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Abstract 

Soybean is a crucial crop for the Brazilian economy, but it faces challenges from the biotrophic fungus Phakopsora 
pachyrhizi, which causes Asian Soybean Rust (ASR). In this study, we aimed to identify SNPs associated with resistance 
within the Rpp1 locus, which is effective against Brazilian ASR populations. We employed GWAS and re-sequencing 
analyzes to pinpoint SNP markers capable of differentiating between soybean accessions harboring the Rpp1, Rpp1-
b and other alternative alleles in the Rpp1 locus and from susceptible soybean cultivars. Seven SNP markers were 
found to be associated with ASR resistance through GWAS, with three of them defining haplotypes that efficiently 
distinguished the accessions based on their ASR resistance and source of the Rpp gene. These haplotypes were 
subsequently validated using a bi-parental population and a diverse set of Rpp sources, demonstrating that the GWAS 
markers co-segregate with ASR resistance. We then examined the presence of these haplotypes in a diverse set of soy-
bean genomes worldwide, finding a few new potential sources of Rpp1/Rpp1-b. Further genomic sequence analysis 
revealed nucleotide differences within the genes present in the Rpp1 locus, including the ULP1-NBS-LRR genes, which 
are potential R gene candidates. These results provide valuable insights into ASR resistance in soybean, thus helping 
the development of resistant soybean varieties through genetic breeding programs.
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Background
Soybean is one of the main products of the Brazilian 
economy, with 155 million metric tons harvested in the 
2022/2023 growing season, on a cultivated area of 44 mil-
lion hectares [1]. Although Brazil has a great potential 
to increase its production, there are some limiting fac-
tors affecting it, such as climate, pests, and diseases. The 
Asian Soybean Rust (ASR), caused by the obligate bio-
trophic fungus Phakopsora pachyrhizi (Pp), is currently 
the most damaging soybean disease in Brazil, with yield 
losses reaching up to 80% in the absence of adequate 
control measures [2, 3]. Since its identification in Brazil-
ian fields (2001/2002), economic losses due to ASR have 
reached billions of US dollars (USD), which includes 
both yield loss and the cost of chemical control [4]. Cur-
rently the main disease control applied is a chemical one, 
with fungicide costs to manage ASR in Brazilian fields 
reaching more than 2 billion USD per year [5]. Yield loss 
caused by ASR in a food security hotspot including South 
of Brazil, Paraguay, Uruguay and Argentina was esti-
mated in 6.65%. The disease was classified as chronical, 
which means, that cause large crop losses in specific food 
security hotspots [6].

Studies focusing on the identification of sources of 
genetic resistance to ASR and efforts to develop resistant 
cultivars have been done [7–11]. So far, seven different P. 
pachyrhizi resistance (Rpp) loci have been mapped in the 
soybean genome. The Rpp1 locus was the first locus iden-
tified in PI 200492, and it was mapped on chromosome 
18 [12]. After that, the Rpp1 locus was also identified in 
several other accessions such as PI 417120, PI 423958, 
PI 518295, PI 547875, PI 368039 as well as in the Japa-
nese cultivar Himeshirazu (PI 594177) and the Chinese 
accession Xiao Jing Huang [10, 13, 14]. Recently, Rpp1 
was also reported in accessions from Malaysia (WC2) 
[15], Uganda (UG-5) [16] and India (EC241780) [17]. 
Meanwhile through differential virulence profiling of Pp 
isolates, allelism tests and genetic mapping, other Rpp1 
alleles have also been identified. Originally, the Rpp1-b 
allele was mapped in PI 594538A [18], and subsequently 
Rpp1b or other alternative alleles in the accessions PI 
587880A, PI 587886, PI 594767A, PI 587905, PI 587855, 
PI 594723, and PI 594756 [19–23]. In addition, other 
Rpp loci were further mapped: Rpp2 on chromosome 16 
in the accessions PI 230970 [7] and PI 224270 [8], and 
Rpp3 on chromosome 6 in PI 462312 [24]. Rpp4 from PI 
459025B [7], and Rpp6 from PI 567102B [25] were identi-
fied on chromosome 18, but mapped to distinct regions 
when compared to the Rpp1 locus. Rpp5 was mapped 
on chromosome 3 in PI 200456, PI200526 and PI 471904 
[8]. Lastly, Rpp7 was mapped on chromosome 19 in PI 
605823 [26]. However, an ineffectiveness of most of these 
Rpp loci has been reported over the world widely and is 

thought to be due to the high variability of Pp popula-
tions and races [27–29]. Furthermore, Pp populations 
from different countries show different virulence pro-
files, which means that the efficacy of Rpp loci is variable 
and depends on the origin of the Pp population [30–33]. 
Therefore, knowledge about Pp populations and local 
pathotypes, combined with the discovery of new alleles 
and loci, are essential for ASR management on soybean 
fields.

Currently, genome-wide association studies (GWAS) 
are one of the major approaches to identify genomic 
regions associated with resistance to pathogens in soy-
bean [34–36], and so far, three GWAS analysis have 
been conducted to identify genomic regions associated 
to ASR resistance [37–39]. The first study, using USDA 
data, discovered two SNP markers associated with resist-
ance: one on chromosome 15, a novel region associ-
ated with ASR resistance, and another within the Rpp1 
locus on chromosome 18 [37]. Another study screened 
191 soybean accessions in the Southeastern US from 
2008 to 2015, identifying eight genomic regions linked 
to ASR resistance, including Rpp3 and Rpp6 loci, along 
with new regions unrelated to major resistance genes 
[38]. A recent study of 3,082 soybean accessions identi-
fied several genomic regions associated with ASR resist-
ance, with significant SNP markers near the Rpp1, Rpp2, 
Rpp3, and Rpp4 loci [39].. However, all three studies were 
performed using SNP data derived from the SoySNP50K 
Infinium Chip, which may limit the discovery of new SNP 
markers. Furthermore, all studies were performed using 
Pp populations and/or isolates from the US, thus limiting 
the discovery of potential regions associated with resist-
ance towards different pathotypes from other countries.

The analysis of the Rpp1 locus in PI 200492 through 
virus-induced gene silencing (VIGS) revealed a cluster 
of three NBS-LRR genes, with an N-terminal ubiquitin-
like protease 1 (ULP1) domain, as the best candidates 
for the Rpp1 gene. Interestingly, the silencing of the 
ULP1-NBS-LRR genes switched plants from an immune 
response (absence of symptoms/lesions) to a resistant 
reaction (RB lesions) [40]. A recent study showed that as 
was the case for Rpp1 from PI 200492, the Rpp1-b locus 
from PI 594760B also contains three ULP1-NBS-LRR 
genes. It was also found that resistance from the Rpp1 
locus can be affected by a mechanism of dominant sus-
ceptibility (DS), when Rpp1 accessions are crossed with 
accession carrying a susceptibility allele. Through VIGS, 
yeast two-hybrid studies and in silico modelling, the 
study suggested the NBS-LRR proteins from resistant 
and susceptible lines interacted with each other to lead 
to the DS phenome [41]. Importantly, those two studies 
highlighted the complexity of the Rpp1 locus in soybean 
and indicate that further studies are necessary to gain a 
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better understanding of its resistance mechanisms. It was 
recently demonstrated that Rpp1-b allele is still effec-
tive against current Pp populations on Brazilian soy-
bean fields, especially if combined with other Rpp genes 
[42, 43]. Despite the potential of this locus in provid-
ing robust resistance to soybean cultivars, there are few 
studies identifying and validating SNP markers tightly 
associated with these alleles, hindering its use in marker-
assisted selection (MAS) programs.

In this present study, we aimed to explore the allelic 
variability at the Rpp1 locus using a diverse set of soy-
bean accessions bearing Rpp1, Rpp1-b or other alterna-
tive alleles, to identify SNP markers tightly associated 
with this locus by GWAS. We found haplotypes com-
mon to a group of Rpp1-b donors and validated them in 
a biparental population. We also checked the distribution 
of the haplotypes in a diverse set of more than one thou-
sand accessions of soybean worldwide. Overall, our study 
brings insights about the genomic composition of the 
Rpp1 locus, contributing for future cloning approaches. 
These data will be helpful in identifying the specific genes 
conferring Rpp resistance and will provide useful data for 
ASR management and breeding programs, for example in 
the pyramiding of multiple Rpp genes.

Methods
Plant materials
The GWAS panel was composed of 100 soybean acces-
sions: 35 Brazilian cultivars, 3 American cultivars, 42 
ASR-resistant advanced breeding lines (BL) from the 
Embrapa Soybean breeding program that were selected 
as they contained sources of Rpp1 in their pedigree, 12 
varieties from China, five from Japan, two from Tai-
wan, and one from US, all previously described harbor-
ing Rpp1/Rpp1-b (Supplementary Table  1) and here 
identified by their GRIN PI (Plant Introduction) codes. 
The advanced breeding lines were developed to harbor 
the Rpp1 locus from different Rpp1 donors, such as PI 
587880A, PI 561356 and PI 594766. Seeds for each soy-
bean accession were sown under greenhouse conditions 
(temperature between 20 °C and 34 °C). Leaf tissue for 
each accession was harvested individually and frozen in 
liquid nitrogen for DNA extraction. For the fine sequence 
analysis of the Rpp1 locus, leaf material of seven soybean 
accessions bearing either Rpp1 or Rpp1-b were also col-
lected for DNA extraction and short-read re-sequencing.

For haplotype validation, a biparental population 
derived from the susceptible accession PI 594774 (used 
as female) and the resistant accession PI 587880A (used 
as male) was developed.  F1 plants from the crosses were 
self-pollinated, producing  F2 seeds used for ASR pheno-
typing and SNP genotyping. A set of accessions harbor-
ing different Rpp loci was also sown, and leaf tissue was 

used for DNA extraction and genotyping. All accessions 
were grown in a greenhouse under controlled conditions 
for leaf collection and evaluation of resistance to P. pach-
yrhizi. All seeds used were obtained from the Embrapa 
Soybean Active Germplasm Bank, Londrina, Brazil.

ASR resistance evaluation
The 100 accessions of the GWAS panel and the 106  F2 
progeny from the cross between PI 587880A × PI 594774 
were inoculated with spores from a Brazilian P. pachy-
rhizi population collected from the experimental fields 
of Embrapa Soja, Londrina, Brazil in 2017. Briefly, plants 
were sowed in 8-L pots containing heat-sterilized soil. 
The GWAS panel accessions were arranged following 
a randomized block design, with three replicates (each 
replicate consisting of five plants per pot), in a total of 
15 plants per genotype, while the  F2 individuals in com-
pletely randomized design. Plants were inoculated at the 
V2-V3 developmental stage [44]. ASR inoculum con-
sisted of Pp urediniospores at the concentration of 6 ×  105 
spores  mL−1, suspended in a solution of sterile water 
and 0.01% (v/v) Tween-20 (Uniqema). Inoculations were 
carried out at the end of the day to ensure ideal condi-
tions for spore viability and infectivity. Following inocu-
lation, the plants were kept bagged for 24 h to ensure 
high humidity and ideal conditions for spore germina-
tion [36]. After that period, the bags were removed, and 
the plants remained in the greenhouse (80% humidity 
maintained by water spray) until symptoms appeared. 
Symptom assessment was performed approximately 10 
days after inoculation. The second trifolium of each plant 
was evaluated qualitatively for lesion type as susceptible, 
characterized by tan coloured lesions with sporulating 
uredinia; and resistant, characterized by reddish-brown 
coloured lesions, with few or absent uredinia and spores 
[45]. Three evaluations were carried out at 10, 14, and 18 
days after inoculation (DAI), to confirm the disease reac-
tion. The phenotypic results were the same on all three 
evaluations.

DNA extraction, GBS approach and SNP calling
DNA extraction was performed using the DNeasy Plant 
Mini Kit (Qiagen, Inc., Valencia, CA) from 100 mg of 
young leaf tissue (14-day-old seedlings), following the 
manufacturer’s instructions. DNA concentration was 
determined using a NanoDrop ND-1000 UV–Vis spec-
trophotometer (Thermo Fisher Scientific) and diluted 
to 10 ng/μL. Sample integrity was confirmed by electro-
phoresis (120 V) on 1% agarose gel using 1X SB buffer 
(sodium borate).

Briefly, for the GBS library preparation, DNA from 
all the 100 accessions was digested by the enzyme 
ApeKI, linked to compatible adapters containing 
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barcode sequences and primers for Ion Torrent sequenc-
ing performed at the Institut of Biologie Intégrative et 
des Systèmes at the Université Laval, Quebec, Canada 
(as per Sonah et  al. [46]). Raw data (50–135 bp) were 
analyzed using the Fast-GBS pipeline [47]. In sum-
mary, raw paired-end reads were demultiplexed using 
Sabre (https:// github. com/ najos hi/ sabre), cleaned and 
trimmed using Cutadapt [48]. Filtered paired-end reads 
were mapped to the soybean reference genome (W82.
a2.v1) using BWA v0.7.17 [49] and variant calling was 
performed by Platypus [50]. After that, variants show-
ing ≥ 80% of missing data were removed, and the result-
ing SNP catalogue as then filtered out to remove InDels. 
SNP markers with MAF (minor allele frequency) > 1% 
and heterozygosity < 10% were tehn submitted to imputa-
tion of missing data using Beagle v.4.1 [51].

Short-read data obtained from WGRS sequencing of 
Rpp1/Rpp1-b sources were trimmed to remove low-
quality reads and adapters using Trimmomatic v0.39 [52]; 
filtered paired-end reads were mapped to the soybean 
reference genome (W82.a2.v1) with BWA, (BWA-MEM 
algorithm with default parameters). The resulting SAM 
files were converted to BAM format with SAMtools v1.9. 
BAM; files were then sorted, and PCR duplicates were 
marked with Picard Toolkit (https:// github. com/ broad 
insti tute/ picard) and the variant calling was performed 
using GATK v4.1.4.1 with HaplotypeCaller (GATK) and 
GenotypeGVCFs functions [53].

Associative mapping analysis and haplotype analysis
GWAS was conducted using a compressed linear mixed 
model (cMLM—Compressed Mixed Linear Model) [54], 
implemented in the GAPIT (Genome Association and 
Prediction Integrated Tool) software package in R envi-
ronment [55]. Population structure (three principal com-
ponents) and genetic relatedness among the accessions 
(VanRaden kinship matrix (K)) were used to reduce con-
founding in the cMLM model. Since kinship is derived 
from all the markers, incorporating with the kinship for 
testing markers in a MLM model causes the confound-
ing between the testing markers and the individuals’ 
genetic effects with variance structure defined by the 
kinship. To reduce the confounding problem, individuals 
are replaced by their corresponding groups in the cMLM 
model (https:// zzlab. net/ GAPIT/ gapit_ help_ docum ent. 
pdf ). Only SNP-trait associations with an FDR-adjusted 
p-value (FDR—false discovery rate) ≤ 0.001 were consid-
ered significant. SNP markers highly associated with the 
ASR resistance were used to identify haplotypes to distin-
guish Rpp1, Rpp1-b and other Rpp1 alleles from suscep-
tible alleles. We retrieved whole genome re-sequencing 
(WGRS) data from Brazilian soybean cultivars [34, 56] 
and combined it with our WGRS data from Rpp1/Rpp1-b 

donors, extracted all SNP markers in the genomic inter-
val associated with resistance to ASR in order to capture 
additional SNP markers not detected by GBS, but useful 
for haplotype analysis. To define linkage disequilibrium 
(LD) patterns and candidate genes, the correlation coef-
ficient of alleles values (r2) between the GBS-derived SNP 
markers and WGRS SNP markers were calculated using 
PLINK 1.9 [57]. LD blocks were visualized as heatmaps 
using the “LDheatmap” R package [58]. Predictions of 
SNP effects were done by SnpEff version 4.3i [59]. Can-
didate gene annotation was obtained from the Phyto-
zome database (https:// phyto zome- next. jgi. doe. gov/ info/ 
Gmax_ Wm82_ a2_ v1).

Phylogenetic trees were constructed using 9,555 
WGRS-derived SNP markers that were polymorphic 
among the 28 re-sequenced soybean accessions genomes 
and 67 GBS-derived SNPs (from 100 soybean acces-
sions) identified within the 568-Kb Rpp1 interval using 
the neighbor-joining method, with 1,000 bootstraps and 
bootstrap values over 50 were used as threshold (MEGA 
X) [60]. Phylogenetic trees were visualized with the online 
tool iTOL [61]. The level of identity between sequences 
was calculated after alignment in the Geneious program 
v.11.1.5 (https:// assets. genei ous. com/ docum entat ion/ 
genei ous/ Genei ousPr imeMa nual) and candidate gene 
sequences were extracted using the Integrative Genom-
ics Viewer (IGV) [62]. Genomic sequences of the eight 
NLR genes identified in the known accessions harbor-
ing the Rpp1 and Rpp1-b locus were converted to pro-
tein sequences using the ExPASy online translation 
tool (https:// web. expasy. org/ trans late/), and conserved 
domains were predicted for PI 200492, PI 587880A, PI 
587886, PI 587905, PI594754, PI 561356, and PI 594538A 
with the NCBI Conserved Domains Database (CDD) [63].

Validating of SNP markers associated with Rpp1 locus
To validate SNP markers associated with ASR resistance 
conferred by the Rpp1-b locus, a population derived 
from the resistant accession PI 587880A, and the sus-
ceptible accession PI 594774 was developed. A total of 
106  F2 plants were generated and used for ASR disease 
screening and genotyping. Seven SNP markers associ-
ated with ASR resistance identified in the GWAS analy-
sis were used (Chr18:55,976,566; Chr18:56,207,185; 
Chr18:56,378,428; Chr18:56,378,436; Chr18:56,412,205; 
Chr18:56,544,134; Chr18:56,544,813). DNA extraction 
was performed following the methodology previously 
described. Genotyping was performed by PlexSeq™ 
sequencing by AgriPlex Genomics in the entire  F2 pop-
ulation. Briefly, fasta sequences containing 100 bp up- 
and downstream of each SNP marker were extracted 
from the reference genome (W82.a2.v1) masked 
and submitted to the company to primers designing 

https://github.com/najoshi/sabre
https://github.com/broadinstitute/picard
https://github.com/broadinstitute/picard
https://zzlab.net/GAPIT/gapit_help_document.pdf
https://zzlab.net/GAPIT/gapit_help_document.pdf
https://phytozome-next.jgi.doe.gov/info/Gmax_Wm82_a2_v1
https://phytozome-next.jgi.doe.gov/info/Gmax_Wm82_a2_v1
https://assets.geneious.com/documentation/geneious/GeneiousPrimeManual
https://assets.geneious.com/documentation/geneious/GeneiousPrimeManual
https://web.expasy.org/translate/
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and further amplicon sequencing. Data from the PI 
587880A  F2 population was analyzed by performing a 
goodnes-of-fit χ2 (chi-square) test to compare expected 
and observed resistance segregation rates and genotyp-
ing results with selected markers.

We also validated the haplotypes using PlexSeq™ 
sequencing in a comprehensive set of 75 soybean acces-
sions harboring different Rpp genes and/or alleles pre-
viously describe in the literature: six Rpp1/Rpp1-b, six 
Rpp2, 45 Rpp3, four Rpp4, four Rpp5, six Rpp6, one 
Rpp7, and the three pyramids [Rpp3 + Rpp5 (cv. Hyu-
uga), No 6–12 1 (Rpp2 + Rpp4 + Rpp5), and An76-1 
(Rpp2 + Rpp4)]. To analyze the distribution of the Rpp1-
b haplotype worldwide, we downloaded the variant call-
ing data from 1,511 diverse wild and cultivated soybean 
publicly available from Zhang et al. [64] and deposited 
in Soybase database (https:// soyba se. org/ data/ v2/ Glyci 
ne/ max/ diver sity/ Wm82. gnm2. div. Zhang_ Jiang_ 2020/). 
SNP marker positions were extracted by VCFtools and 
histogram plots made with ggplot2 package [65].

Results
Soybean resistance to Phakopsora pachyrhizi
The GWAS panel, comprising 100 soybean accessions, 
was inoculated with a recent Brazilian population of 

P. pachyrhizi collected from soybean fields and subse-
quently assessed for their disease reaction (Supplemen-
tary Table  1). All soybean cultivars lacking Rpp genes 
consistently showed tan-type lesions, indicating a suscep-
tibility reaction, across all replicates at three evaluation 
time points (10, 14, and 18 DAI). Similarly, cultivars pre-
viously described as susceptible to ASR, such as cv. BRS 
232, cv. BRSGO Chapadões, and cv. Bragg, also exhib-
ited susceptibility reaction. Interestingly, among the 20 
accessions harboring a known Rpp allele at the Rpp1 
locus, 11 accessions (65%) showed resistance symptoms 
(RB-type lesions): PI 368039, PI 518295, PI 561356, PI 
587880A, PI 587886, PI 587905, PI 594754, PI 594766, 
PI 594767A, PI594760B and PI 594538A (Rpp1-b origi-
nal source). The remaining nine accessions showed sus-
ceptibility symptoms: PI 423958, PI 547875, PI 368038, 
PI 587866, PI 594177, PI 587855, PI 417120, PI 587916A, 
including PI 200492 (Rpp1 original source) (Fig. 1a). Out 
of the 42 advanced breeding lines harboring the Rpp1 
locus in their pedigree, 30 (70%) exhibited a resistance 
reaction, while the remaining 12 (30%) showed suscep-
tibility, similar to the susceptible Brazilian cultivars. For 
instance, among the 19 breeding lines described as hav-
ing PI 587880A in their pedigree, 13 were resistant and 
six were susceptible. Similar results were observed in the 

Fig. 1 GWAS results identified a region on chromosome 18 associated with ASR resistance. a Representation of known Rpp1 sources with resistance 
(green) and susceptibility (brown) against a Brazilian Pp population. b Visualization of population structure among 100 soybean accessions 
through the first two principal components. c GWAS results depicted in a Manhattan plot, showing SNP markers along with their negative 
log10 p-values across the 20 soybean chromosomes, with the quantile–quantile plot (upper left). Red line indicating the significance threshold. 
d Phylogenetic tree constructed based on 67 GBS-derived SNP markers, highlighting the clustering of accessions, and their corresponding 
haplotypes. BR 36, Vmax RR, and Davis exhibited unique haplotypes G/T-T-G/T, TGT, and TAC, respectively

https://soybase.org/data/v2/Glycine/max/diversity/Wm82.gnm2.div.Zhang_Jiang_2020/
https://soybase.org/data/v2/Glycine/max/diversity/Wm82.gnm2.div.Zhang_Jiang_2020/
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eight breeding lines derived from PI 561356, in which, six 
lines showed resistance reaction and two showed suscep-
tibility reaction.

GWAS results and haplotype analysis
Sequencing of the GBS library yielded a total of 
55,481,894 raw paired-end reads. Variant calling per-
formed by the Fast-GBS pipeline and further filtering 
steps generated a total of 49,271 high-quality SNPs. We 
first investigated the population structure of our GWAS 
panel though a principal component analysis (PCA) 
(Fig. 1b, Supplementary Fig. 1), with the three first PCs 
explaining approximately 25% of the genetic variance 
(PC1 explained about 12% of genetic variance, PC2 8% 
and PC3 about 5%). In the scatter plot of the first two 
PCs, it is clear that soybean accessions clustered accord-
ing to their geographic origin and the nature of the 
accessions, with three major clusters identified. The first 
cluster primarily consists of old Brazilian cultivars, the 
second cluster was composed mainly by RILs developed 
to harbor ASR resistance and derived from modern culti-
vars, and the third cluster consisting of PIs Rpp1 sources, 
all of them from China, Japan, and Taiwan.

For the GWAS analysis using cMLM model, we 
observed a low basal level of association throughout the 
entire genome (P-value <  10–2), except for the genomic 
location of Rpp1 on chromosome 18, as expected 
(Fig.  1c). We identified seven SNP markers significantly 
associated with ASR resistance (FDR ≤ 0.001). Their FDR-
adjusted p-values ranged from 1.34E-05 to 0.001, with 
they explained up to 68% of the phenotypic variation 
(Table  1). SNP markers identified on chromosome 18 
delimited a genomic interval of 568.25 Kbp (55,976,566 
to 56,544,813). Among the seven significant SNP mark-
ers, only the Chr18:56,412,205, which is the least sig-
nificant associated, was not able to correctly distinguish 
between resistant (R) from the susceptible (S) accessions. 

In its position, both alleles (A and G) are observed in 
similar proportions in both resistant and susceptible 
accessions (Supplementary Table 2).

Neither the combination of all seven SNPs nor each 
SNP by itself was sufficient to assign all the resist-
ant and susceptible accessions to a specific haplotype 
(Supplementary Table  2). However, two SNP markers 
(Chr18:56,207,185 and Chr18:56,544,134) were present 
in most resistant accessions, and the combination of both 
markers with a third SNP marker (Chr18:55,976,566) 
defined two common haplotypes (GTC and TTC) found 
exclusively among resistant accessions. For instance, the 
GTC haplotype was exclusively found in five sources: 
PI 561356, PI 587880A, PI 587886, PI 587905, and PI 
594538A, and their respective derived breeding lines. 
The TTC haplotype was exclusively shared by the resist-
ant sources PI 544766, PI 594767A and PI 594754. On 
the other hand, nine Rpp1 sources were identified as 
susceptible in our study. Three of them shared the TAT 
haplotype, which was the haplotype found in almost all 
of the susceptible Brazilian cultivars (33 out of 37 culti-
vars shared the TAT haplotype). Notably, we found the 
TTT haplotype shared among eight Rpp1 sources (two 
resistant and six susceptible). Although the TTT haplo-
type was not associated with ASR resistance, it seems to 
be common among the Rpp1 sources. We selected the 
breeding lines based on their pedigree from the Embrapa 
Soybean breeding program; consequently, some breeding 
lines may not harbor the Rpp1 haplotype shared by their 
Rpp1 donors, as those lines were developed and selected 
based solely on phenotypic screening. In most cases, 
lines derived from a specific source also exhibited the 
expected haplotype. For instance, we obtained 16 lines 
derived from PI 587880A (lines showing heterozygous 
SNP markers were not take in account here). Among 
these, 11 resistant lines shared the GTC haplotype with 
PI 587880A, whereas the remaining five susceptible 

Table 1 SNP markers significantly associated with Asian soybean rust resistance identified by GWAS

a Minor allele frequency, bR squared value (%) of the model with the SNP marker, which corresponds to the percentage of phenotypic variation explained by the 
marker, cFalse-discovery rate (FDR)

Physical position Alleles p-value MAFa Allelic effect Rb FDR-
adjusted 
p-valuec

Chr18:56,544,134 T/C 4.27E-10 0.36 0.37 0.63 1.34E-05

Chr18:56,207,185 A/T 5.54E-10 0.48 0.38 0.68 1.34E-05

Chr18:56,544,813 C/T 4.19E-08 0.39 0.32 0.60 0.001

Chr18:56,378,428 C/T 6.66E-08 0.36 -0.28 0.59 0.001

Chr18:56,378,436 G/T 1.03E-07 0.37 -0.28 0.59 0.001

Chr18:55,976,566 T/G 2.30E-07 0.29 0.31 0.57 0.001

Chr18:56,412,205 A/G 2.65E-07 0.43 0.27 0.57 0.001
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lines showed the TAT haplotype (susceptible haplotype). 
Similar results were observed for the other lines derived 
from PI 561356 and PI 594754 donors (Supplementary 
Table 2).

To gain further insights into the genomic interval 
surrounding the Rpp1 locus, we extracted all 67 GBS-
derived SNP markers from the 568-kbp interval and used 
them to construct a phylogenetic tree, observing how the 
accessions were grouped. As expected, accessions that 
shared the same haplotype (based on the three markers 
described above) were grouped together, with few excep-
tions, resulting in four major clusters (Fig. 1d). The first 
cluster grouped the sources presenting the GTC haplo-
type and was formed by the sources harboring the Rpp1-
b alleles from the original source PI.

594538A, along with accessions that likely harbor the 
same resistance allele, including PI 587880A, PI 587886, 
PI 561356, and PI 587905. These accessions showed 
resistance reactions. The second cluster was composed of 
the Rpp1 locus from the original source PI 200492, as well 
as susceptible Rpp1 sources like PI 594177, PI368038, PI 
423958, PI 547875, all sharing the TTT haplotype with PI 

200492. Interestingly, within this cluster, PI 36803, and PI 
518295, described as resistant in our study, also showed 
the TTT haplotype, suggesting that although the TTT 
haplotype was shared among Rpp1 sources, it may not be 
associated with the resistance. The third and largest clus-
ter is composed primarily of Brazilian and American cul-
tivars with susceptibility phenotypes, all sharing the TAT 
haplotype. Finally, the fourth cluster included resistant 
accessions PI 594754, PI 594767A and PI 594766, shar-
ing the TTC haplotype and showing resistance reactions 
(Fig. 1d).

Identification of additional SNPs variants in the 568-kbp 
interval retrieved from WGRS data
To obtain more information about the genomic interval 
including the Rpp1 locus (Fig.  2a), we utilized WGRS 
data to identify additional SNP markers not captured 
by GBS. In total, we identified 9,555 SNP markers that 
were polymorphic among the 28 re-sequenced accessions 
within the 568-Kbp region, with 57.9% (5,536 SNP mark-
ers) located within gene models and 42.1% (4,019 SNPs) 
situated in intergenic regions. Subsequently, all 9,555 

Fig. 2 Genomic region of Rpp1/Rpp1-b on chromosome 18, and additional WGRS-SNP markers within candidate genes.a GWAS-SNP markers 
and gene models situated within the Rpp1/Rpp1-b locus, spanning a 568 Kbp interval (highlighted in grey). Resistance regions associated 
with pathogens previously mapped within the GWAS region, such as Phytophthora root rot (PRR) caused by P. sojae [66], Soybean Cyst Nematode 
(SCN) resistance to Heterodera glycines [67], and ASR resistance-associated SNP markers [37] are also shown. Gene models with defense-related 
functions, annotated based on the Williams 82 genome, are represented by arrows on the right. b Phylogenetic tree constructed based 
on WGRS-SNP markers. c Heatmap representing the squared correlation coefficient  (r2) among the 9,555 WGRS-SNP markers within the GWAS 
interval. d Gene models within the GWAS interval displaying WGRS-SNP markers that form haplotypes distinguishing between resistant 
and susceptible soybean accessions. NBS-LRR genes are highlighted in bold
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SNP markers were used to construct a new phylogenetic 
tree to observe how these 28 accessions would cluster 
using such a large set of SNP markers (Fig. 2b). Notably, 
susceptible accessions formed two major clusters, while 
the Rpp1 sources grouped similarly to the phylogenetic 
tree constructed with GBS-derived SNP markers; namely, 
accessions with the GTC haplotype clustered together, 
while PI 200492 (haplotype TTT) and PI 594754 (hap-
lotype TTC) located close to the GTC haplotype cluster. 
Thus, whether using the large set of WGRS-derived SNPs 
or the GBS-derived SNPs, the phylogenetic analysis pro-
duced similar genetic relationships, distinguishing the 
known Rpp1 sources from the susceptible cultivars. We 
then examined the LD patterns between the three SNP 
markers used in the haplotype analysis using WGRS-
derived SNP markers in order to define an interval to 
identify candidate genes. We observed that these SNP 
markers showed r2 values ranging from 0.26 up to 0.38 
to each other (Fig.  2c). We also investigated the distri-
bution of unique SNP markers for each source and its 
distribution in the interval. This information can be valu-
able, for instance, for the introgression of specific resist-
ance from particular Rpp1 donor (Supplementary Fig. 2). 
Among the WGRS-derived SNP markers, 542 SNPs (178 
in 36 gene models and 364 in intergenic regions) are PI 
200492-exclusive SNPs (haplotype TTT) (Supplementary 
Table 3), and 390 SNPs (147 across 27 gene models and 
243 in intergenic regions) are unique to PI 594754 (hap-
lotype TTC). Finally, 217 SNPs across 41 gene models are 
exclusive to the GTC haplotype group: PI 587880A, PI 
594538A, PI 587886, PI 587905, and PI 561356 (Supple-
mentary Table 4).

We successfully identified 36 WGRS-derived SNP 
markers that differentiate six ASR-resistant accessions 
(PI 594538A, PI 587880A, PI 587886, PI 587905, PI 
561356, and PI 594754) from 21 Brazilian susceptible 
cultivars, including the susceptible genotype PI 200492 
(the original source of the Rpp1 locus) (Fig. 2d). Among 
these accessions, PI 594538A, PI 587880A, PI 561356, PI 
587886, and PI 587905 exhibited higher identity based on 
all WGRS-SNP markers found in the GWAS interval,with 
values ranging from 96.3% to 96.6% in individual com-
parisons and 97.5% when all five accessions were con-
sidered together. They also showed values around 70% 
when compared to different susceptible accessions group 
(Supplementary Fig. 3a). As expected, PI 200492 (Rpp1-
susceptible) shared around 70% identity with the other 
resistant Rpp1 accessions. However, PI 594754 (haplo-
type TTC) exhibited identity values of around 70% when 
compared to the GTC haplotype group, suggesting that 
this accession might harbor another distinct Rpp1 allele. 
This hypothesis is supported by the fact that we also 
found additional 83 WGRS-derived SNP markers (in 

genic regions) uniquely shared by the GTC haplotype 
group, but not by PI 594754 (Supplementary Fig.  3b). 
In summary, these results reinforce the GWAS findings, 
indicating that this group (haplotype GTC) is indeed dis-
tinct from other soybean accessions, potentially due to 
the presence of the Rpp1-b locus.

Identification of resistance gene candidates in the GWAS 
interval of 568 kbp
The GWAS interval comprised 67 annotated soybean 
gene models (Wm82.a2.v1) (Supplementary Table 5). This 
interval overlaps with the 93.6-Kbp region (56,218,250 
to 56,383,864) on chromosome 18 previously identified 
by Kim et  al. [68] as associated with the Rpp1/Rpp1-
b locus in PI 594538A, PI 561356, PI 587880A, and PI 
587886. Furthermore, the GWAS region also encom-
passes the Rpp1 region from PI 200492, including its 
candidate genes validated as the genes (ULP1-NBS-
LRR genes) conferring ASR immunity in PI 200492 [40] 
(Fig. 2a). Among the 67 gene models, 25 showed poten-
tial molecular functions related to plant defense and/or 
were previously reported to be involved in plant-patho-
gen interactions (Table 2). Furthermore, 16 gene models 
had unknown function or had not been annotated yet. 
As for the remaining gene models, five were associated 
with metabolic processes, while eight were associated 
with plant development and growth stages, among other 
functions not directly related to plant defenses against 
pathogens (Supplementary Table 5). Among the 25 gene 
models annotated with defense related functions, eight 
with similarities to classical known R genes were identi-
fied: two encoding leucine-rich repeat (LRR) proteins, 
four encoding ULP1-NBS-LRR proteins, one as an LRR-
NBS protein (without the ULP1 domain), and a serine/
threonine kinase with an LRR domain (Table  2). Other 
defense-related genes found within the interval include 
protein-coding genes such as chitinase, ring-zinc-finger 
protein, and AP2 transcription factor.

We initially investigated whether the three SNP mark-
ers from the Rpp1/Rpp1-b haplotypes are located within 
potential resistance candidate genes. The SNP located on 
Chr18:55,976,566 is an intergenic SNP located 3,985 bp 
upstream of the Glyma.18G278200 gene model, which 
is predicted to encode an ATP binding protein serine/
threonine kinase with a putative LRR N-terminal domain 
(Supplementary Table 5). The SNP on Chr18:56,207,185 
was located in the 2nd exon of Glyma.18G281100, which 
encodes two dimers (Rpb3 and Rpb1) of the larger sub-
unit of RNA polymerase. The third SNP marker on 
Chr18:56,544,134 (synonymous mutation) was located 
in the 5th exon of Glyma.18G284700 gene model, 
which is predicted to encode a tRNA nucleotidyltrans-
ferase/poly(A) polymerase. Neither of the three SNP 



Page 9 of 20Aoyagi et al. BMC Plant Biology          (2024) 24:743  

markers were located within the 25 candidate genes 
associated with resistance. Subsequently, we predicted 
the SNP effects for all the WGRS-derived SNP mark-
ers located in the 25 candidate genes (Supplementary 
Table  6). As expected, several SNP markers with mis-
sense effects were identified in the NBS-LRR candi-
date genes compared to the few missense SNPs found 
in all the remaining candidate genes. Within the NBS-
LRR genes, Glyma.18G280300 (ULP1-NBS-LRR) and 
Glyma.18G281700 (ULP1-NBS-LRR), described as R1 
and R5 genes according to Pedley et  al. [40] exhibited 
the highest number of missense SNPs. Additionally, an 
aspartyl protease (Glyma.18G283100) present in the 
locus also exhibited several missense SNPs.

To uncover and identify potential candidate genes, 
we conducted genomic sequence comparisons and phy-
logenetic trees among the NBS-LRR genes from PI 
200492 (Rpp1, haplotype TTT), PI 587880A, PI 587886, 
PI 587905, PI 561356, and PI 594538A (Rpp1-b, haplo-
type GTC), as well as PI594754 (haplotype TTC), and 
the susceptible accessions. As a result, the sequences 

of Glyma.18G280300 (R1) and Glyma.18G280400 (R2) 
from PI 200492 showed reduced sequence conserva-
tion when compared to the other Rpp1 accessions. Spe-
cifically, Glyma.18G280300 from PI 200492 showed low 
similarity when compared to sequences from Williams 
82 (44.2%) and Rpp1-b accessions (30.7% to 34.6%). This 
distinction is further supported by the distinct cluster-
ing of Rpp1, Rpp1-b, and susceptible accession groups 
in the Glyma.18G280300 phylogenetic tree (Supple-
mentary Fig.  4). The other genes with LRR domains, 
such as Glyma.18G278200 and Glyma.18G281500 (R3), 
were conserved and showed high similarity between PI 
200492 and Rpp1-b accessions, not distinguishing Rpp1 
from Rpp1-b. Furthermore, Glyma.18G284100 was the 
only one that exhibited high similarity between resist-
ant and susceptible accessions, ranging from 99.9% to 
100% (Supplementary Fig.  4). Notably, through our 
manual selection of WGRS-derived SNP markers in the 
GWAS interval that could efficiently distinguish Rpp1-
b accessions from susceptible accessions (including PI 
200492) and PI 594754 (haplotype TTC), we found the 

Table 2 Candidate genes associated with plant resistance and immunity processes annotated within the GWAS interval

a Functional annotation provided by Phytozome. bNBS-LRR genes described as potential candidates for Rpp1 resistance gene identified by Pedley et al. [40]. cgene ID 
corresponding to Fig. 2a and Supplementary Table 6

Gene models Functional annotation and domains present in genesa IDc

Glyma.18G278200 Protein kinase domain/Leucine rich repeat N-terminal domain/Leucine rich repeat 1

Glyma.18G278800 S-adenosylmethionine decarboxylase proenzyme-related 7

Glyma.18G278900 Proline dehydrogenase 8

Glyma.18G280200 Proline-Rich Receptor-Like Protein Kinase /Protein tyrosine kinase 21

Glyma.18G280300 NB-ARC domain/Ulp1 protease family/ Leucine rich repeat (R1 gene)b, 22

Glyma.18G280400 Leucine-rich repeat-containing protein (R2 gene)b 23

Glyma.18G280600 Translation initiation factor eIF-2B subunit delta (EIF2B4) 25

Glyma.18G280700 Transcription Factor TCP1 26

Glyma.18G280900 Allene-oxide cyclase 28

Glyma.18G281400 AP2 domain (AP2) 33

Glyma.18G281500 NB-ARC domain/Ulp1 protease family/Leucine rich repeat (R3 gene)b 34

Glyma.18G281600 NB-ARC domain/Ulp1 protease family/Leucine rich repeat (R4 gene)b 35

Glyma.18G281700 NB-ARC domain/Ulp1 protease family/Leucine rich repeat (R5 gene)b 36

Glyma.18G282000 ANK repeat and PH domain-containing protein (ACAP) 39

Glyma.18G282100 Receptor protein-tyrosine kinase/ Non-specific serine/threonine protein kinase 40

Glyma.18G282200 Serine carboxypeptidase-like 45-related 41

Glyma.18G282500 Ring finger protein 44

Glyma.18G282600 Dirigent protein 24-related 45

Glyma.18G282700 PHD-like zinc-binding 46

Glyma.18G283100 Aspartyl protease 50

Glyma.18G283200 Leucine-rich repeat-containing protein/NB-ARC domain (R6 gene)b 51

Glyma.18G283300 Protein-serine/threonine phosphatase 52

Glyma.18G283400 Chitinase class 1 53

Glyma.18G284100 Leucine Rich Repeat (LRR_1)/Leucine rich repeat (LRR_8)b 60

Glyma.18G284200 Translation initiation factor 3 subunit H /PAD-1 ubiquitin protease 61



Page 10 of 20Aoyagi et al. BMC Plant Biology          (2024) 24:743 

highest number of markers inside Glyma.18G280300 
(R1), totaling 36 SNPs, but only two and one SNP in 
Glyma.18G280400 (R2) and Glyma.18G283200 (R6) 
(Supplementary Fig. 3, Supplementary Table 4). Further-
more, we provided to breeders, a large set of new SNP 
markers for MAS selection for selection of ASR resist-
ance conferred by Rpp1-b allele.

Haplotype characterization in a diverse set of Rpp sources 
and a worldwide collection of cultivated and wild soybeans
We also investigated which haplotypes were present 
in other known Rpp sources to determine whether the 
Rpp1/Rpp1-b haplotypes identified by GWAS were 
unique to those sources. To achieve this, we first ana-
lyzed WGRS data from the original sources of Rpp2, 
Rpp3, Rpp4, Rpp5, Rpp6, and Rpp7. Four Rpp2 sources 
(PI 230970, PI 224270, PI 197182, and PI 417125) and 
one Rpp3 source (PI 462312) showed the susceptible TAT 
haplotype. Rpp4 sources (PI 459025B and PI 635027) 
showed the TAC haplotype, while three Rpp5 sources (PI 
200487, PI 200526, PI 471904) showed the TAT haplo-
type, and one Rpp5 source (PI 200456) showed the TTT 
haplotype. Both Rpp6 and Rpp7 sources exhibited the 
TTC haplotype. WGRS data from PI 587880A (haplotype 
GTC) and PI 200492 (haplotype TTT) confirmed their 
previously identified haplotypes from GBS.

To validate the Rpp1/Rpp1-b haplotypes and assess 
their applicability, particularly in distinguishing Rpp1-
b from other Rpp loci for breeding purposes, we geno-
typed a large collection of soybean accessions previously 
described as carrying a Rpp locus through amplicon 
sequencing (Table  3, Fig.  3a). We then confirmed the 
specificity of the Rpp1-b haplotype (GTC) as no other 
Rpp source showed this haplotype. In summary, we 
observed three haplotypes in Rpp1/Rpp1-b accessions, 
PI 200492-type haplotype (TTT), PI 594538A-type hap-
lotype (GTC) in three accessions including the original 
source (PI 594538A) and the PI 594754-type haplotype 
(TTC). Rpp2 accessions shared the TAT haplotype, as 
most of the susceptible cultivars used in our GWAS 
panel. Rpp3 accessions were split in several haplotypes, 
with the main haplotypes being (TAT) and (TTT). The 
remaining Rpp4 accessions shared the TAC haplotype 
and most of Rpp5 accessions shared TAT haplotype. 
Finally, Rpp6 accessions shared TAT haplotype, and Rpp7 
accession showed the TTC haplotype. Therefore, we 
found two Rpp1/Rpp1-b haplotypes highly specific for 
ASR resistance, which select only for those sources. We 
then asked if we could find potential unreported soybean 
accessions harboring these Rpp1/Rpp1-b haplotypes and 
analyze the distribution of these loci in a worldwide col-
lection of soybean and wild soybean. Though WGRS data 
from 1,511 accessions, as expected, most of the soybean 

Table 3 Validation of Rpp1/Rpp1-b haplotypes in a diverse set of 
Rpp sources

Accession Rpp locus 566a 185b 134c Hap

PI 200492 Rpp1 T T T TTT 

PI 594538A Rpp1-b G T C GTC 

PI 587880A Rpp1 G T C GTC 

PI 561356 Rpp1 G T C GTC 

PI 594754 Rpp1 T T C TTC 

PI 587886 Rpp1 G T C GTC 

PI 230970 Rpp2 T A T TAT 

PI 224270 Rpp2 T A T TAT 

PI 197182 Rpp2 T A T TAT 

PI 417125 Rpp2 T A T TAT 

PI 230971 Rpp2 T A T TAT 

PI 547878 Rpp2 T A T TAT 

PI 462312 Rpp3 T A C TAC 

BRSMS Bacuri Rpp3 T A T TAA 

PI 200445 Rpp3 T A T TAG 

PI 200488 Rpp3 T T T TTT 

PI 416764 Rpp3 T T T TTT 

PI 417085 Rpp3 T T T TTT 

PI 417128 Rpp3 T A T TAT 

PI 417503 Rpp3 T A T TAT 

PI 423959 Rpp3 T T T TAT 

PI 423962 Rpp3 T A T TTT 

PI 423966 Rpp3 T T T TTT 

PI 506491 Rpp3 T A T TAT 

PI 506695 Rpp3 T A T TAT 

PI 506947 Rpp3 T T T TTT 

PI 507004 Rpp3 T T T TTT 

PI 507005 Rpp3 T A T TAT 

PI 507008 Rpp3 T A T TAT 

PI 507009 Rpp3 T A T TAT 

PI 507259 Rpp3 T T T TTT 

PI 567020A Rpp3 T A T TAT 

PI 567024 Rpp3 T A T TAT 

PI 567025A Rpp3 T A T TAT 

PI 567031B Rpp3 T T T TTT 

PI 567034 Rpp3 T T T TTT 

PI 567039 Rpp3 T A T TAT 

PI 567053 Rpp3 T A T TAT 

PI 567054C Rpp3 T A T TAT 

PI 567056A Rpp3 T A T TAT 

PI 567058D Rpp3 T T T TTT 

PI 567059 Rpp3 T T T TTT 

PI 567061 Rpp3 T A T TAT 

PI 567099A Rpp3 T A T TAT 

PI 594149 Rpp3 T A T TAT 

PI 594172A Rpp3 T A T TAT 

PI 628932 Rpp3 T A T TAT 

PI 459025B Rpp4 T A C TAC 

PI 635027 Rpp4 T A C TAC 
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accessions showed the TAT haplotype, which was asso-
ciated with susceptible accessions in our study. Surpris-
ingly, the GTC haplotype was only found in 10 soybean 
accessions (genotypes showing heterozygous SNPs were 
not considered): PI 398593, PI 398595, PI 407729, PI 
437725, PI 548415, PI 89772, Nan Guan Xiao PI Qing, 
PI 8388, Huang Dou 1, and Mao Dou Zi. Furthermore, 
six wild soybean (Glycine soja) accessions (Fig. 3b, Sup-
plementary Table 7) also showed the GTC haplotype: PI 
479752, PI 479752, PI 483460B, PI 549048, PI 639635, 
and PI 507830B. These results suggest that these 16 
accessions potently carry the Rpp1-b allele.

Finally, to assess the degree of co-segregation between 
the SNP markers identified via GWAS and ASR resist-
ance, we developed an  F2 population derived from the 
cross between the ASR resistant accession PI 587880A 
(haplotype GTC) and the susceptible PI 594774 acces-
sion (haplotype TAT). We first analyzed the segregation 
of ASR resistance for both parents and for the whole  F2 
population. As expected, while PI 594774 plants showed 
only susceptible lesions (TAN lesions) in all disease eval-
uations, PI 587880A showed resistance reactions (RB 
lesions). The observed segregation in the  F2 population 
was 82 resistant and 22 susceptible individuals, showing a 
goodness of fit 3 resistant: 1 susceptible (χ2 = 1.01), fitting 
one dominant gene model (Table 4). We then genotyped 
the  F2 individuals to observe if the SNP markers would 
co-segregate with ASR resistance. Our results showed 
that almost all resistant plants were either homozygous 
or heterozygous for the GTC haplotype. Only three 
plants were classified as resistant but showed the sus-
ceptible haplotype (TAT). Similar patters were observed 
for the susceptible group, in which, 16 susceptible plants 
showed the TAT haplotype, with only one susceptible 
plant showing the GTC haplotype. (Fig.  3c). We also 
observed the association between all seven GWAS mark-
ers and the resistance to the Brazilian ASR population. 
The peak SNP marker (Chr18:56,544,134) showed the 
highest association with resistance, as indicated by its 
p-value and a goodness of fit at the 3:1 segregation ratio 
in the chi-square test. Therefore, we confirmed that 
applicability of the haplotype defined by the three SNP 
markers for the introgression of the Rpp1-b resistance 

Table 3 (continued)

Accession Rpp locus 566a 185b 134c Hap

PI 547879 Rpp4 T A T TAT 

PI 200456 Rpp5 T T T TTT 

PI 200487 Rpp5 T A T TAT 

PI 200526 Rpp5 T A T TAT 

PI 471904 Rpp5 T A T TAT 

PI 567102B Rpp6 T T C TTC 

PI 567068A Rpp6 T A T TAT 

PI 567076 Rpp6 T A T TAT 

PI 567090 Rpp6 T A T TAT 

PI 567104B Rpp6 T A T TAT 

PI 567129 Rpp6 T A T TAT 

PI 605823 Rpp7 T T C TTC 

CD 201 - T A T TAT 

BRS 230 - T A T TAT 

IAS 5 - T A C TAC 

Ocepar " Results" - T A T TAT 

Paraná - T A T TAT 

M-SOY 6101 - T A C TAC 

Embrapa 1 - T A Y TAY 

BRS 232 - T A T TAT 

FT-Abyara - T A T TAT 

IAC 100 - T A T TAT 

BR 16 - T A T TAT 

BR 36 - T T Y TAY 

Ocepar " Discussion" - T A T TAT 

Ocepar 8 - T A T TAT 

União - T A T TAT 

Davis - T A C TAC 

Pérola - T T T TAT 

Planalto - T A T TAT 

BR 13 - T A T TAT 

BR 6 - T A T TAT 

BRSMG Renascença - T A T TAT 

MT/BR 50 - T A T TAT 

BRS 217 - T A T TAT 

BRS 233 - T A T TAT 

IAC 10 - T A T TAT 

Ocepar 9 - T A T TAT 

Santa Rosa - T A T TAT 

BR 23 - T A T TAT 

IAC 8 - T A T TAT 

FT-Cristalina - T A T TAT 

FT-25500 - T A T TAT 

Doko - T A T TAT 

BR 27 - T A T TAT 

CD 216 - T A T TAT 

BRS 284 - T A T TAT 

CD 224 - T A T TAT 

CD 236 RR - T T T TAT 

Table 3 (continued)

Accession Rpp locus 566a 185b 134c Hap

PI 506764 (Hyuuga) Rpp3 + Rpp5 T W T TWT 

No 6–12 1 Rpp2 + Rpp4 + Rpp5 T A T TAT 

An76-1 Rpp2 + Rpp4 T A T TAT 
a 566 corresponds to Chr18:55,976,566. b185 corresponds to Chr18:56,207,185. 
c134 correspond to Chr18:56,544,134. Y = heterozygous SNP (C/T) and 
W = heterozygous SNP (A/T)
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Fig. 3 Rpp1/Rpp1-b haplotypes validation on other Rpp sources, biparental population and in wide set of cultivated and wild soybeans. a 
Distribution of GWAS-haplotypes in other Rpp sources demonstrates the exclusivity of the GTC-haplotype in Rpp1-b sources. b Distribution 
of GWAS-haplotypes in 1,511 cultivated and wild soybeans. c Haplotype validation using a biparental population derived from a cross between PI 
594774 and PI 587880A. d Virulence profiles of Rpp sources, highlighting the distinct profiles of Rpp1-b and Rpp1 sources. Disease classification 
adapted from Yamanaka et al. [45]: IF: immune with flecks. S: susceptible; SR: slightly resistant; R: resistant; HR: highly resistant; I: immune. Phenotypic 
data sourced from Barros et al. [23]

Table 4 Frequency distribution of phenotypes in the  F2 population derived from the cross between PI 594774 and PI 587880A after 
inoculation with the Brazilian ASR population, along with marker frequency distribution

a P: Probability of significance. For values P > 0.05, the marker segregation ratio of 3:1 is significant for the population. A Homozygous susceptible, H Heterozygous, 
B Homozygous resistant

Population Number of  F2 plants χ2 of the expected ratio of R:S Pa

PI 594774 
 × 
PI 587880A

Resistant Susceptible

84 22 1.01 0.31

Markers Resistant Susceptible Total χ2 of the expected ratio 
of R:S

Pa

A H B

ss715632294 24 51 31 106 1.07 0.58

Chr18:55,976,566 22 53 31 106 1.52 0.46

Chr18:56,207,185 23 52 31 106 1.24 0.53

ss715632304 23 52 31 106 1.24 0.53

ss715632317 23 52 31 106 1.24 0.53

Chr18:56,412,205 23 52 31 106 1.24 0.53

Chr18:56,544,134 23 53 30 106 0.92 0.63

Chr18:56,544,813 23 53 30 106 0.92 0.62
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from PI 587880A, which will be useful as this allele is still 
effective against different Pp isolates while the original 
Rpp1 is not (Fig. 3d).

Discussion
Characterization of ASR resistance reveals variability 
in resistance sources of Rpp1
Currently, the major pathogen associated with soy-
bean in Brazil and tropical regions is P. pachyrhizi (Pp), 
which causes Asian Soybean Rust (ASR). Although seven 
major Rpp loci have been described in soybean germ-
plasm, their effectiveness against recent Pp populations 
in Brazilian soybean fields is limited. Additionally, stud-
ies examining the virulence profile of Pp isolates from 
different regions of the world, including Mexico [29], 
Japan [69], Bangladesh [32, 70], Argentina [69], Bra-
zil [28], Uruguay [71], Kenya [33], Malawi [72], and the 
United States [10], have revealed the presence of diverse 
Pp pathotypes associated with their geographical ori-
gin. Hence, the emergence of GWAS employing distinct 
isolates, is highly desirable for uncovering the genetic 
components in soybean that underlie resistance against 
the diverse pathotypes of this pathogen. In our study, 
we utilized a panel of soybean accessions enriched with 
breeding lines derived from Rpp1 donors, enabling us to 
identify a genomic region on chromosome 18 and SNPs 
associated with ASR resistance against a recent Brazilian 
Pp population.

In our phenotypic screening, commercial soybean 
varieties composed of historical (ancient) soybean cul-
tivars before ASR emergence in Brazil (2001), were pre-
dominantly susceptible, while variability in resistance 
was observed among Rpp1 sources and derived breed-
ing lines. Despite ASR’s significance in Brazilian soybean 
production, the availability of ASR-resistant cultivars 
in the market remains limited, with only a few resistant 
cultivars from Tropical Melhoramento Genético (TMG) 
(cv. TMG 7062 IPRO and TMG 7363 RR), and from 
Embrapa-Soybean (cv. BRS 539, BRS 531, and BRS 511) 
available. In our panel, primarily composed of historical 
(ancient) soybean cultivars, we did not expect to detect 
any ASR resistance, as most of these cultivars were devel-
oped before the emergence of ASR in Brazil in 2001.

Among the 20 Rpp1 sources in our panel, 11 showed 
resistance reactions, including the original source of 
Rpp1-b, PI 594538A, while nine showed susceptibil-
ity, including the Rpp1 source, PI 200492. Our screen-
ing revealed varying disease reactions between Rpp1 
and Rpp1-b alleles, consistent with prior findings of 
Chakraborty et al. [18] and Hossain et al. [20]. The weak 
resistance group comprised PI 200492, PI 368039, and 
PI 587886, while the strong resistance group included 
PI 594767A, PI 587905, and PI 587880A. These findings 

suggest the presence of different resistant alleles of Rpp1 
or tightly linked loci within the same genomic region. 
In our study, we used a 2017 Brazilian Pp population 
for phenotypic screening, which suggests the efficacy of 
locus against different Pp populations and isolates from 
different countries and years. We subsequently ana-
lyzed the group of resistant Rpp1 sources to determine 
whether these accessions had previously been described 
as traditional Rpp1 or potential Rpp1-b based on their 
haplotypes and virulence profiles. Remarkably, within 
the Rpp1 resistant group, most accessions were previ-
ously described as carrying either Rpp1-b allele or a dif-
ferent Rpp1 allele, including PI 594538A, PI 587880A, 
PI 587886, PI 587905, and PI 594767 [13, 19–21]. In the 
susceptible Rpp1 group, both PI 547875 (originally L85-
2378) and PI 368038 (Tainung 3) are lines derived from 
PI 200492 [9, 73] and were therefore expected to exhibit 
the same susceptibility reaction. Notably, the accession 
potentially carrying the Rpp1-b allele, PI 587855, was 
classified as susceptible in our study.

The variability in resistance responses among differ-
ent Rpp1/Rpp1-b sources was expected, mainly due to 
the high diversity of Pp pathotypes reported in previ-
ous studies. This reinforces the importance of identify-
ing genetic resistance against local Pp populations and 
pathotypes, as not all the genetic resistance identified 
using foreign isolates may be efficient across regions. 
When we compared the Rpp1-resistant accessions found 
in our study to a Brazilian Pp population with the same 
Rpp1 accessions used in GWAS with field screening 
data in the southeastern USA between 2008 and 2015, 
we observed remarkable phenotypic differences. While 
the Rpp1 from PI 200492 was one of the most resistant 
sources identified in USA fields, in our study, this acces-
sion was completely susceptible. Furthermore, the Rpp1 
allele in PI 561356, the Rpp1-b allele from PI 594538A, 
and the Rpp1 alleles from PI 594760B and PI 594767A, 
all classified as resistant in our study, did not show high 
levels of protection as observed in PI 200492 in south-
eastern USA fields. It’s notable the discrepancy between 
Rpp1 and Rpp1-b against pathotypes from different coun-
tries. Murithi et al. [72], comparing the virulence profile 
of Pp isolates, also found these discrepancies. Despite 
conferring immunity against an American isolate from 
Florida (FL-07–01), Rpp1 (PI 200492) exhibited suscep-
tibility when challenged with isolates from Tanzania, 
Malawi, Australia, and Argentina, indicating an ability of 
these isolates to overcome the Rpp1 resistance.

In summary, our phenotypic results highlight the 
importance of local pathotypes in screening for ASR 
resistance. For breeding purposes in countries like Bra-
zil, the largest soybean producer, we were able to identify 
variability in resistance provided by Rpp1 sources against 
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a Brazilian Pp population. We then used this data to per-
form the GWAS approach and the subsequent analysis.

SNP markers and different haplotypes associated 
with the Rpp1/Rpp1-b region on chromosome 18 revealed 
by GWAS
We genotyped 100 soybean accessions, including com-
mercial soybean cultivars, Rpp1 sources, and derived 
breeding lines, using GBS-derived SNP markers, and iden-
tified a region on chromosome 18 corresponding to the 
Rpp1/Rpp1-b locus, associated with resistance to Brazil-
ian Pp population. The strategic inclusion of breeding lines 
derived from different Rpp1 donors proved to be valuable, 
as it allowed us to increase the frequency of Rpp1/Rpp1-
b alleles in the GWAS panel, thereby facilitating the map-
ping process. A recent GWAS conducted under field 
conditions used an even larger panel (256 accessions) 
compared to our study [38]. However, in this study, the 
frequency of Rpp1 donors showing resistance was low, 
and they were unable to identify the Rpp1 region. There-
fore, for future GWAS targeting Rpp loci, the inclusion of 
breeding lines in panels is beneficial, as only a few soybean 
accessions harboring those Rpp genes have been identified. 
The combination of breeding lines and the Rpp1 donors 
was interesting, as we could validate the haplotypes seg-
regating with the ASR resistance in breeding lines, which 
potentially will become future cultivars, demonstrating the 
useability of our haplotypes for MAS programs.

Seven SNP markers significantly associated with ASR 
resistance were mapped via GWAS in the Rpp1/Rpp1-b 
region, as described by several genetic mapping stud-
ies with different Rpp1 sources (Fig.  2a). Although the 
Rpp1/Rpp1-b physical interval defined by markers var-
ies across different Rpp1 genetic mapping studies, our 
568.25-kbp GWAS interval (55,976,566—56,544,813 bp) 
overlapped with all of them. Compared to the 1.6-Mbp 
Rpp1-b interval mapped from the original source PI 
594538A, delimited between the SNP markers BARC-
010495–00656 (55,011,589) and BARC-014379–01337 
(56,611,810), we narrow down the region. We then 
observed that the GWAS-SNP markers formed haplo-
types able to assign the Rpp1/Rpp1-b sources into differ-
ent groups. For instance, the GTC haplotype was shared 
among Rpp1-b (PI 594538A) and the resistant accessions: 
PI 587880A, PI 587886, PI 561356, and PI 587905. This 
clustering was also observed in the phylogenetic trees, 
whether using GBS- or WGRS-derived SNP markers. In 
both cases, the sources with haplotype GTC formed one 
cluster, while the sources with haplotype TTT formed 
another cluster. Notably, the clustering of PI 200492, PI 
547875, PI 594177, and PI 368089 (all with haplotype 
TTT) into a unique cluster was also reported in a previ-
ous phylogenetic analysis [17].

We validate the Rpp1/Rpp1-b haplotypes against other 
Rpp sources, in a biparental population and in a wide 
set of cultivated and wild soybeans. The distribution of 
GWAS-haplotypes among other Rpp sources not only 
point out the exclusivity of the GTC-haplotype within 
Rpp1-b sources but also its successful discrimination of 
these sources from soybean accessions carrying Rpp2, 
Rpp3, Rpp4, Rpp5, Rpp6, and Rpp7, and from the his-
torical cultivars (Table 3). The haplotypes were validated 
using a biparental population derived from the cross 
between PI 594774 (susceptible) and PI 587880A (resist-
ant, Rpp1-b), enabling the discrimination of plants with 
the susceptible phenotype (nearly all possessing the 
TAT haplotype) from those with the resistance pheno-
type (nearly all harboring the GTC haplotype) (Fig.  3c). 
Finally, we investigated the occurrence of these novel 
haplotypes across a comprehensive dataset of soybeans, 
encompassing WGRS data from 1,511 accessions. Our 
analysis revealed that, associated with the GTC haplotype 
there are 16 previously unidentified potential sources of 
Rpp1-b (Supplementary Table 7). These results highlight 
the potential and the significance of utilizing the newly 
identified haplotype to accurately classify soybean acces-
sions based on both phenotype and their corresponding 
resistance gene (Rpp1-b), thus offering a crucial tool (to 
identify new sources) for precise breeding strategies tai-
lored towards enhancing Asian soybean rust resistance.

Attempts to distinguish Rpp1 sources were previously 
made due to the clear differences in ASR resistance 
among these sources. Kim et  al. [68] used 21 markers 
and several Rpp1 accessions to identify 21 distinct haplo-
types within the Rpp1 interval. Although they are distinct 
among the five sources, indicating that there are indeed 
differences between them in the region, the Rpp1-b hap-
lotype (PI 594538A) was shared with seven susceptible 
North American soybean ancestors. They were unable to 
identify a unique haplotype selecting solely all the poten-
tial Rpp1-b. Subsequently, Harris et  al. [10] successfully 
distinguished Rpp1-b from PI 594538A and Rpp1 (PI 
200492) as well as the Rpp loci using nine SNP markers. 
However, the Rpp1-b haplotype was also shared with the 
susceptible accessions. Furthermore, this study did not 
include additional Rpp1 and Rpp7 accessions, and only 
a few susceptible soybean accessions were tested. The 
challenge in identifying haplotypes that differentiate the 
Rpp1 sources is likely attributed to the limited satura-
tion of SNP markers within the Rpp1 interval. Both stud-
ies relied on SNP markers derived from the SoySNP50K 
Infinium Chip data. Furthermore, using American iso-
lates and/or Pp populations alongside SNP markers from 
the SoySNP50K data has been a common approach in 
previous GWAS. Nevertheless, this approach may not 
be applicable for ASR breeding in countries like Brazil, 
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mainly due to differences in Pp pathotypes. In our study, 
we opted to screen the accessions using a recent Pp Bra-
zilian population, which better represents the pathogen’s 
variability in Brazilian soybean fields and combined that 
if high density markers in the interval.

The concept of utilizing haplotypes to distinguish alleles 
at specific loci has long been successfully employed in 
MAS. In soybean, differences in alleles and their associ-
ated haplotypes have been identified in various resistance 
genes, including those related to Southern Stem Canker 
[74], soybean cyst nematodes [75], Fusarium gramine-
arum [76] and soybean mosaic virus [77]. Knowledge 
of allelic variation in resistance loci has proven valuable 
not only for cloning R genes and their alleles, but also for 
identifying the corresponding AVR genes. For instance, 
in wheat, the largest allelic series of R genes is formed by 
the Pm3 gene, which provides resistance against powdery 
mildew and includes 17 functional alleles that have been 
validated and cloned [78, 79]. Recently, the fine mapping 
and the haplotype analysis of different sources of soybean 
aphid resistance demonstrated that the RagFMD (Fangz-
heng Moshidou) gene shared a unique haplotype distinct 
from the Rag2 haplotype (PI 587972 and PI 594879) and 
the Rag5 haplotype (PI 567301B) [80], within the same 
interval, similarly to our haplotype analysis, with distinct 
unique haplotypes for Rpp1 and Rpp1-b. Therefore, we 
cannot exclude the possibility that our GWAS is reveal-
ing the presence of multiple genes rather than differ-
ent alleles of the same gene. To validate this hypothesis, 
allelism tests with Pp isolates capable of distinguishing 
between Rpp1 and the potential Rpp1-b, along with fine-
mapping approaches, will be essential for clarification. 
These efforts will provide the groundwork for cloning the 
genes responsible for ASR resistance on chromosome 18.

Hence, our findings regarding the variability in viru-
lence profiles among Rpp1 sources, the identification of 
distinct haplotypes, and the highly associated SNP mark-
ers with ASR resistance will be valuable for breeding pur-
poses. These results can accelerate the introgression of 
Rpp1-b resistance, particularly because the pyramiding of 
different Rpp genes mainly depends on SSR markers. [81, 
82]. Moreover, they provide valuable insights for future 
studies aimed at identifying the candidate genes respon-
sible for the Rpp1 and Rpp1-b alleles.

Identification of candidate genes for Rpp1/Rpp1-b allele 
pointed out for the ULP1-NBS-LRR genes
Efforts have been made to identify and clone the gene 
responsible for Rpp1 resistance. BAC sequencing of the 
Rpp1 interval from PI 200492 (56,182,230–56,333,803), 
combined with VIGS validation and gene expression 
profiling, has identified ULP1-NBS-LRR genes as poten-
tial candidates for the Rpp1 gene [40]. Unfortunately, 

the high similarity among the ULP1-NBS-LRR genes 
(R3-Glyma.18G281500, R4-Glyma.18G281600, and 
R5-Glyma.18G281700), hampered individual gene 
silencing, making it challenging to distinguish which of 
the three genes is the causal gene. Moreover, silencing 
these three genes resulted in the loss of immunity. While 
the original PI 200492 plants exhibited an immune reac-
tion, the silenced plants displayed RB-type resistance 
rather than susceptibility (TAN lesions), as expected for 
silencing a potential R gene. Notably, the R4 candidate 
(Glyma.18G281600) exhibited high expression both in 
the absence and presence of the Pp isolate. Recently, the 
Rpp1-b genomic region from PI 594760B was elucidated 
through long-read sequencing, revealing the presence 
of three ULP1-NBS-LRR genes [41]. Specifically, B-R1 
shared similarity with Glyma.18G281500, while B-R2 
and B-R3 are similar to Glyma.18G281600. The authors 
demonstrated that a ULP1-NBS-LRR gene (similar to 
Glyma.18G281600), found in a susceptible soybean line 
(TMG06_0011), interacts with the three ULP1-NBS-LRR 
genes from PI 594760B, resulting in a partial suppres-
sion of resistance of the  F1 plants. This phenomenon was 
referred to as dominant susceptibility. We also observed 
that the NBS-LRR genes had the highest number of SNPs 
with non-synonymous mutations compared to the other 
genes in the interval. Unfortunately, we worked with 
WGRS data, and structural variation underlying differ-
ences between R and S accessions in the interval could 
not be verified with confidence. However, it is worth 
mentioning that both PI 200492 (susceptible) and PI 
594760B (resistant) shared the TTT haplotype in our 
results. To date, candidate genes from other Rpp1/Rpp1-
b group with different haplotypes have not been vali-
dated. Therefore, we cannot exclude the possibility that 
other candidate genes may still play important roles in 
resistance in these Rpp1 sources.

Our GWAS results, along with the haplotype analysis, 
identified a broader interval and revealed a diverse set of 
genes that could potentially contribute to Rpp1/Rpp1-b 
resistance in soybean. Interestingly, the three SNP mark-
ers that differentiated the accessions are not located 
within any ULP1-NBS-LRR gene, despite the highest 
number of WGRS-derived SNP markers being identi-
fied in an NBS-LRR gene (Glyma.18g280300). Previous 
studies have suggested that could be the causative genes 
underlying Rpp1 in PI 200492 and Rpp1-b in PI 594760B. 
Additionally, earlier fine-mapping studies on other Rpp 
loci have also emphasized NBS-LRR genes as poten-
tial candidates for the Rpp genes. For example, the fine 
mapping of Rpp2 from PI 230970 delineated a 188.1-kbp 
interval containing 12 candidate genes, of which 10 are 
TIR-NBS-LRR genes [83]. These findings align with prior 
research demonstrating that the silencing of EDS1 and 
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PAD4 genes in PI 2130970 plants, which are well-known 
components of the TIR-NBS-LRR immunity signal-
ing pathway [84], led to the loss of Rpp2 resistance [85]. 
Another example comes from BAC sequencing, VIGS, 
and expression profiling, where a CC-NBS-LRR gene 
(Rpp4C4) was identified as the likely Rpp4 gene responsi-
ble for resistance in PI 459025B [86]. Intracellular nucle-
otide-binding domain and leucine-rich repeat (NB-LRR) 
receptors, commonly referred to as NLRs, represent the 
largest group of intracellular immune receptors in plants. 
These receptors recognize pathogen effectors, triggering 
programmed cell death, which is known as the hyper-
sensitive response (HR) [87, 88]. Based on their N-ter-
minal domains, canonical NLRs are categorized into 
three subfamilies: coiled-coil (CC)-NLRs (CNLs), Toll/
Interleukin-1 receptor/Resistance (TIR)-NLRs (TNLs) 
and Resistance to Powdery Mildew 8 (RPW8)-like CC 
domain-NLRs (RNLs) [89, 90]. While TNLs and CNLs 
are likely candidate genes for Rpp2 and Rpp4, respec-
tively, all evidence suggests that Rpp1/Rpp1-b genes are 
the noncanonical NBS-LRR genes with an integrated 
ULP1 protease domain at their N-terminal, without TIR 
or CC domains. There are a few examples of validated 
NLRs with integrated domains (IDs), such as CC-NLRs 
Pik-1 and Pia-2 (also known as RGA5) in rice, and RRS1 
TIR-NLR with a WRKY transcription factor-like domain 
in Arabidopsis [91].

Few resistance genes have been cloned in soybean, 
with most being non-canonical NLRs, including Rsc4, 
a canonical CC-NBS-LRR gene (resistance against soy-
bean mosaic virus) [92], Rps11, a giant NBS-LRR gene 
(broad-spectrum resistance to Phytophthora sojae) [93], 
GmRmd1, a TIR-NBS-BSP gene with a basic secretory 
domain (resistance to Microsphaera diffusa) [94]. Addi-
tionally, non-NLR genes, such as Rhg1 and Rhg4, confer 
resistance to soybean cyst nematode [95, 96], and the 
recently identified through map-based cloning C2H2-
type zinc finger transcription factor RpsYD29 (resistance 
to P. sojae) [97].

Therefore, we cannot exclude the possibility that other 
candidate genes identified in the GWAS interval might 
also play important roles in Rpp1/Rpp1-b resistance. Our 
WGRS data and haplotype analysis revealed that SNP 
markers capable of distinguishing between resistant and 
susceptible accessions are not exclusively located within 
the NBS-LRR genes but are also found in other genes.

The fact that both the Pedley et al. [40] and Wei et al. 
[41] studies only explored the ULP1-NBS-LRR genes, 
and neither of them demonstrated that silencing these 
ULP1-NBS-LRR genes leads to complete susceptibil-
ity, raises the possibility that other genes in the inter-
val may be involved in the Rpp1/Rpp1-b resistance. 
Within our GWAS interval, we identified a few LRR 

receptor-like kinase (RLK) subfamilies, which have 
been implicated in plant immunity against rust species 
in other crops, including coffee [98], wheat [99–101], 
and barley [102]. For instance, Glyma.18G278200 
encodes a Protein NSP-Interacting Kinase 1, which 
has been associated with plant defence against Gemi-
nivirus [103]. Another example is Glyma.18G280200, 
encoding a Proline-Rich Receptor-Like Protein Kinase 
(PERK8), primarily associated with plant develop-
ment [104], yet it has also been implicated in plant 
defense, as demonstrated by BnPERK1, which is rapidly 
induced in response to wounding and in the presence 
of Sclerotinia sclerotiorum in Brassica napus [105]. 
The Glyma.18G282100 predicts a non-specific ser-
ine/threonine protein kinase, which has been linked 
to defence responses against herbivory in Arabidopsis 
[106]. Additionally, Glyma.18G282200 encodes a serine 
protease belonging to the S10 serine carboxypeptidase 
family, which has been demonstrated to play important 
roles in disease resistance in oats [107] and Arabidop-
sis [108]. Interestingly, we identified several SNPs with 
non-synonymous effects within Glyma.18G283100, 
which encodes an aspartyl protease. In Arabidopsis, 
the Bcl-2-associated athanogene (BAG) protein serves 
as a co-chaperone essential for basal immunity against 
the fungal pathogen Botrytis cinerea, with aspartyl pro-
tease-mediated cleavage of BAG6 playing a crucial role 
in this process; specifically, inactivation of the aspartyl 
protease results in the prevention of BAG6 process-
ing and subsequent loss of resistance [67]. Remarkably, 
a recent study identified a Pp effector (PpEC15) that 
functions as an aspartyl protease, cleaving 3-deoxy-
7-phosphoheptulonate synthase in soybean and sup-
pressing host immunity [109], indicating significant 
roles for this class of proteases in both soybean and P. 
pachyrhizi pathogen and their interactions.

In summary, definitively determining whether a single 
NBS-LRR gene, multiple NBS-LRR genes, or another 
gene within the interval is responsible for resistance at 
this locus remains challenging. However, the identifica-
tion of several SNP markers associated with ASR resist-
ance in this locus provides valuable insights. These 
markers can guide the selection of different resistant 
accessions (with different haplotypes) for use in de 
novo assembly approaches with long-read sequencing, 
facilitating the positional cloning of the gene conferring 
Rpp1/Rpp1-b resistance.

Conclusions
The investigation into ASR resistance variation of 
Rpp1/Rpp1-b sources highlights the significance of local 
pathotypes in ASR resistance screening. Our study, 
focusing on a recent Brazilian field Pp population, 
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revealed distinct reactions among Rpp1/Rpp1-b sources 
and derived breeding lines, shedding light on the vari-
ability in resistance and differences in the genomic 
region of these alleles.

Through GWAS, we identified SNP markers sig-
nificantly associated with ASR resistance in the 
Rpp1/Rpp1-b region. Our study revealed distinct haplo-
types segregating with resistance, particularly the GTC 
haplotype shared among Rpp1-b sources and resistant 
accessions. These haplotypes facilitated the differentia-
tion of Rpp1 and Rpp1-b accessions, providing a valua-
ble tool for breeding strategies aimed at enhancing ASR 
resistance using each of these sources. Regarding candi-
date genes, our analysis highlighted the potential roles 
of NBS-LRR genes in Rpp1/Rpp1-b resistance, although 
other genes within the interval may also contribute. In 
conclusion, our study contributes valuable information 
on ASR resistance variability, SNP markers and haplo-
types associated with resistance, and candidate genes 
within the Rpp1/Rpp1-b region. These findings have 
significant implications for breeding programs aiming 
to enhance ASR resistance in soybean, offering insights 
into resistance and guiding marker-assisted selection 
strategies.
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