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Abstract
Key message  The Mendelian gene conferring resistance to Soybean mosaic virus Strain SC20 in soybean was fine-
mapped onto a 79-kb segment on Chr.13 where two closely linked candidate genes were identified and qRT-PCR 
verified.
Abstract  Soybean mosaic virus (SMV) threatens the world soybean production, particularly in China. A country-wide SMV 
strain system composed of 22 strains was established in China, among which SC20 is a dominant strain in five provinces in 
Southern China. Resistance to SC20 was evaluated in parents, F1, F2 and the F2:7 RIL (recombinant inbred line) population 
derived from a cross between Qihuang-1 (resistant) and NN1138-2 (susceptible). The segregation ratio of resistant to suscep-
tible in the populations suggested a single dominant gene involved in the resistance to SC20 in Qihuang-1. A “partial genome 
mapping strategy” was used to map the resistance gene on Chromosome 13. Linkage analysis between 178 RILs and genetic 
markers showed that the SC20-resistance gene located at 3.9 and 3.8 cM to the flanking markers BARCSOYSSR_13_1099 
and BARCSOYSSR_13_1185 on Chromosome 13. Subsequently, a residual heterozygote segregating population with 346 
individuals was developed by selfing four plants heterozygous at markers adjacent to the tentative SC20-resistance gene; 
then, the candidate region was delimited to a genomic interval of approximately 79 kb flanked by the new markers gm-
ssr_13-14 and gm-indel_13-3. Among the seven annotated candidate genes in this region, two genes, Glyma.13G194700 
and Glyma.13G195100, encoding Toll Interleukin Receptor–nucleotide-binding–leucine-rich repeat resistance proteins were 
identified as candidate resistance genes by quantitative real-time polymerase chain reaction and sequence analysis. The 
two closely linked genes work together to cause the phenotypic segregation as a single Mendelian gene. These results will 
facilitate marker-assisted selection, gene cloning and breeding for the resistance to SC20.

Introduction

Soybean [Glycine max (L.) Merr] is an important crop cul-
tivated in more than 100 countries as well as a major source 
of protein and oil for human consumption and animal feed. 
However, Soybean mosaic virus (SMV) is formidable threat 
to the flourishing soybean production in the world, particu-
larly in China (Cheng et al. 1982) since SMV is an exist-
ing problem in three major soybean cultivating areas, i.e., 
Northeast China, Huang-Huai Valleys and Southern China. 
Outbreak of SMV greatly decreases the yield and quality 
of soybean, with yield losses ranging from 50 to 80% (Arif 
and Hasan 2002).

To cope with the threatening of SMV to Chinese soybean 
production, a research program was initiated at the National 
Center for Soybean Improvement (NCSI) on establishment 
of the nation-wide SMV strain identification system for 
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further study on the pathogen and breeding soybeans resist-
ant to the pathogen nation-wide. A total of country-wide 
22 SMV strains, designated as SC1–SC22 were identified 
based on their responses to ten soybean differentials along 
with their distribution and domination in different areas in 
China (Wang et al. 2003, 2014a, 2005; Guo et al. 2005; 
Zhan et al. 2006; Li et al. 2010). Among the strains, SC20 
widely distributed specifically in Southern China, including 
five provinces namely Shanghai, Hunan, Fujian, Guangxi 
and Guangdong where both vegetable soybean and dry-seed 
soybean are produced.

The most economical and eco-friendly method to control 
the SMV is to identify resistance genes in Glycine species 
to be used for breeding-resistant varieties. Qihuang-1 was 
identified as an excellent resistance source to SC20 as well 
as other strains such as SC7, SC11, SC14, etc (Li et al. 2006, 
2010; Bai et al. 2009; Ma et al. 2011), but the genetic and 
molecular basis of the resistance is still to be revealed.

Breeding for resistance to SMV has been difficult requir-
ing a large amount of artificial inoculation test for the resist-
ance in greenhouses or fields, which is time-consuming and 
labour-intensive. Molecular markers are powerful tools in 
tagging the important QTLs/genes in plants (Mohan et al. 
1997). Once the tightly linked markers are identified, they 
can be used to develop marker-assisted selection (MAS) 
strategy in breeding for SMV resistance.

Recently, soybean breeding programmes using MAS 
has become sophisticated with the availability of reason-
ably dense molecular marker linkage map (Song et al. 2004, 
2010), and the association of markers to known genes has 
been pursued by many researchers. Previously, identified 
and localized SMV-resistance loci from same/different back-
grounds are valuable information that soybean breeders can 
utilize to exploit SMV resistance in a more efficient man-
ner. To date, major SMV-resistance loci have been geneti-
cally mapped to Chromosomes 2 (LG D1b), 6 (LG C2), 13 
(LG F) and 14 (LG B2). These chromosomes also carry the 
majority of the resistant gene analogue (RGA)-like genes 
present in soybean (Hayes et al. 2004; Jeong and Maroof 
2004; Moon et al. 2009; Yang and Gai 2010; Suh et al. 2011; 
Wang et al. 2011a). The molecular markers associated with 
SMV-resistance genes on these chromosomes were potential 
for further studying the resistances to diverse strains in a 
same accession or different backgrounds.

In the United States (US), the symbol Rsv was initially 
used to designate an allelomorphic series involved in SMV 
resistance. The researchers have identified three genes (Rsv1, 
Rsv3 and Rsv4) resistant to G1–G7 SMV strains (Yu et al. 
1994; Hayes et al. 2004; Jeong et al. 2002; Jeong and Maroof 
2004; Maroof et al. 2010). Among them, Rsv1 locus repre-
sents the most complicated one. One of the difficulties is that 
Rsv1 is located in a genomic region that is rich in R genes, a 
mixed cluster of 14 nonTIR–NBS–LRR genes (nTNL) and 

5 TIR–NBS–LRR (TNL) genes are presented in this region 
(Hayes et al. 2004; Gore et al. 2002). These R genes con-
fer resistances to various pathogens. Such as the Rsc genes 
confer resistances to the strains of NCSI SMV strain system 
from China (Li et al. 2006; Fu et al. 2006; Yang and Gai 
2010; Wang et al. 2011a), Rpv1 confers to peanut mottle 
virus (Gore et al. 2002), Rps3 confers resistance to Phy-
tophthora sojae (Diers et al. 1992), Rpg1 confers resistance 
to bacterial blight (Ashfield et al. 1998, 2004), Rcs confers 
resistance to Cercospora leaf spot (Pham et al. 2015).

In China, a number of SMV-resistance genes from differ-
ent resistant sources have been reported. Among those, the 
genes Rsa, Rn1, Rn3, Rsc7, Rsc8, Rsc9, Rsc13 and SC18-
resistance gene from the cultivar Kefeng-1 were mapped on 
chromosome 2 (Wang et al. 2004, 2011b; Fu et al. 2006; Guo 
et al. 2007; Yan et al. 2015; Li et al. 2015). The gene Rsc15 
from RN-9 was mapped on chromosome 6 (Yang and Gai 
2010). The gene Rsc14Q, Rsc11, Rsc12, Rsc3Q and another 
SC18-resistance gene from Qihuang-1 and Qihuang-22, Rsc-
pm and Rsc-ps from PI96983 were mapped on chromosome 
13 (Li et al. 2006, 2015; Ma et al. 2010, 2011; Yang et al. 
2013; Zheng et al. 2014). And the gene Rsc4 from Dabaima 
was mapped on chromosome 14 (Wang et al. 2011a). The 
above-mentioned SMV-resistance genes (except for Rsc15) 
in China were mapped in close proximity to Rsv genes 
reported in the US, but the relationship between Rsv and 
Rsc genes remains unknown.

The genome-wide scanning approach has been exten-
sively used to map the SMV-resistance genes. But if the 
chromosomes harboring the genes which are previously 
known, a partial genome mapping strategy (or limited map-
ping strategy) can be used for delimiting the genome regions 
through choosing markers on the target chromosomes or 
genome segments using bulked segregant analysis (BSA, 
Michlemore et al. 1991).

In addition, genomic applications in soybean have 
become more standard with the availability of whole genome 
sequence (WGS) (Schmutz et al. 2010). The WGS provided 
the basis for the development of new markers and identifi-
cation of candidate genes. Recent technological develop-
ment in Next-generation sequencing (NGS) provides ability 
to re-sequence cultivars of interest at relatively low cost. 
Apart from the functional marker development, the sequence 
data are useful to know the structural and allelic variation 
between the genes (Tollenaere et al. 2012).

In the present study, we aimed at revealing the inheritance 
of resistance to the SMV strain SC20 in Qihuang-1 using 
Mendelian genetic populations, locating the region of the 
resistance gene(s) using the partial genome mapping strat-
egy, narrowing down the region into a small chromosome 
segment using the derived residual heterozygote population, 
and finally identifying the putative candidates of the resist-
ance gene(s) based on qRT-PCR and sequence analysis.
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Materials and methods

Plant genetic materials

Soybean cultivar Qihuang-1 is resistant (R) to the 
SMV strain SC20 and NN1138-2 is susceptible (S) to 
this strain. The F1, F2 and F2:7-derived RIL (recombi-
nant inbred line) populations obtained from the cross of 
Qihuang-1 × NN1138-2 along with the parents were used 
to explore the inheritance of resistance. To map the resist-
ance gene, the RIL population and segregating populations 
were used. In preparing the RIL population, the F1 plants 
were self-pollinated to produce an F2 population, from which 
single seed descent was conducted from the F3–F7 and then 
178 F2:7-derived lines were established as the RIL popula-
tion of Qihuang-1 × NN1138-2 at the National Center for 
Soybean Improvement (NCSI), Nanjing agricultural univer-
sity (NAU), China.

The residual heterozygote-derived population with 346 
plants was established from the selfed seeds of four residual 
heterozygous (RH) individuals (RH51-1, RH51-2, RH51-3 
and RH51-4). These four RH individuals were identified 
from the line RIL51 of the RIL population and carried a 
heterozygous segment extending from Satt114 to Sct_033 
that includes the target gene region (Table 1). The two paren-
tal lines and mapping populations were planted in plastic 
pots (ϕ 20 × h 20 cm) and grown in aphid-free greenhouses 
at 25 °C at the NAU Pailou experimental station, Nanjing, 
China.

The SMV isolate, phenotypic assessments 
and genetic analysis

A single SMV isolate of the strain SC20, provided by the 
NCSI, was used in this study. Plants were mechanically 
inoculated with SMV when the unifoliate leaves began 
to unfold. The inoculum of the virus was obtained in 
the leaves of the susceptible cultivar, NN1138-2. It was 
prepared by grinding infected fresh leaves of NN1138-2 

in 0.01 mol/l sodium phosphate buffer (approximately 
3–5 ml/g leaf tissue, pH 7.2) using a mortar and pestle. 
A small amount of 600-mesh carborundum powder was 
added to the inoculum as an abrasive. Infection responses 
were observed weekly during the 35 days after inocula-
tion and when the symptoms (mosaic, necrosis, and symp-
tomless) appeared stable on leaves emerging above the 
inoculated leaves by visual assessment. The number of 
infected plants vs. total plants per pot were all recorded, 
and the incidence rates (ratio of infected to total plants) 
of each inoculated line were calculated. The resistance 
and susceptible plants were classified based on the fol-
lowing criteria. Plants failed to develop visible symptoms 
and were similar in appearance to uninoculated plants or 
plants with mild necrotic streaks or necrotic local lesions 
only on inoculated leaves or plants with very mild mosaic 
symptom but incidence rate less than 10% were desig-
nated as resistance. Plants developed mosaic symptoms, 
with or without associated necrosis or plants with sys-
temic necrosis were considered as susceptible.

The segregation patterns of phenotypes in the mapping 
population were tested for the goodness of fit to Mendelian 
segregation ratio using Chi-square criterion.

DNA extractions, SSR marker choices 
and preliminary mapping strategy

The genomic DNA was extracted from the young leaves 
by the cetyltrimethyl ammonium bromide (CTAB) method 
(Doyle 1990) and was stored at − 40 °C. We used the par-
tial genome mapping strategy to locate the SC20-resistance 
gene. The process was involved in four steps.

First step, 26 SSR markers reportedly linked to several 
SMV-resistance loci were selected from the previous studies 
(Hayes et al. 2004; Fu et al. 2006; Jeong and Maroof 2004; 
Moon et al. 2009; Yang and Gai 2010; Suh et al. 2011; Wang 
et al. 2011a). All the markers used were tested for polymor-
phism between the parents, from which eight polymorphic 

Table 1   The marker genotypes 
of the residual heterozygote 
individuals

Marker the markers are linked with SC20-resistance gene and arranged according to their linkage order, 
SSR_13_1099 BARCSOYSSR_13_1099, SSR_ 13_1185 BARCSOYSSR_ 13_1185, A the homozygous 
Qihuang-1 chromosome segment, B the homozygous NN1138-2 chromosome segment, H the heterozygous 
Qihuang-1/NN1138-2 chromosome segment

Serial no. Individual Marker

Satt234 Satt114 SSR_13_1099 SSR_13_1185 Sct_033 Satt490

1 RH51-1 B H H H H A
2 RH51-2 B H H H H A
3 RH51-3 B H H H H A
4 RH51-4 B H H H H A
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SSR markers (Satt266, Satt286, Satt079, Sat_263, Satt114, 
Satt 297, Sct_033 and Satt687) were identified.

Second step, using the BSA method, Satt 266, Sat_263, 
Satt114 and Satt687 out from the eight polymorphic SSR 
markers were employed to identify any marker linked to the 
SC20-resistance gene. In BSA analysis, based on the phe-
notyping data of 178 RILs, 16 RILs resistant and 16 RILs 
susceptible to SC20 were selected for the construction of 
resistant bulk (R-bulk) and susceptible bulk (S-bulk) by 
mixing equimolar concentration of DNA samples from the 
resistant and susceptible RILs, respectively. The polymerase 
chain reaction (PCR), polyacrylamide gel electrophoresis 
(PAGE) and silver staining were following the method used 
by Ma et al. (2011).

Third step, the marker Satt114 found to link to the resist-
ance gene was applied to the full mapping population for 
confirming the association between the marker and the 
resistance gene.

Fourth step, additional seven known polymorphic SSR 
markers in 10  Mb windows both upstream and down-
stream of Satt114 (27718778) from the region of Satt516 
(22489622) to Satt490 (36699478) on Chromosome 13 were 
screened in 178 RILs.

The resulted data were used to construct a linkage group 
using Join Map 4.0. The distances between markers and the 
resistance gene were calculated using Join Map 4.0 linkage 
analysis software and then transformed into Kosambi genetic 
distances (Kosambi 1943). The markers were assigned to 
linkage groups (LGs) by using a minimum logarithm of odds 
(LOD) likelihood score of 4.0 (Van Ooijen 2006).

Targeted marker creation for fine‑mapping 
the resistance gene

The first round of fine-mapping was performed with 
the SSR markers of BARCSOYSSR_13_1114, BARC-
SOYSSR_13_1136 and BARCSOYSSR_13_1140, which 
were previously reported as polymorphic and existed in the 
target region (Zheng et al. 2014) on the RH population.

The second round, 83 molecular markers, including 22 
presence/absence variation (PAV) markers (Wang et al. 
2014b), 5 express sequence tag (EST) SSR (Shirasawa et al. 
2014), 42 new SSR and 14 Insertion and Deletion (Indel) 
markers around the target region were used for the RH popu-
lation. A DNA segment between BARCSOYSSR_13_1140 
and BARCSOYSSR_13_1185 on Chromosome 13 of Wil-
liams 82 soybean was identified using a ‘BLAST genome’ 
search in the Williams 82 soybean reference genome Gly-
maWm 82.a2.v1 (http://soybase.org). The 42 SSR primers 
were designed using BatchPrimer3 v1.0 software (http://
probes.pw.usda.gov/cgi-bin/batchprimer3/batchprimer3.cgi) 
(You et al. 2008). The SSR markers containing ideal repeat 
units of 2–6 nucleotides only were selected. The standard 
based on the fixation of minimum SSR length was defined as 
five reiterations for each repeat unit. The complex SSR types 
and mononucleotide repeats were omitted. A guideline for 
designing SSR primers was explained by Dutta et al. (2011). 
Although 14 InDel markers were developed by comparing 
the sequences of PCR products amplified from Qihuang-1 
and NN1138-2 using primers designed from the soybean 
genome sequence in the target interval. The primers were 
designed using the Primer Premier 5.0 software (Premier 
Biosoft International, Palo Alto, CA). All the 83 markers 
were screened for polymorphism between the parents, the 
polymorphic markers were tested in the entire RH popula-
tion and the linkage analysis was done.

Candidate gene prediction and quantitative 
real‑time PCR (qRT‑PCR)

Candidate genes in the target region were predicted using 
the SoyBase, Williams 82 soybean reference genome Gly-
maWm 82.a2.v1 (http://soybase.org) (verified 14th March, 
2016). The qRT-PCR was conducted to obtain expression 
profiles of candidate genes. Gene-specific primers for qRT-
PCR were designed from the respective gene sequences 
using Primer Premier 5.0 software (Table 2). Tubulin was 
used as an internal reference gene control. Primary leaves 

Table 2   A list of primer sequences used in expression profiling and sequence analysis

a Primer sequences used for expression profiling analysis
b Primer sequences used for sequence analysis

Serial no. Gene name Primer sequence (5′–3′) Primer sequence (5′–3′) Annealing 
temperature

Size (bp)

1 Glyma.13G194700a GAT​TGA​GAA​GAT​TGT​GGA​GGAC CAG​CAA​GGG​ATG​TGGCA 58 128
2 Glyma.13G195100a GGA​AAA​TAT​GGA​ACT​GTG​CG TTA​CGT​CAA​ATC​CCA​CTT​CC 58 113
3 Glyma.13G195200a TCC​TGC​ATA​GAG​CAG​TTG​CC ACA​AGT​GCA​GCG​GTG​TCA​TA 58 117
4 Tubulina TGA​CCA​AGA​CCC​CAA​AGG​ GAT​GTG​GAA​AGC​CAA​AAC​C 58 148
5 Glyma.13G194700b GAA​TTA​GCG​AAG​AAG​TAA​TCG CTC​AGC​TTC​ATT​TAC​ACC​TCCAC 56 3600
6 Glyma.13G195100b GAA​TTA​GCG​AAG​AAG​TAA​TCG GGA​GGG​GAG​GAA​AGT​AGG​CT 56 3900

http://soybase.org
http://probes.pw.usda.gov/cgi-bin/batchprimer3/batchprimer3.cgi
http://probes.pw.usda.gov/cgi-bin/batchprimer3/batchprimer3.cgi
http://soybase.org
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of the two parental lines were inoculated with SC20 and 
buffer (as a mock inoculation), respectively, and kept in a 
growth chamber at 25 °C. The total RNA was isolated from 
the leaf at time points at 0, 1, 2, 4, 8, 12, 24, 48, and 72 h 
post inoculation. Equal amounts of total RNA (25 μg per 
reaction) were treated with DNase I (Promega) to remove 
contaminating DNA, and the resulting DNA-free RNA (5 g 
per reaction) was used for the first strand cDNA synthesis 
(TaKaRa). The cDNA was diluted to tenfold before being 
used as the template for qRT-PCR. The qRT-PCR mixture 
in a 20-μl final volume contained 10 μl of 2× SYBR Green 
PCR Master Mix (TaKaRa), 0.8 μl of each primer, 2 μl of 
template (10× diluted cDNA from samples) and 6.4 μl of 
sterile distilled water. The thermal conditions are as the fol-
lowing: 95 °C for 10 min, followed by 40 cycles at 95 °C 
for 15 s and a final step at 60 °C for 1 min. All reactions 
were performed in three times in 96-well reaction plates 
using Roche Light-Cycler® 480 (Roche Diagnostics, Indi-
ana, USA). Three independent replications were performed. 
The expression was quantified using the relative quantifica-
tion (2−ΔΔCt ) method and the data were compared with the 
respective internal controls.

Amplification and sequencing of resistance gene 
candidates

The gene-specific primers were designed based on the 
5′-untranslated regions (UTR) and 3′-UTR of the gene 
models Glyma.13G194700 and Glyma.13G195100 in Wil-
liams 82 soybean reference genome GlymaWm 82.a2.v1. 
The primer pairs were designed using Primer Premier 5.0 
software (Premier Biosoft International, Palo Alto, CA) and 
then synthesized (Table 2). The full-length coding sequences 
(CDS) of each gene were amplified using cDNA from 
Qihuang-1 and NN 1138-2. PCR products were purified and 
ligated into the pMD19-T vector (Takara) overnight at 4 °C 
according to the manufacturer’s protocol. The ligated prod-
uct was transformed into DH5α competent cells and plated 
into a LB agar medium containing 100 μg/ml ampicillin, 
50 mg/ml X-gal and 50 mg/ml IPTG and grown overnight 

at 37 °C. The positive clones (white colonies) were screened 
through PCR and then sequenced by Invitrogen Biotechnol-
ogy Co., Ltd (Shanghai, China). The amino acid prediction 
was done using online program softberry FGENESH (http://
www.softberry.com) and the sequence was used for confirm-
ing the motifs in comparison to the NCBI reference protein 
database using BLASTP (http://blast.ncbi.nlm.nih.gov/Blast.
cgi). For protein annotation, InterPro (http://www.ebi.ac.uk/
interpro/) was used. Nucleotide and protein alignments were 
performed using Clustal omega (http://www.ebi.ac.uk/Tools/
msa/clustalo) with default parameters.

Results

Inheritance of resistance to SC20

The resistant parent Qihuang-1 plants did not develop 
any disease symptoms to SMV strain SC20 even after 
35 days post inoculation (dpi), while the susceptible parent 
NN1138-2 plants started developing mosaic symptoms from 
10 to 35 dpi. All F1 plants derived from the cross between 
Qihuang-1(R) and NN1138-2 (S) were resistant to the SMV 
strain SC20, indicating that SC20 resistance is dominantly 
inherited. The observed segregation for SMV resistance in 
the F2 generation fitted the expected phenotypic segregation 
ratio 3R:1S. Furthermore, disease response in the RIL popu-
lation fitted the expected genotypic (also phenotypic) ratio 
1R:1S (Table 3). These results advocate that a single domi-
nant gene is involved in the resistance to the SMV strain 
SC20 in Qihuang-1. This result was further validated by the 
phenotypic ratio 3R:1S in the residual heterozygote-derived 
population (Table 3).

Preliminary mapping of the SC20‑resistance gene

A total of 26 SSR markers represented several SMV-resist-
ance loci were deployed to identify the marker(s) linked 
with the SC20-resistance gene. The BSA analysis showed 
that the SSR marker Satt114 exhibited polymorphisms 

Table 3   Genetic of resistance 
to Soybean mosaic virus (strain 
SC20) in Qihuang-1

Serial no. Parent or progeny No. plants 
(lines)

Total Expected ratios χ2 p value

R S

1 Qihuang-1 20 – 20
2 NN1138-2 – 20 20
3 F1 10 – 10
4 F2 73 47 120 3:1 1.83 0.17
5 RILs 95 83 178 1:1 0.36 0.54
6 The residual heterozy-

gote-derived population
266 80 346 3:1 0.65 0.42

http://www.softberry.com
http://www.softberry.com
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.ebi.ac.uk/interpro/
http://www.ebi.ac.uk/interpro/
http://www.ebi.ac.uk/Tools/msa/clustalo
http://www.ebi.ac.uk/Tools/msa/clustalo
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between the resistant and susceptible parents, as well as 
between the resistant and susceptible bulk groups. To con-
firm the reliability of linkage between the marker Satt114 
and the resistance gene, we assayed the 178 lines of the 
Qihuang-1 × NN1138-2 RIL population using the marker 
Satt114. The linkage analysis results revealed that Satt114 
really linked to the resistance gene from Qihuang-1, exhibit-
ing genetic distances of 7.0 cM.

To further construct the linkage group and map the resist-
ance gene, additional seven polymorphic SSR markers in 
the target region were added for further linkage analysis. 
The resulted data were used to construct a linkage group 
using Join Map 4.0. The total length of the linkage group 
covered by eight markers was 62.0 cM and the average 
genetic distance was 7.8 cM per marker. The resistance gene 
was positioned to an interval on Chromosome 13 between 
BARCSOYSSR_13_1099 and BARCSOYSSR_13_1185. 
The genetic distances for the resistance gene to the two 
respective markers were 3.9 and 3.8 cM, and those to all the 
eight markers are presented in Table 4.

Fine‑mapping for delimitation of the candidate 
genomic region

To narrow the region harboring the SC20-resistance gene, 
a large RH population with 346 plants was adopted to 
further map the targeted gene. At first, to verify our pre-
liminary mapping results and confirm the map location 
of the SC20-resistance gene, three SSR markers BARC-
SOYSSR_13_1099, BARCSOYSSR_13_1185 and Sct_033 
were screened out. The linkage analysis using the three mark-
ers confirmed that the resistance gene was located between 
BARCSOYSSR_13_1099 and BARCSOYSSR_13_1185. 
Thus, three additional polymorphic SSR markers, BARC-
SOYSSR_13_1114, BARCSOYSSR_13_1136 and 

BARCSOYSSR_13_1140 between the region of BARC-
SOYSSR_13_1099 and BARCSOYSSR_13_1185 were 
selected and evaluated.

The linkage analysis using the three new markers further 
revealed that the resistance gene was located between two 
flanking markers, namely BARCSOYSSR_13_1140 and 
BARCSOYSSR_13_1185 (Fig. 1a) and 22 recombinants 
were identified to have the resistance gene between them.

To identify additional markers in the delimited tar-
get region that are polymorphic between Qihuang-1 and 
NN1138-2, the 22 PAV and 5 EST markers located in this 
region (Wang et al. 2014b; Shirasawa et al. 2014) as well as 
the 56 new markers (42 SSR and 14 Indel markers) based 
on the sequence data of Williams 82 (http://soybase.org/) 
were developed and tested. A total of six markers, gm-
ssr_13-9, gm-ssr_13-14, gm-indel_13-3, gm-ssr_13-28, 
gm-indel_13-12 and GMES 5258 (Table 5), were identi-
fied as polymorphic in this screening. Consequently, the 
recombinants of the RH population were then genotyped 
with these markers. Eventually, SC20-resistance gene was 
delimited to a 0.4 cM interval flanked by gm-ssr_13-14 and 
gm-indel_13-3 using Join Map 4.0. The high-resolution 
genetic map of SC20-resistance gene is presented in Fig. 1. 
The phenotypes and genotypes of 22 recombinants show-
ing that the recombinant breaking points was presented in 
Table 6, from which the SC20-resistance gene located also 
between gm-ssr_13-14 and gm-indel_13-3. Here combining 
the phenotypic and genotypic information from the 22 lines 
in Table 6, the possible resistance gene in recombinants with 
R phenotype might locate in the region of gm-ssr_13-14, 
gm-indel_13-3 and gm-ssr_13-28 (representative line 181), 
while the possible susceptible gene in recombinants with S 
phenotype might locate in the region of gm-ssr_13-14 and 
gm-indel_13-3 (representative line 108) and possible around 
gm-ssr_13-14 (representative line 35). Therefore, for a locus 

Table 4   Position of SC20-
resistance gene and their relative 
markers on chromosome 13 (LG 
F) in Qihuang-1 × NN1138-2 
in the preliminary mapping 
experiment

Physical location of the markers is based on SoyBase database, Williams 82 soybean reference genome 
annotation
Glyma Wm 82.a2.v1 (accessible at http://soybase.org/) (verified 14th March 2016)
SSR_13_1099 BARCSOYSSR_13_1099, SSR_13_1185 BARCSOYSSR_13_1185

Serial no. Marker Position on 
Chr.13 (cM)

Neighboring dis-
tance (cM)

Physical location 
(starting position, 
bp)

1 Satt516 0.0 – 22,489,622
2 Sat_234 17.8 17.8 27,656,895
3 Satt114 24.5 6.7 28,912,864
4 SSR_13_1099 27.6 3.1 29,609,537
5 SC 20 resistance gene 31.5 3.9 –
6 SSR_13_1185 35.3 3.8 31,348,154
7 Sct_033 39.6 4.3 31,951,960
8 Satt313 50.2 10.6 35,508,621
9 Satt490 62.0 11.8 36,699,478

http://soybase.org/
http://soybase.org/
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with both resistance and susceptible alleles, it must be in 
the overlapped region, i.e. in or between gm-ssr_13-14 and 
gm-indel_13-3. 

Identification of candidate genes in the delimited 
region

To locate the resistance gene in the soybean genome 
sequence, BLASTN searches for the sequences of the two 
markers tightly linked to the SC20-resistance gene were 

Fig. 1   Map position of resist-
ance gene in soybean cultivar 
Qihuang-1 conferring resistance 
to soybean mosaic virus strain 
SC20 on chromosome 13 (LG 
F). a Linkage map based on 
three markers in a segregating 
population of 346 individu-
als derived from RH (residual 
heterozygote) plants, b linkage 
map based on twelve markers 
in a segregating population of 
346 individuals derived from 
RH plants. Map distances (cM) 
between neighboring mark-
ers are on the left with marker 
names on the right

Table 5   The sequence information of molecular markers used for delimiting the candidate genomic region in the second round fine-mapping 
experiment

a SSR marker
b EST–SSR marker
c Indel marker
d Genomic position of each marker was determined by BLASTN based on SoyBase Williams 82 soybean reference genome Glyma Wm 82.a2.v1 
(http://soybase.org)

Serial no. Marker Primer sequence (5′–3′) Genomic 
positiond

(starting position 
of the marker, bp)

Annealing 
tempera-
ture

Size
(bp)

Forward Reverse

1 gm-ssr_13-9a GGG​CCC​GTT​TGT​TAAGG GAA​AAC​GGG​TTT​TGT​AGA​
TTAGT

30,684,564 55 246

2 gm-ssr_13-14a ACA​AAA​CGA​CAA​TTT​TAC​CCA CGA​CCG​GAT​ACT​GTA​AAA​GA 30,795,177 55 181
3 gm-indel_13-3c ACA​AAT​CTT​AAG​AAC​AGG​

GAAC
ACA​TCC​TCC​CAT​CCA​TAT​CT 30,875,000 55 246

4 gm-ssr_13-28a TGA​TAG​ATT​TTC​CCA​CCA​AC ATG​GAC​ACC​ACT​CTA​AAG​
AATC

30,899,513 55 225

5 gm-indel_13-12c GGT​GAG​TTT​GGT​CGA​TAA​TGT AGA​CTC​GCG​TAA​GGT​GTT​CT 31,003,191 56 484
6 GMES5258b CGA​CAG​CCA​AAT​TCC​AAA​AT GGC​ATC​TGC​AAC​AAC​TCT​GA 31,181,520 55 199

http://soybase.org


468	 Theoretical and Applied Genetics (2018) 131:461–476

1 3

Table 6   Phenotypes and genotypes of recombinant plants showing the recombinant breaking points

S.NO. Phenotype BARCSOYSSR 
_13_1140 

gm-ssr 
_13-9 

gm-ssr 
_13-14 

gm-indel 
_13-3 

gm-ssr 
_13-28 

gm-indel 
_13-12 

GMES 5258 BARCSOYSSR 
_13_1185 

Qihuang-1 R a a a a a a a a 
NN 1138-2 S b b b b b b b b 

77 R a a a a a a a h 
73 R a a a a a h h h 

267 R a a a a a h h h 
23 R a a a h h h h h 
21 R a h h h h h h h 
80 R a h h h h h h h 

178 R a h h h h h h h 
143 R h h h h h h a a 
328 R h h h h h h a a 
55 R h h h h h a a a 

181 R h h h h h b b b 
214 R h h h h a a a a 
56 S h h h b b b b b 

312 S h h h b b b b b 
93 R h h a a a a a a 
99 R h a a a a a a a 

280 S h b b b b b b b 
108 S b b b b h h h h 
35 S b b b h h h h h 
69 R b b h h h h h h 

173 R b b h h h h h h 
166 R b h h h h h h h 

S. no. serial number of the recombinant plants, R resistant, S susceptible, a alleles from the resistant parent, b alleles indicates from the suscepti-
ble parent, h alleles from heterozygote

Fig. 2   A physical map of the SC20-resistance gene between the 
markers gm-ssr_13-14 and gm-indel_13-3 and the candidate region 
of the SC20-resistance gene. a The map position of the SC20-resist-
ance gene on Chr. 13 (the numbers below the map are the estimated 
relative physical distances in kb based on the reference sequence). b 

The candidate region of the SC20-resistance gene (a total of seven 
putative genes were existed in the target genomic region, accord-
ing to the Williams 82 soybean reference genome annotation Glyma 
Wm 82.a2.v1 (accessible at http://soybase.org/) (verified 14th March 
2016)

http://soybase.org/
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performed initially against the soybean genome sequence 
of Williams 82.a2.v1 (http://soybase.org/). The physical 
distance of the region between markers gm-ssr_13-14 and 
gm-indel_13-3 at nucleotide positions 30,795,177 and 
30,875,000, respectively, is approximately 79 kb (Fig. 2).

Seven putative genes were existed in the corresponding 
genomic region. The domain of Glyma 13G195000 was 
unknown, and Glyma 13G195200 belongs to the domain 
of serine threonine/protein kinase/ankyrin repeat. The rest 
five genes known to be a family of NBS–LRR genes are 
the most common disease-resistance (R) genes in plants. 
Among these, two gene sequences (Glyma.13G194700 
and Glyma.13G195100) encoding full-length of the 
Toll interleukin receptor (TIR)–nucleotide-binding 
(NB)–leucine-rich repeat (LRR) proteins are highly homol-
ogous (99% amino acid identity). Another three gene 
sequences (Glyma.13G194600, Glyma.13G194800 and 
Glyma.13G194900) were significantly shorter, not encod-
ing a LRR protein, sharing 54–58% amino acid identity, and 
referred as truncated gene products. TIR and NB domains 
were not sufficient to confer disease resistance; therefore, 
truncated genes Glyma.13G194600, Glyma.13G194800, 
and Glyma.13G194900 were eliminated for further 
study. In summary, we focused only on three candidates 
(Glyma.13G194700, Glyma 13G195100 and Glyma 
13G195200) to identify a SC20-resistance gene. The func-
tions of these genes were tested further using qRT-PCR 
analysis.

Expression profiling for identifying resistance genes 
from the three candidates

The expression profiling of the three candidates was inves-
tigated for soybean leaves inoculated with strain SC20, 
individually, using qRT-PCR analysis. Out of which, two 
genes, i.e., Glyma.13G194700 and Glyma.13G195100 had 
functional implication after SC20 infection and differen-
tially expressed in Qihuang-1 and NN1138-2. However, the 
gene Glyma.13G195200 encoding serine threonine/protein 
kinase/ankyrin repeat with relatively low expression level 
was detected. Following inoculation, Glyma.13G194700 

transcript remained stable expression before 8 hours post 
inoculation (hpi), then reached maximum expression 
at 8 hpi by approximate 3.70-fold. From 8 to 72 hpi, the 
transcript levels decreased steadily and was followed by a 
slight increase at 48 hpi (Fig. 3). A similar expression pat-
tern was also observed in gene Glyma.13G195100 (Fig. 3). 
However, only few changes were seen in Glyma.13G195100 
expression pattern comparing to Glyma.13G194700 
(Fig. 3). These results suggested that the expression level of 
Glyma.13G194700 and Glyma.13G195100 among the three 
candidate genes was changed by virus infection and could 
be involved in disease-defense mechanisms.

Sequence analysis for allelic difference of the two 
resistance genes

To differentiate the resistant and susceptible alleles, the two 
identified candidate genes were completely sequenced and 
investigated for the presence of the characteristic motifs and 
amino acid changes. Using gene-specific primer pairs, the 
two candidate gene sequences were amplified from resistant 
to susceptible parents. Within the coding region of the first 
gene Glyma.13G194700, Qihuang-1 showed 98% identity to 
NN1138-2, and the identified SNPs and Indels that causes 
changes in amino acid sequences between the two parents 
showed 97% amino acid identity (Fig. 4). Thus, the coding 
sequences were different between Qihuang-1 and NN1138-
2, including the difference in insertions of 126-nt and 3-nt 
of the Qihuang-1 gene relative to NN1138-2 gene, (posi-
tions − 1056 and − 3249, respectively) and 57-nt deletion 
in Qihuang-1 (position-3287), as well as 63 SNPs identified 
between them in the coding region. Furthermore, the amino 
acid changes were observed at TIR domain (2 changes), NB 
domain (42 changes), and LRR domain (3 changes) (Fig. 5).

Next, for the gene Glyma.13G195100, the comparison 
between the two parents revealed that both parents had 99% 
identity at nucleotide and amino acid level. The SNPs and 
Indels identified in NN1138-2 comparing to the sequence of 
Qihuang-1 (Fig. 4), resulted in amino acid changes between 
the two parents (Fig. 5). Assessment of coding sequence 

Fig. 3   Expression profil-
ing of candidate genes 
Glyma.13G194700 and 
Glyma.13G195100. Y-axes 
indicate the ratios of relative 
fold expression levels between 
samples infected with soybean 
mosaic virus

http://soybase.org/
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revealed difference between Qihuang-1 and NN1138-2. This 
difference included insertions of 43-nt in the Qihuang-1 gene 
relative to NN1138-2 gene, (position-1158), and 17 SNPs 
identified between the two parents’ coding region. Additional 
amino acid changes were detected at NB domain where 25 
changes were identified between the two parents (Fig. 5).

In summary, both genes had amino acid differences in 
the two parents. These amino acid changes were identified 
in different parts of TIR–NB–LRR domain (Fig. 5). It sup-
ports the notion that the two parents have different alleles 
and the allelic variations between Qihuang-1 and NN1138-2 
may account for the resistance to SC20 in Qihuang-1 or 
for susceptibility to SC20 in NN1138-2. According to 
the above results, the two genes, Glyma.13G194700 and 
Glyma.13G195100 are jointly responsible for SC20 resist-
ance. In addition, the two genes might work together closely 
to cause the phenotypic segregation in a single dominant 
gene style since they are closely located.

Discussion

The broad resistance spectrum of Qihuang‑1 
and the effectiveness of RH‑derived population 
in fine‑mapping

Qihuang-1 is one of the most important parents with very 
high frequency in the pedigree of soybean cultivars in 
China (Xu et al. 2004). Qihuang-1 is resistant to 18 of 22 
strains, including SC1–SC8, SC11–SC14, SC16–SC18, 
and SC20–SC22 (Wang et al. 2014a; Li et al. 2010), and 
it has been widely used in mapping SMV-resistance genes 
as well as breeding for SMV-resistant soybean cultivars in 
China. To date, 92 soybean varieties have been developed 
from Qihuang-1, among them Qihuang 22 is one of the 
soybean varieties resistant to SMV. Qihuang-1 along with 

its derived varieties has a broad spectrum of SMV resist-
ance, six resistance genes have been mapped or identified, 
all focused on Chromosome 13 (Fig. 6), while those of the 
other resistance genes are left for future studies. Qihuang-1 
is an important material in studying the SMV-resistance 
mechanism of many genes clustering on a same chro-
mosome. In addition, there are four strains, SC9, SC10. 
SC15 and SC19, their resistance genes are not included in 
Qihuang-1 and are to be transferred to Qihuang-1 for cre-
ating a perfect resistance material through using the other 
resistance sources, such as Kefeng-1, Dabaima and RN-9.

The present study indicated that the resistance to SC20 
in Qihuang-1 was due to a dominant Mendelian gene. 
It was mapped initially to a 1.75  Mb genomic region 
flanked by SSR markers BARCSOYSSR_13_1099 and 
BARCSOYSSR_13_1185 on Chromosome 13 using 
Qihuang-1× NN1138-2 RIL population. For fine-mapping 
the resistance gene, an advanced backcrossing materials 
that are heterozygous at target region and homozygous in 
the other regions is required. In literature, various advanced 
populations such as near-isogenic lines (NILs) and chro-
mosome segment substitution lines (CSSLs) can serve fine-
mapping Mendelian genes through reducing or eliminating 
the genetic background noise. However, segregating popu-
lation or advanced F2-equivalent population (RH-derived 
population) or a derived population from a recombinant 
inbred line has been used more often recently to validate 
and fine map the QTL/genes (Yamanaka et al. 2005; Tang 
et al. 2013; Song et al. 2016). For instance, various RH-
derived populations have been used effectively in fine-map-
ping genes of SMV resistance (Ma et al. 2011; Wang et al. 
2011b), alkaline salt tolerance (Tuyen et al. 2010), flowering 
time (Su et al. 2010), sudden death syndrome (Yamanaka 
et al. 2006) and seed hardness (Hirata et al. 2014) in soybean 
and grain shape (Liu et al. 2016), chlorophyll content (Jiang 
et al. 2012) and leaf width (Chen et al. 2012) in rice. In the 

Fig. 4   Number of SNPs and 
Indels between the two candi-
date genes in parental lines of 
Qihuang-1 and NN1138-2
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Fig. 5   The candidate genes 
Glyma.13G194700 (a) and 
Glyma.13G195100 (b) deduced 
amino acid structure of the 
predicted proteins and align-
ment of amino acid sequences 
from Qihuang-1 (resistant) and 
NN-1138-2 (susceptible). The 
variation at amino acid level 
was identified in domains of 
the TIR–NB–LRR resistance 
genes protein sequence (note: 
Glyma.13G194700 in TIR, NB, 
LRR domains position between 
14–183, 225–445 and 681–922, 
Glyma.13G195100 in TIR, NB, 
LRR domains position between 
14–183, 225–445 and 641–922. 
Domains TIR—green box, 
NB—red box and LRR—yel-
low box)
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present study, based on the initial mapping, we developed 
a RH-derived population by selfing RHLs (F2:7) to elimi-
nate genetic background noise. This population performed 

effectively in delimiting the resistance gene into a 79-kb 
genomic region.

Fig. 5   (continued)
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Amino acid variation causing resistance/
susceptibility to SMV

From the qRT-PCR analysis, we identified two candidate 
genes (Glyma.13G194700 and Glyma.13G195100) having 
functional implication after SC20 infection (Fig. 3). To fur-
ther understand what causes resistance or susceptibility in 
parental lines, we investigated the amino acid patterns of the 
two candidates Glyma.13G194700 and Glyma.13G195100. 
When the two genes’ coding sequences in parental lines 
are compared, the SNPs and Indels between them were 
found (Fig. 4). Totally, 63 SNPs and 3 Indels were found 
in Glyma.13G194700 and 17 SNPs and one Indel found 
in Glyma.13G195100. These variations resulted changes 
in Glyma.13G194700 and Glyma.13G195100 amino acid 
sequences. Additionally, the amino acid changes were con-
fined to the various parts of TIR, NB and LRR domains 
(Fig. 5). All the domains in NBS–LRR proteins are required 
to mediate resistance to pathogens in plants, but play dis-
tinct roles in the resistance response. It is possible that small 
amino acid differences may play a key role in resistance. 
For instance, a susceptibility reaction resulted in a change 

in single amino acid in the LRR of the Pi-ta protein of the 
blast-resistance gene in rice (Bryan et al. 2000) and six 
amino acid changes in the LRR of the P- and P2-resistance 
proteins of flax determine specificity differences (Dodds 
et al. 2001). Considering the amino acid variation, we con-
clude that two parental lines have different alleles and the 
allelic variations exist between Qihuang-1 and NN1138-
2. These changes could then account for the resistance to 
SMV in Qihuang-1 and for the susceptibility to SMV in 
NN1138-2.

Comparison of SC20‑resistance genes with other 
SMV‑resistance genes on Chromosome 13

The SC20-resistance genes, Glyma.13G194700 and 
Glyma.13G195100, that we discovered in this study were 
located on Chromosome 13 (LG F), while Rsv1 locus condi-
tioning the resistance to G1–G6 strains from US was the first 
reported SMV-resistance gene on Chromosome 13 (Yu et al. 
1994; Li et al. 2006; Hayes et al. 2004). Previous studies 
showed that, Rsv1 is a compilation of several R genes close 
to each other or several alleles of the same gene (Gore et al. 
2002; Ma et al. 2003; Li et al. 2006; Yang et al. 2013). Rsv1 
locus is the most complicated one, though the knowledge 

Fig. 6   Integrative views of the SC20-resistance gene location with 
other previously published SMV resistant genes on chromosome 13. 
a The gene/loci can be classified into three groups: Group I: SC20-
resistance gene (current study), Rsc-ps (Yang et al. 2013); Group II: 
Rsv1 candidate 3Gg2 (Hayes et al. 2004), Rsc3Q and Rsc-pm (Zheng 
et al. 2014) and (Yang et al. 2013); and Group III: Rsc11 (Bai et al. 
2009), Rsc12 (Ma et  al. 2010) and Rsc14Q (Ma et  al. 2011) based 
on their order and genetic distance to markers Sct_033 (a), BARC-

SOYSSR_13_1185 (b), BARCSOYSSR_13_1155(c), BARC-
SOYSSR_13_1140 (d), BARCSOYSSR_13_1136 (e) and BARC-
SOYSSR_13_1114 (f), Satt334/BARCSOYSSR_13_1099 (g) and 
SOYHSP176 (h). b The gene/loci of the Rsc-ps and SC20-resistance 
genes; Rsc-ps gene was flanked by BARCSOYSSR_13_1140 and 
BARCSOYSSR_13_1155 (380.8-kb region); SC20-resistance gene 
was flanked by gm-ssr_13-14–gm-indel_13-3 (79-kb region)
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of this locus is still limited. However, Rsv1 is located in a 
genomic region rich in R genes conferring resistance to the 
various pathogens and strains of NCSI SMV strain system 
from China (Diers et al. 1992; Gore et al. 2002; Ashfield 
et al. 2004; Ma et al. 2011; Yang et al. 2013; Zheng et al. 
2014; Pham et al. 2015). Therefore, studies focusing on this 
region should be of a broader scope that addresses a series 
of questions such as: What are the relationships of different 
resistant genes in this region? How did these genes change 
over time? And most importantly, how did the diversified 
pathogen-resistance functions evolve? Answering these 
questions, undoubtedly, is a long-lasting task and requires 
knowledge from multiple aspects.

We utilized the available literature knowledge to com-
pare the different SMV-resistance genes located on Chro-
mosome 13. The markers of SOYHSP176, Satt334, 
BARCSOYSSR_13_1099, BARCSOYSSR_13_1114, 
BARCSOYSSR_13_1136, BARCSOYSSR_13_1140, 
BARCSOYSSR_13_1155, BARCSOYSSR_13_1185 and 
Sct_033 are those linked to several SMV-resistance genes 
located on Chromosome 13. Among them Satt334, and 
BARCSOYSSR_13_1099 shared the common genomic 
region. According to these nine markers and their genomic 
position, the SMV-resistant genes presently reported on 
Chromosome 13 can be classified into four groups (Fig. 6a). 
The first group is placed to an interval between markers 
BARCSOYSSR_13_1140 and BARCSOYSSR_13_1185 
and includes Rsc-ps related with resistance to SC7 in 
PI96983 (Yang et al. 2013) and SC20-resistance genes, 
Glyma.13G194700 and Glyma.13G195100, from Qihuang-1 
in the current study. The second group is located between 
BARCSOYSSR_13_1114 and BARCSOYSSR_13_1136. 
The members of this group include the Rsv1 strong candi-
date 3Gg2 (Hayes et al. 2004) and Rsc-pm from PI 96983 
as well as Rsc3Q from Qihuang-1 (Yang et al. 2013; Zheng 
et al. 2014). The third group contains Rsc11, Rsc14Q and 
Rsc12 from Qihuang-1 and Qihuang-22 (Bai et al. 2009; 
Ma et al. 2010, 2011), which is not well-documented shar-
ing common region with the first two groups, and to clarify 
the relationship between them and others need an additional 
fine-mapping. The last group is located to an interval flanked 
by Satt334/BARCSOYSSR_13_1099 and SOYHSP176 and 
contains SC18-resistance gene from Qihuang-22 (Li et al. 
2015); this group is different from the first three groups 
and its fine map and precise candidate genes have not been 
reported yet. To discuss the third and fourth group, which 
includes the resistance genes Rsc11, Rsc12, Rsc14Q and 
SC18-resistance gene, the available research information is 
not sufficient; additional research is required in future.

However, there is no overlapping between the mapping 
regions of the first group (Rsc-ps and SC20-resistance gene-
Gm13:30501679–30880254) and second group (Rsc-pm 
and Rsc3Q-Gm13: 29,815,195–30,464,870) based on the 

locations of flanking markers after delimiting the gene region 
according to the recently released new assembly of the soy-
bean genome (Glyma.Wm82.a2). The Rsc-ps gene in culti-
var PI96983, which confers resistance to SMV strain SC7 
(Yang et al. 2013), was flanked by BARCSOYSSR_13_1140 
and BARCSOYSSR_13_1155, two markers that delimit a 
380.8-kb region (Gm13: 30,501,679–30,880,254) (Fig. 6b). 
However, the potential candidate gene(s) to Rsc-ps has not 
been reported. Perhaps the SC20-resistance gene in cul-
tivar Qihuang-1 found in this study, mapped to a 79-kb 
location (Gm13: 30,795,177 and 30,875,000 bp) was in 
the Rsc-ps genomic region (Fig. 6b). But the relationship 
between genes from the two sources is unknown. The two 
closely linked TIR–NB–LRR genes, Glyma.13G194700 and 
Glyma.13G195100 were considered potential ones for SC20 
resistance in Qihuang-1. It is possible that SC20-resistance 
gene(s) and Rsc-ps are firmly related (but different genes), or 
identical as a same gene, or different allele of a same gene, 
however, this needs further research.
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