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Abstract Since Asian soybean rust (ASR) isolates in South
America are highly virulent, diverse, and distantly related to
Japanese ones, limited numbers of resistance resources are
available in soybean breeding in that region. Pyramiding of
available ASR resistance genes (Rpp) in a single soybean
genotype may provide wider spectrum and higher level of
ASR resistance to soybean. However, the desired combina-
tions of genes conferring adequate resistance to highly viru-
lent or distantly related ASR isolates have not yet been stud-
ied. In this study, seven pyramided lines carrying multiple Rpp
genes have been developed and evaluated for their resistance
against one ASR isolate from Japan and two from Brazil.
Significantly higher resistance was observed in the pyramided
lines, No6-12-B (Rpp4+Rpp5), Oy49-4 (Rpp2+Rpp3+
Rpp4), and No6-12-1 (Rpp2+Rpp4+Rpp5) compared to the
original resistance sources, PI 230970 (Rpp2), Hyuuga
(Rpp3), PI 459025 (Rpp4), and Kinoshita (RppS) carrying
single Rpp genes. Although infection of the resistance sources
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with the highly virulent Brazilian ASR isolates resulted in
susceptible phenotypes with moderate to abundant sporula-
tion, highly resistant phenotypes with almost no sporulation
were observed in the three Rpp-pyramided lines. Therefore,
pyramided lines carrying these Rpp gene combinations are
useful in soybean breeding for conferring broad spectrum,
high resistance to ASR isolates that are virulent to the varieties
carrying single resistance genes.

Keywords Glycine max - Phakopsora pachyrhizi - Gene
pyramiding - Marker-assisted selection - Resistance gene

Introduction

Asian soybean rust (ASR), caused by the biotrophic basidio-
mycete Phakopsora pachyrhizi Syd. & P. Syd., occurs in ma-
jor soybean-growing regions of all tropical and sub-tropical
areas. Severe yield losses are especially common in South
America when environmental conditions are conducive for
ASR development (Yorinori 2008). Hence, ASR is considered
as one of the most serious economic threats for soybean
growers in that region (Goellner et al. 2010). Several manage-
ment tactics have been employed to control ASR and to min-
imize the impact of this disease. Chemical treatment with fun-
gicides has been perceived as the first line of defense against
ASR (Levy 2005). However, limited number of appropriate
fungicides, specific application requirements, increased pro-
duction costs, environmental pollution and development of
fungicide resistant strains are the main concerns of using fun-
gicides (Schneider et al. 2008). Hence, an environmentally-
friendly, cost-effective and long-term management of the dis-
ease can be achieved through utilization of host genetic resis-
tance to ASR (Ribeiro et al. 2007).
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Seven dominant genes (Rpp! to Rpp6 and Rpp1b) con-
trolling race-specific resistance to ASR have so far been
identified and mapped at different loci (Hyten et al. 2007,
2009; Garcia et al. 2008; Silva et al. 2008; Chakraborty
et al. 2009; Li et al. 2012; Hossain et al. 2015). Although
these major Rpp genes are now available for breeding,
they rarely offer durable resistance to the highly variable
ASR pathogen (Oliveira et al. 2005). These genes provide
effective resistance to some P. pachyrhizi races, but were
ineffective when challenged with other races. This has
limited the use of single genes for resistance in soybean
especially in South America, where ASR populations are
highly virulent and diverse (Yamanaka et al. 2010;
Akamatsu et al. 2013). These commonly encountered
problems associated with the ineffectiveness of the specif-
ic resistance genes and difficulties in the identification of
durable resistance against ASR has led to the continuous
search for new resistance genes. Development of ASR
resistant cultivars has been an important aspect of breed-
ing programs in soybean in the present days and would be
augmented by the identification of gene conditioning the
ASR resistance in a wide range of soybean varieties.
Although single resistance genes can be overcome by spe-
cific races of P. pachyrhizi, broad spectrum resistance
may be created by pyramiding multiple resistance genes
into modern cultivars.

Gene pyramiding has been successfully applied in
combining multiple disease resistance genes in several
previous experimental studies. Pyramiding of soybean
mosaic virus (SMV) resistance genes (Rsv) by marker-
assisted selection brought durable and wide spectrum of
resistance to several strains of SMV (Maroof et al.
2008). In rice, pyramided lines showed not only a
wider spectrum but also a higher level of bacterial
blight resistance compared with lines with only a single
gene (Huang et al. 1997). A higher level of resistance
in pyramided wheat lines was also observed against
cereal cyst nematode (Barloy et al. 2007). In soybean,
pyramiding of Rpp2, Rpp4, and Rpp5 in a single geno-
type was shown to provide higher resistance to ASR
(Lemos et al. 2011). Higher resistance of this
pyramided line to Brazilian ASR isolates was also con-
firmed in subsequent experiments (Yamanaka et al.
2013b). Maphosa et al. (2012) reported a low level of
ASR severity and sporulation through Rpp2, Rpp3 and
Rpp4 pairwise gene pyramiding. Thus, Rpp gene
pyramiding is expected to bring broad-spectrum and
higher resistance to the ASR pathogen in soybean.
Nevertheless, studies to pyramid desired gene combina-
tions for conferring adequate resistance to ASR are still
lacking. In the present work, we report the development
of several Rpp-pyramided lines and their evaluation
using three ASR isolates.
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Materials and methods
Plant materials

The soybean genotypes used in this study include five ASR-
resistant plant introductions and varieties carrying single Rpp
gene; PI 200492 (Rpp1), P1 230970 (Rpp2), Hyuuga (Rpp3),
PI 459025 (Rpp4) and Kinoshita (RppS5) (Fig. 1, Table 1).
These sources were crossed to obtain Rpp-pyramided lines
and therefore were named as ‘resistance source’ in this paper.
The soybean variety BRS 184 was used as susceptible control.
Four Rpp-pyramided lines carrying two Rpp genes [Mo84-6
(Rppl+Rpp2), An76-1 (Rpp2+Rpp4), Nol2-1-A (Rpp2+
RppS5), and No6-12-B (Rpp4+Rpp5)], and three Rpp-
pyramided lines carrying three Rpp genes [Mo42-1 (Rppl+
Rpp2+Rpp4), Oy49-4 (Rpp2+Rpp3+Rpp4), and No6-12-1
(Rpp2+Rpp4+Rpp5)], were obtained from crosses between
resistance sources or between resistance sources and Rpp-
pyramided line through marker-assisted selection (MAS) to
F; or F5 progenies (Fig. 1). Among the seven Rpp-pyramided
lines, An76-1 and No6-12-1 have been obtained from previ-
ous studies (Lemos et al. 2011; Yamanaka et al. 2011, 2013b),
while the other five were newly developed from three kinds of
F, populations: 1) No population consisting of 140 plants
derived from a cross ‘An76-1’x ‘Kinoshita’, 2) Oy population
of 94 plants from ‘An76-1’x ‘Hyuuga,” and 3) Mo population
of 93 plants from ‘PI 200492’ x‘An76-1’. All seven Rpp-
pyramided lines used in this study were derived from a single
F5 plant. For the evaluation of resistance to ASR isolates, F,
plants from Nol2-1-A (Rpp2+Rpp5), No6-12-B (Rpp4+
Rpp5), Oy49-4 (Rpp2+Rpp3+Rpp4), Mo42-1 (Rppl+
Rpp2+Rpp4), and Mo84-6 (Rppl+Rpp2), Fs plants from
An76-1 (Rpp2+Rpp4) and F¢ plants from No6-12-1 (Rpp2+
Rpp4+Rpp5) were used (Fig. 1). Three plants each from re-
sistance sources, Rpp-pyramided lines, and the susceptible
control were grown in an ASR-free growth chamber as de-
scribed by Yamanaka et al. (2010) and used for evaluation of
ASR resistance.

MAS of Rpp-pyramided lines

DNA was extracted from the parental genotypes (Fig. 1) as
well as from individual F, and F5 plants. Marker-assisted se-
lection (MAS) using simple sequence repeat (SSR) markers
linked to five Rpp loci (Table 1) was applied to obtain F, or F5
plants carrying two or three Rpp genes as homozygous resis-
tant. All SSR markers used in this study were co-dominant for
parents. In each Rpp locus, at least two SSR markers which are
polymorphic between parents and sandwiching Rpp locus
were used to identify the presence of Rpp genes. If recombi-
nation was observed between the markers in the F, or F3
plants, they were excluded from screening because of difficul-
ties to determine the genotype with Rpp gene. PCR and
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Fig. 1 Pedigree of Rpp-pyramided lines used 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

subsequent electrophoresis were performed following the pro-
cedures described by Yamanaka et al. (2013a).

Two F, plants, ‘No6-12” and ‘No12-1°, were selected from
the “No population’ used in the previous study (Lemos et al.
2011) and their progenies were screened to obtain Rpp-
pyramided lines (Table 1, Fig. 1). No6-12 carried Rpp2 as
heterozygous and Rpp4 and Rpp5 as homozygous resistant
(Rpp2rpp2Rpp4Rpp4RppSRppS). Twelve F; plants produced
from this plant were screened and three of them were found to
show Kinoshita genotype in the three Rpp2 (rpp2rpp2)-linked
SSR markers, Satt380, Satt620, and Sat366. Two SSR
markers for each of the Rpp4 and Rpp5 were checked to con-
firm whether the F5 plants carry these genes as homozygous
resistant (Rpp4Rpp4RppSRpp5). One of these three F5 plants,
‘No6-12-B’ (rpp2rpp2Rpp4Rpp4Rpp5SRppS5) was cultivated
to obtain F,4 plants and evaluated for ASR resistance. On the
other hand, two of nine F; plants from Nol2-1
(Rpp2Rpp2Rpp4rpp4RppSRpp5) were identified as homozy-
gous resistant for Rpp2 and Rpp5, and homozygous suscepti-
ble for Rpp4 (Rpp2Rpp2rpp4rpp4RppS5RppS) based on
screening with two Rpp4-linked SSR markers, Satt288 and
AF162283. A total of five SSR markers for Rpp2 and Rpp5
(Table 1) were also used to validate whether these plants carry
these two genes as resistant homozygous. One of these two F3
plants, ‘Nol12-1-A’ (Rpp2Rpp2rpp4rpp4RppSRppS) was

Mo42-1 (Rpp1 + Rpp2 + Rpp4)—— Mo42-1 (Rppl + Rpp2 + Rpp4)

Fs F,
Mo84-6 (Rpp1 + Rpp2)— Mo84-6 (Rpp1 + Rpp2)

parent. P and SSD mean parental variety and single-seed decent,
respectively. Pedigree of An76-1 and No6-12-1 has been reported in
previous studies (Lemos et al. 2011; Yamanaka et al. 2011, 2013b)

cultivated to obtain F,4 plants and used for evaluating ASR
resistance.

The ‘Mo population’ developed in this study was screened
with SSR markers linked to Rpp!, Rpp2, and Rpp4 to obtain
Rpp-pyramided lines carrying Rppl and Rpp2, and Rppl,
Rpp2 and Rpp4, respectively (Table 1). Two F, plants,
‘Mo42’ and ‘Mo84’, were identified to have Rpp! and Rpp?2
as homozygous resistant and Rpp4 as heterozygous
(Rpp1Rpp1Rpp2Rpp2Rpp4rpp4). Twelve F; plants from each
of ‘Mo42’ and ‘Mo84” were screened again by SSR markers
linked to Rpp4. Three F; plants from Mo42 and one from
Mo84 were identified to have Rpp4 as homozygous resistant
(Rpp1Rpp1Rpp2Rpp2Rpp4Rpp4). Only one plant, ‘Mo84-6’,
ofthe 24 F; progenies tested, carried the Rpp4 as homozygous
susceptible (RppIRpp1Rpp2Rpp2rpp4rpp4). One plant from
each of the four different F3 genotypes was cultivated further
to obtain F4 plants and used for evaluating their ASR
resistance.

The ‘Oy population’ developed in this study was also
screened with SSR markers for obtaining Rpp-pyramided
lines carrying Rpp2, Rpp3 and Rpp4 (Table 1). A single F,
plant, ‘Oy49’, was identified to have Rpp2 and Rpp4 as ho-
mozygous resistant and Rpp3 as heterozygous
(Rpp2Rpp2Rpp3rpp3Rpp4Rpp4). Twenty-two F; plants were
screened again with SSR markers linked to Rpp3. Three of
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seven F3 plants from Oy49 were identified to carry Rpp3 as
homozygous resistant (Rpp2Rpp2Rpp3Rpp3Rpp4Rpp4). One
ofthem, ‘Oy49-4’, was used to produce F, plants, followed by
evaluation for ASR resistance.

Pathogen inoculation and resistance evaluation

One Japanese ASR isolate (T1-2) and two Brazilian ASR
isolates (BRP-2.5 and BRP-2.6) used in the previous studies
(Yamanaka et al. 2013b; Hossain et al. 2015) were used for
inoculation. Single-lesion isolate T1-2 was obtained from
ASR population T1 originally collected from a soybean field
in Tsukuba, Japan on September 2007 (Yamaoka et al. 2014).
Single-lesion isolates BRP-2.5 and BRP-2.6 were obtained
from ASR population BRP-2 originally collected at a green-
house in Embrapa Soja, Brazil on August 2008 (Yamanaka
et al. 2010). When plants reached the V3 to V4 growth stage
(approximately 3 weeks after sowing), a total of nine leaflets
were excised from three plants (three leaflets x three plants) in
each genotype, respectively. Then three detached leaflets de-
rived from three independent plants were inoculated with one
of three ASR isolates using the detached-leaf method as de-
scribed by Yamanaka et al. (2013b). The final spore concen-
tration used for each inoculation was 6.5 x 10* urediniospores/
mL. Two weeks after inoculation, each single lesion was
scored for the numbers of uredinia and sporulation (0: no
spores to 3: abundant spores; Yamanaka et al. 2013a). Then,
the numbers of uredinia per lesion (NoU) and sporulation
level (SL) were obtained based on 30 lesions for each plant
(replication). Finally, average NoU and SL of three replica-
tions were compared among genotypes in each isolate inocu-
lation. Significant differences (p<0.05) in NoU and SL among
genotypes was confirmed by ANOVA or Kruskal-Wallis test.
Significance levels in NoU and SL between genotypes were
determined by Tukey HSD test (»p<0.05). These tests were
conducted in R software v. 3.0.1 (R Development Core
Team 2013).

Results
Resistance to ASR isolate T1-2

A level of susceptibility similar to the control variety BRS 184
was observed in P1230970 (Rpp2) and An76-1 (Rpp2+Rpp4)
with regards to NoU and in PI 230970 (Rpp2) with regards to
SL during infection by ASR isolate T1-2 (Fig. 2). The other
resistance sources and Rpp-pyramided lines showed a lower
level of NoU and SL than BRS 184 (Fig. 2), although they
differed widely with a range of 0.0SNoU<1.2 and 0.0SSL<
1.6. No uredinia and sporulation were observed in three
Rpp-pyramided lines: No6-12-B (Rpp4+Rpp5), Oy49-4
(Rpp2+Rpp3+Rpp4) and No6-12-1 (Rpp2+Rpp4+Rpp3).

Some of their resistance source varieties, i.e., Hyuuga
(Rpp3) and Kinoshita (RppS), also had very low levels of
NoU and SL, and no significant differences between these
three Rpp-pyramided lines and their resistance source varieties
were observed (Fig. 2).

Resistance to ASR isolate BRP-2.5

All resistance sources except PI 459025 (Rpp4) showed
the same or higher level of NoU and SL compared to the
susceptible control variety BRS 184 after infection by
ASR isolate BRP-2.5 (Fig. 2). PI 459025 (Rpp4) had
significantly lower levels of NoU and SL than BRS
184 and was considered as resistant. On the other hand,
six and five out of seven Rpp-pyramided lines showed
significantly lower levels of NoU and SL, respectively,
than BRS 184. Only one pyramided line, Mo84-6
(Rppl+Rpp2), and two pyramided lines, Mo84-6
(Rpp1+Rpp2) and Nol2-1-A (Rpp2+Rpp3), did not have
not significantly lower SL and NoU, respectively, than
BRS 184. All five Rpp-pyramided lines that had signifi-
cantly lower SL than BRS184 carried the Rpp4 gene.
Neither uredinial formation nor sporulation was observed
in two Rpp-pyramided lines, No6-12-B (Rpp4+Rpp5)
and No6-12-1 (Rpp2+Rpp4+Rpp5), as observed for T1-
2 infection. However, a fewer uredinia and little sporu-
lation were observed in Oy49-4 (Rpp2+Rpp3+Rpp4).

Resistance to ASR isolate BRP-2.6

The NoU in all five resistance source varieties (RppI-5) did
not appear to differ significantly with that in the susceptible
cultivar BRS 184 after infection by BRP-2.6 (Fig. 2). Only PI
459025 (Rpp4) showed a significant difference in SL over
BRS 184 and the other four resistance source varieties, pro-
ducing moderate sporulation with a SL value of 2.0. However,
the three Rpp-pyramided lines, No6-12-B (Rpp4+RppJ),
Oy49-4 (Rpp2+ Rpp3+ Rpp4) and No6-12-1 (Rpp2+Rpp4+
Rpp5), were highly resistant and had significantly lower NoU
and SL than BRS 184. Additionally, the NoU and SL in these
pyramided lines were also significantly lower than those of
their resistance source varieties, PI 230970 (Rpp2), Hyuuga
(Rpp3), P1 459025 (Rpp4) and Kinoshita (Rpp5). The other
four Rpp-pyramided lines, Mo84-6 (Rppl+Rpp2), An76-1
(Rpp2+Rpp4), Nol2-1-A (Rpp2+Rpp5) and Mo42-1
(Rpp1+Rpp2+ Rpp4), did not show significantly lower NoU
and/or SL than BRS 184. Thus, no significant enhancement in
ASR resistance was observed in these four Rpp-pyramided
lines in comparison with their resistance source varieties, PI
200492 (Rppl), PI 230970 (Rpp2), P1 459025 (Rpp4) and
Kinoshita (RppJ).
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pyramided lines and their resistance sources. The asterisks in the Rpp-
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Discussion

The use of ASR resistance genes (Rpp) should be an important
management component for control of the disease, but the
seven unique Rpp genes that were identified so far rarely con-
fer sufficient resistance to highly virulent and diverse South
American ASR populations and isolates (Yamanaka et al.
2010, 2011; Akamatsu et al. 2013). Therefore, searching for
new breeding resources and strategies is required to provide
durable and high impact resistance to ASR in soybean pro-
duction. Previous studies have indicated the usefulness of
pyramiding different Rpp genes in one genotype, as it im-
proved the efficiency of plant breeding leading to the devel-
opment of broad spectrum and high level of resistance capa-
bilities against ASR (Lemos et al. 2011; Maphosa et al. 2012;
Yamanaka et al. 2013b). However, it has not yet been inves-
tigated which combinations of Rpp genes confer higher resis-
tance to multiple ASR races and whether pyramiding Rpp
genes brings high resistance to the ASR races that are virulent
to individual Rpp genes.

In this study, the resistance to three ASR isolates was com-
pared among four combinations of double Rpp genes and
three combinations of triple Rpp genes. These combinations
were Rppl+Rpp2, Rpp2+Rpp4, Rpp2+RppS, Rpp4+Rpp3,
Rppl+Rpp2+Rpp4, Rpp2+Rpp 3+ Rpp4, and Rpp2+
Rpp4+Rpp5. Among them, the Rpp4+Rpp5, Rpp2+Rpp3+
Rpp4, and Rpp2+Rpp4+Rpp5 combinations showed the
highest potential of resistance to all tested ASR isolates
(Fig. 2). These pyramided lines were more ASR resistant than
their source varieties (BRP-2.6 in Fig. 2), however, the rela-
tive resistance in the Rpp2+Rpp4 and Rpp2+Rpp5 combina-
tions was not as high as that in the Rpp4+Rpp5 and Rpp2+
Rpp4+Rpp5 combinations. Thus, pyramiding Rpp4+RppS5
expressed additional synergistic effects. Regarding the com-
bination of Rpp2+Rpp3+Rpp4, the digenic or trigenic effects
of these genes were not realized, since the genotypes with
Rpp2+Rpp3 and Rpp3+Rpp4 were not included in the present
study. However, Maphosa et al. (2012) compared the effects
of pairwise gene combination using three genes, Rpp2, Rpp3
and Rpp4, against an ASR population in Kabanyolo, Uganda.
They concluded that the Rpp2+Rpp3 genotype had signifi-
cantly lower severity, lesions per square centimeter and fre-
quency of sporulating lesion than those of the parents (Rpp2,
Rpp3 or Rpp4) and of the Rpp2+Rpp4 genotype. This sup-
ports presence of improved ASR resistance in the Rpp2+Rpp3
combination. Thus, high ASR resistance observed in Oy49-4
(Rpp2+Rpp3+Rpp4) could be derived from the possible
digenic interaction between Rpp2 and Rpp3 as implied by
Maphosa et al. (2012).

The combinations of Rppl+Rpp2, Rpp2+Rpp4, Rpp2+
Rpp5 and Rppl+Rpp2+Rpp4 were not effective to the highly
virulent Brazilian ASR isolates used in this study. Their Rpp2
resistance source, PI 230970, was also susceptible to all three

tested ASR isolates. However, since other Rpp2-carrying va-
rieties such as Iyodaizu B and Hougyoku were known to show
different reactions to Brazilian ASR isolates (Yamanaka et al.
2015), they may be effective to the highly virulent Brazilian
isolates used in this study. In addition, digenic interactions in
genotypes with Rpp2+Rpp4 and Rpp2+RppS5 were observed
to play significant roles in reducing NoU and SL during in-
fection by Brazilian ASR populations in a previous study
(Lemos et al. 2011). Therefore, the gene combinations
Rppl+Rpp2, Rpp2+Rpp4, Rpp2+RppS5 and Rppl+Rpp2+
Rpp4 could be effective against different ASR isolates from
those used in this study.

In this study we did not include Rpp-b and Rpp6 for Rpp-
pyramiding. The Rpp1-b gene from PI 594767A, PI 587905
and PI 587880A is closely located to Rpp! in chromosome 18
and has shown resistance to 89-96 % of South American ASR
population samples (Hossain et al. 2015). Similarly, soybean
variety PI 567102B carrying Rpp6 is currently included in
differential varieties (Yamanaka et al. 2013a) and found to
show high resistance against Paraguayan ASR populations
(Miles et al. 2008). These resistant varieties could be useful
and should be included as resistance sources for future
Rpp-pyramiding breeding programs. In addition, several vari-
eties have been identified to share same Rpp genes, e.g., four
and five varieties were reported to share Rpp5 (Garcia et al.
2008) and Rpp3 (Brogin 2005; Monteros et al. 2007; Hyten
etal. 2009; Ray et al. 2011; Hossain et al. 2015), respectively.
The allelic differences of these single genes in different vari-
eties (or tightly linked independent genes) may influence the
range of ASR pathogens to which they show resistance and
also change the degree of resistance derived from genetic in-
teractions due to Rpp-pyramiding.

Since all Rpp-pyramided lines except for An76-1 are de-
rived from crosses with An76-1, half of the genome (except
for Rpp loci) among all seven Rpp-pyramided lines are theo-
retically the same. Minor effects of genetic background on
resistance phenotypes have been observed in Rpp-pyramided
lines (Yamanaka et al. 2013b). Differences on the phenotypes
among the lines might be influenced by such effects as well as
environmental factors. In order to estimate the pyramiding
effect more exactly, Rpp-pyramided line series having the
same genetic background should be developed by the use of
isogenic lines or linebreeding.

In conclusion, our study successfully observed that
pyramided lines carrying two or three Rpp genes showed
higher resistance to three ASR isolates with different origins
and pathogenicity, although the ASR isolates were virulent to
varieties carrying the single Rpp genes used for the
pyramiding. Pyramiding with the combinations Rpp4+Rpp3,
Rpp2+Rpp3+Rpp4 and Rpp2+Rpp4+Rpp5 was most useful
for enhancing the resistance to ASR isolates in a less race-
specific manner. These Rpp- pyramided lines have practical
breeding value by providing broad-spectrum and high level of
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resistance against ASR. However, validation tests under field
conditions with natural ASR infection are necessary to dem-
onstrate the pyramiding effect observed in this study. In addi-
tion, further experiments should be performed using addition-
al Rpp combinations, genetic backgrounds of pyramided lines,
and ASR isolates to identify the most effective combination of
Rpp genes for ASR resistance.
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