 
carried by these lines could contribute to delaying lesion 
development, depending on the ASR isolate.

This study proposes that the Rpp-pyramided lines 
carrying Rpp2, Rpp4, and Rpp5 are promising breeding 
material for ASR resistance based on their high and rela-
tively stable resistance to all tested ASR inocula and in 
all genetic backgrounds tested in this research. However, 
minor differences in resistance depending on the genetic 
background of the breeding material and the virulence of 
the ASR isolate were also detected. Accordingly, besides 
developing Rpp-pyramided cultivars in several different 

genetic backgrounds, it is also necessary to evaluate the 
performance of other Rpp-pyramided lines that carry multiple 
Rpp genes combinations different from Rpp2, Rpp4, and 
Rpp5, in order to identify more useful Rpp-pyramided lines 
that show lower variation of resistance against divergent 
ASR pathogen in Brazil.
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IP BRP-2.1 BRP-2.5 BRP-2.6 BRP-2.49 T1-2

Ancestors

BRS184 3.0 3.0 4.0 3.0 4.0

PI230970 3.0 3.0 4.0 3.0 4.0

PI459025 3.0 5.0 4.3 3.0 5.0

Kinoshita 3.0 3.0 4.0 3.0 4.0

An76-1 4.0 3.7 5.0 3.0 5.0

3 Rpp-pyramided lines

No2-4F3-3 3.0 3.0 4.0 3.0 6.7

No2-4F3-22 3.0 3.7 5.0 4.0 6.0

No2-4F3-25 3.0 3.0 4.3 3.7 5.3

No2-4F3-28 3.0 3.0 4.0 3.0 6.7

No2-4F3-33 3.0 3.0 4.3 3.0 -

No6-12F3-1 3.3 3.0 4.0 3.3 6.0

No6-12F3-2 3.7 3.0 4.0 3.0 6.0

No6-12F3-7 3.3 3.0 4.3 3.0 6.0

Classification in terms of resistant (shading) or susceptible phenotypes in the resistance characters: %LU, NoU, and SL were determined according to a previous study 
(Yamanaka et al. 2011). -: The data is missing. Resistance or susceptible classification was not applied for IP.

Resistência à ferrugem asiática em linhagens de soja com três genes Rpp de 
resistência
Resumo – Neste estudo, foi avaliada a influência da composição genética no nível de resistência de uma linhagem de soja com genes 
Rpp2, Rpp4 e Rpp5, gerada através de retrocruzamentos com um cultivar suscetível. Também foram avaliadas oito linhagens car-
regando esses genes Rpp contra cinco isolados de ferrugem asiática da soja (FAS) para determinar a provável faixa de resistência 
contra isolados que diferem em patogenicidade. Os resultados indicam que um alto nível de resistência pode ser obtido em linhagens 
contendo os três genes Rpp inseridos em base genética suscetível, embora pequenas influências da base genética e da patogenicidade 
da FAS na resistência à ferrugem possam também ocorrer. Assim, linhagens com os genes Rpp2, Rpp4 e Rpp5 piramidados devem ser 
efetivas contra uma população complexa que consiste de vários isolados de Phakopsora pachyrhizi.
Palavras-chave: Melhoramento por retrocruzamento, piramidação de genes, seleção assistida por marcadores, diversidade patogênica.
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