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Abstract
Key message IBD analysis clarified the dynamics of chromosomal recombination during the ZP pedigree breeding 
process and identified ten genomic regions resistant to SCN race3 combining association mapping.
Abstract Soybean cyst nematode (SCN, Heterodera glycines Ichinohe) is one of the most devastating pathogens for soy-
bean production worldwide. The cultivar Zhongpin03-5373 (ZP), derived from SCN-resistant progenitor parents, Peking, 
PI 437654 and Huipizhi Heidou, is an elite line with high resistance to SCN race3. In the current study, a pedigree variation 
map was generated for ZP and its ten progenitors using 3,025,264 high-quality SNPs identified from an average of 16.2 × re-
sequencing for each genome. Through identity by decent (IBD) tracking, we showed the dynamic change of genome and 
detected important IBD fragments, which revealed the comprehensively artificial selection of important traits during ZP 
breeding process. A total of 2,353 IBD fragments related to SCN resistance including SCN-resistant genes rhg1, rhg4 and 
NSFRAN07 were identified based on the resistant-related genetic paths. Moreover, 23 genomic regions underlying resistance to 
SCN race3 were identified by genome-wide association study (GWAS) in 481 re-sequenced cultivated soybeans. Ten common 
loci were found by both IBD tracking and GWAS analysis. Haplotype analysis of 16 potential candidate genes suggested a 
causative SNP (C/T, − 1065) located in the promoter of Glyma.08G096500 and encoding a predicted TIFY5b-related protein 
on chr8 was highly correlated with SCN race3 resistance. Our results more thoroughly elucidated the dynamics of genomic 
fragments during ZP pedigree breeding and the genetic basis of SCN resistance, which will provide useful information for 
gene cloning and the development of resistant soybean cultivars using a marker-assisted selection approach.

Introduction

As one of the most economically relevant pathogens, soy-
bean cyst nematode (SCN, Heterodera glycines Ichinohe) 
causes significant production problem in soybean [Glycine 
max (L.) Merr.] worldwide annually (Kim et al. 2016; Koen-
ning and Wrather 2010). Of the all of nine races recorded in 
China, race 3 was the predominant one (Chen et al. 2001; 
Lu et al. 2006). Cultivation of resistant cultivars and appro-
priate crop rotation system with non-host crops has been 
shown to be the most effective and sustainable method of 
controlling damage caused by SCN in soybean production 
(Concibido et al. 2004; Meinhardt et al. 2021). To data, more 
than 500 resistant accessions have been identified from about 
30,000 cultivated soybean accessions in the USDA Soybean 
Germplasm Collection and the Chinese National Soybean 
GeneBank (CNSGB) (Anand et al. 1988; Chen et al. 2006; 
Li et al. 2011; Ma et al. 2006), but few of them have been 
extensively incorporated into the improvement of modern 
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cultivars with SCN resistance (Concibido et al. 2004; Li 
et al. 2011). As a result, most of the released varieties exploit 
single source of SCN resistance, about 95% of modern soy-
bean varieties with resistance to SCN carry PI 88788 resist-
ance (Zhou et al. 2021). Limited single-source resistance has 
led to an increasingly problem in the soybean SCN breeding 
with a narrow genetic basis resulting in a rapid loss of resist-
ance and promoting the spread of the disease (Chowdhury 
et al. 2021; Niblack et al. 2008). To protect soybean produc-
tion, it is necessary to develop resistant varieties with more 
horizontal or broad-spectrum resistance by pyramiding both 
major resistance genes and minor genes.

Resistance to SCN in soybean is a complex quantitative 
trait controlled by multiple loci/genes (Arelli et al. 1997; 
Concibido et al. 2004; Kim et al. 2016; Wu et al. 2009; 
Yue et al. 2001). Although more than 200 QTL (http:// www. 
soyba se. org/) may contribute to SCN resistance, only two 
major (rhg1 and Rhg4) and two minor (GmSNAP11 and 
NSFRAN07) loci had been cloned (Bayless et al. 2018; Cook 
et al. 2012; Lakhssassi et al. 2017; Liu et al. 2017, 2012; 
Tian et al. 2019). The remaining QTL always encompassed 
a large genomic region due to the limited recombination 
rate, which limited gene clone and marker-assisted selec-
tion. Recently, pedigree-based analysis (identity-by-descent 
mapping, IBD) has been shown to be an effective method for 
fine mapping quantitative traits (Huang et al. 2018; Kover 
et al. 2009; Ma et al. 2018). The resolution of IBD analysis 
depends on demographic history of the population and the 
strength of selection against trait-causing variants. Thus, this 
method can potentially help to overcome some of the limita-
tions of current association and linkage mapping, such as 
difficulty in identifying rare variants in association mapping, 
or poor resolution in linkage mapping due to limited recom-
bination rates in bi-parental populations (Bink et al. 2014; 
Zheng et al. 2017; Zhou et al. 2016). More importantly, 
the pedigree population has been subjected to continuous 
selection by breeders and is therefore an important source 
to “bridge” between QTLs and breeder (Yamamoto et al. 
2010). A clear breeding history with a detailed pedigree 
makes it an ideal model for deciphering genetic architecture 
of modern breeding, which would uncover selected genome 
regions and the characterization of artificial selection (Zhou 
et al. 2016).

However, few studies have addressed the elucidating of 
genome-wide genetic architecture and identified the causal 
genes controlling complex quantitative traits during the 
pedigree breeding process in soybean. In this study, we re-
sequenced and analyzed the ZP pedigree population to elu-
cidate the dynamics of chromosomal recombination during 
the ZP pedigree breeding process and key IBD fragments or 
genes, and to identify and fine map genomic regions associ-
ated with resistance to SCN inherited from the three resist-
ant progenitor parents Peking, PI 437654 and HPZHD. We 

then verified IBD fragments and detected additional genome 
regions underlying resistance to SCN race3 via the genome-
wide association study (GWAS) of the diverse panel of 481 
soybean germplasm accessions. By combining the IBD and 
GWAS analysis, we identified potential candidate genes 
involved in SCN race3 resistance to develop new cultivars 
with durable resistance to SCN using a marker-assisted 
selection approach.

Material and methods

Plant materials

Two types of panels with different genetic diversity were 
used in the present study (Supplementary Table S1). The 
family-based panel included 11 genealogical genotypes 
(Hill, Lee, Peking, Dyer, Bragg, Forrest, PI 437654, 
Hartwig, HPZHD, Jin1265, and ZP) (Fig. 1, Supplemen-
tary Table S1). The diversity panel consisted of 478 soybean 
accessions including 306 landraces and 172 improved culti-
vars and the three pedigree founders Peking, PI 437654, and 
HPZHD (Supplementary Table S1). This panel was obtained 
from 1,993 re-sequenced cultivated soybean (Supplemen-
tary Fig. S1), which were mainly selected from Chinese 
primary and applied core collections that represented the 
most genetic diversity of the Chinese Soybean Germplasm 
Collection (Li et al. 2022). For the family-based panel, five 
pedigree genotypes including Bragg, Dyer, Lee, Jin1265, 
and Hill were re-sequenced. Sequencing data of the remain-
ing six genotypes were obtained from published studies 
(Supplementary Table S1) (Li et al. 2022; Tian et al. 2022).

SCN bioassay

Family-based and association mapping population were 
screened for resistance to SCN race3 at Heilongjiang Acad-
emy of Agricultural Sciences in 2017 and 2018 using the 
published method (Li et al. 2016). Briefly, plants were placed 
in the greenhouse and field in soil infested with SCN race3. 
Resistant accessions Peking, Pickett, PI 90763, PI 88788 and 
the susceptible accession Lee and Hefeng 25 were planted 
as differential controls. For the greenhouse experiment, fif-
teen plants were grown in 3 autoclaved soil-filled PVC tubes 
(3 × 20 cm) plots with 5 plants per tubes representing each 
line or accession. Five-day soybean seedings were inocu-
lated with about 1,000 hatched second-state juveniles (J2) 
of SCN HG Type 0 (race3) each and grown in a greenhouse 
under 16 h light/8 h dark at 25℃. Thirty days after post-
inoculation, plants for each line or accession were randomly 
selected in a greenhouse to count the number of cysts on the 
root. Resistance was derived from three repeated screening 
for confirmation. For the field experiment, the SCN-infested 

http://www.soybase.org/
http://www.soybase.org/
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field soil contained about 6,000 eggs (40 cysts) per 100 g of 
dry soil, and these materials were planted in a completely 
randomized design with 3 replications. Each row was 0.65 m 
wide and 1.5 m long with 0.05 m plant spacing. Thirty days 
after emergence, five plants in the center of each row were 
randomly selected to count the number of cysts on the roots 
of the plant and its rhizosphere soil of approximately 150 g 
collected using two nested 710- and 250-um aperture sieves. 
Female index (FI) (Schmitt and Shannon 1992) was calcu-
lated by dividing the number of cysts on an experimental 
line by the number of cysts on the SCN susceptible acces-
sion Hefeng 25 and multiplying by 100%, which was used 
to evaluate the response of each accession to the SCN race3.

Sample collection and library preparation

Genomic DNA of the five pedigree genotypes Bragg, Dyer, 
Lee, Jin1265, and Hill was extracted from leaves using the 
cetyltrimethylammonium bromide (CTAB) method (Doyle 
and Doyle 1990) with a total amount of 1.5 μg DNA per 
sample used as input material for the DNA sample prepara-
tions. Sequencing libraries were prepared using Truseq Nano 
DNA HT Sample preparation Kit (Illumina, USA) following 
manufacturer’s recommendations. Briefly, the DNA sample 
was fragmented by sonication to a size of 350 bp, and then 
the DNA fragments were polished at the ends, A-tailed, and 
ligated with the full-length adapter for Illumina sequencing 
with further PCR amplification. Further, the PCR products 

were purified (AMPure XP system) and libraries were ana-
lyzed for size distribution by Agilent2100 Bioanalyzer and 
quantified using real-time PCR.

Genome sequencing and mapping

Whole genomes of the five genotypes were re-sequenced 
based on the Illumina Hiseq2500 platform, and we obtained 
a total of 194.15 Gb raw data for the 11 genealogical soy-
beans, combining with the seven previously re-sequenced 
genomes (Supplementary Table S2). A total of 192.36 Gb 
(~ 16.24-fold per genotype) high-quality paired-end reads 
for the 11 genealogical soybeans was generated. The high-
quality paired-end reads were mapped to the reference soy-
bean genome Williams 82.a2.v1 using the BWA (Li and 
Durbin 2009) software with the command ‘mem − t 10 − k 
32’. Then, we used SAMtools (Li et al. 2009) package to 
convert SAM alignment to BAM format. Finally, for each 
genotype, an average 97.9% of reads across the 11 genealog-
ical soybeans were mapped to the soybean reference genome 
Williams 82.a2.v1 (Supplementary Table S2).

Genetic variation identification

After mapping, genetic variations for the 11 genealogical 
soybeans were detected using the package SAMtools with 
the ‘mpileup’ program, of which the parameters ‘ − m 2 − F 
0.002 − d 1000’. The variants were filtered for downstream 

Fig. 1  Identification and annotation of genetic variations in one fam-
ily-based panel included 11 genealogical soybean genotypes. A The 
pedigree diagram of the ZP and its ten donor parents. The red char-

acters indicate those genotypes resistance to SCN race3. The ques-
tion mark represents the unknown parent. B Overall and large-effect 
SNPs. C Overall and large-effect InDels
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analysis by requiring a minimum coverage of 4 and a maxi-
mum coverage of 200, a minimum RMS mapping quality of 
20 and no gaps present within a 3 bp window. Consequently, 
an average of 2,120,346 (from 1,714,366 to 2,839,873 for 
each line) high credible SNPs (missing rate < 20%) was kept 
for further analysis (Supplementary Table S3). Meanwhile, 
we also identified an average of 192,032 (from 145,708 to 
263,554) insertion and deletions (InDels, 1–15 bp) (Supple-
mentary Table S4). All SNPs and InDels were annotated using 
the package ANNOVAR (Wang et al. 2010).

IBD detection

The IBD fragments between ZP and the remaining 10 genea-
logical soybeans were detected by Beagle version4 program 
(window = 500, overlap = 250, ibdlod = 3, ibdtrim = 40; 
Browning and Browning 2013). Furthermore, the ancestral 
origin of IBD fragments of ZP derived from different progeni-
tor were calculated based on the pedigree relationship.

Population structure analysis and linkage 
disequilibrium

A principal component analysis (PCA) of 481 accessions in 
the diversity panel was performed using GCTA software (Yang 
et al. 2011). The population structure was analyzed using 
admixture software (Alexander et al. 2009) with parameters 
k = 2 to 10. Linkage disequilibrium (LD) was calculated using 
PLINK1.9 (Version1.90) software (Purcell et al. 2007). The 
LD decay of whole genome was calculated and drawn based 
on the average r2 value for the distance from 0 to 1000 kb 
using PopLDdecay (Zhang et al. 2019).

Genome‑wide association study

Association analysis was performed using Tassel software 
package v5 (Bradbury et al. 2007) with a mixed linear model 
(MLM) model (K + Q). Kinship matrices were calculated 
using centered_IBS method in Tassel software to determine 
the relatedness among association population. The signifi-
cance threshold was defined by the false discovery rate (FDR) 
method (P < 0.01). Based on the mean LD decay distance of 
whole genome, genes located in 100 kb genomic region of 
both sides of each peak SNP were considered as the candidate 
genes.

Results

The genetic variations of 11 genealogical genotypes

To elucidate the genetic architecture of ZP, 11 genea-
logical genotypes were re-sequenced and combined with 
previously reported re-sequencing profiles (Fig.  1A, 

Supplementary Table  S1) (Li et  al. 2022; Tian et  al. 
2022). A total of 192.36 Gb high-quality sequence data 
were aligned against the soybean reference genome Wil-
liams 82.a2.v1 after adapter removal and quality trimming. 
On average, 97.9% of cleaned reads were mapped to the 
reference genome. Overall, the effective depth across 
these sequenced soybean genomes ranged from 14.3 × (PI 
437654) to 19.9 × (Bragg) coverage, with an average of 
16.2 × for each genome (Supplementary Table S2). Com-
pared with reference genome Williams 82.a2.v1, a total of 
3,025,264 high-quality single nucleotide polymorphisms 
(SNPs) were detected in the 11 genomes (Fig. 1B, S2, 
Supplementary Table  S3), ranging from 1.71 million 
for Forrest to 2.84 million for HPZHD (Supplementary 
Table S3). A proportion of 74.92% (2,266,503) of all SNPs 
were found in the intergenic regions, 10.66% (322,434) 
in introns, 2.56% (77,388) in UTRs and 4.81% (144,618) 
in gene coding regions (Fig. 1B). Besides, 63,129 non-
synonymous SNPs and 2,832 SNPs that resulted in a gain 
(1,604)/loss (213) of stop codon, a change of splice donor 
or acceptor sites (splicing sites 1,015) in protein-coding 
regions were defined as large-effect genetic variations 
(Fig. 1B, Supplementary Table S3). Moreover, 238,414 
InDels were cataloged, including 6,480 large-effect InDels 
leading to mutations of splicing sites (199), frame-shift 
(2,959), non-frame-shift (3,215), as well as 94 gain and 
13 loss of stop codon (Fig. 1C, Supplementary Table S4).

Pairwise IBS values among the 11 accessions ranged 
from 0.49 (Bragg and PI 437654) to 0.91 (Forrest and 
Hartwig) (Supplementary Table S5). IBS estimates between 
offspring and their direct parents were generally larger than 
those of indirect parents. For example, the IBS between ZP 
and its direct parents Jin1265 and Hartwig were 0.83 and 
0.77, respectively, which was higher than that between the 
indirect Forrest (0.71), PI 437654 (0.62) and HPZHD (0.59). 
This suggests that the genetic relationship of pedigree was 
correct and could be used in the following analysis.

Genomic constitution of ZP

IBD analysis suggested that 41.17% of the genomic sequence 
of ZP was from the male parent Jin1265 and 32.87% from 
the female parent Hartwig (Fig. 2, Supplementary Fig. S3A). 
The haplotypes of the remaining genetic regions (25.96%) 
were untraceable or were caused by historic recombina-
tion (Supplementary Fig. S3A, Supplementary Table S6). 
Furthermore, we traced the ancestral origin of these frag-
ments in the pedigree and found that of genomic sequence 
of 41.17% from Jin1265, 7.62% came from HPZHD. Of 
the 32.87% of the genomic sequence of ZP contributed by 
Hartwig, 8.38% was inherited from PI 437654, 3.45% from 
Peking and 27.76% from three susceptible parents including 
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Bragg (14.55%), Hill (6.74%) and Lee (6.47%), respectively 
(Supplementary Fig. S3B). As expected, 19 cloned genes 
controlling important traits were also identified from IBD 
fragments selected in at least two consecutive breeding 
generation (Supplementary Table S7), such as determinate 
habit (Dt1), seed oil content (GmSWEET39), seed weight 
(GmPP2C and GmST05), nodule number (GmNNL1), SCN 
resistance (NSFRAN07, GmSHMT08 and GmSNAP18). The 

result indicated that these traceable IBD fragments played 
an important role during ZP breeding process.

Identification of the IBD fragments related 
to the SCN resistance

In the ZP pedigree (Fig.  1)A, seven parents, includ-
ing Peking, PI 437654, HPZHD, Dyer, Forrest, Hartwig 
and Jin1265, showed high resistance to SCN race3, with 

Fig. 2  Gene flow of ZP. The IBD fragments from different donor par-
ents are shown in different colors. a Peking, b Lee, c Hill, d Dyer, e 
Bragg, f Forrest, g PI 437654, h Hartwig, i ZP, j Jin1265, k HPZHD. 

The horizontal axis (top) indicates 20 soybean chromosomes, and the 
grey region represents the pericentromeric region
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female index (FI) ranged from 0 to 7.75% (Supplementary 
Table S1). The three parents Hill, Lee and Bragg were highly 
susceptible to SCN race3 and their FI ranged from 86.4% 
to 100% (Supplementary Table S1). Based on the pedigree, 
SCN resistance of ZP was derived from Peking, PI 437654 
and HPZHD.

The IBD fragments inherited from the three resistant pro-
genitors Peking, PI 437654, and HPZHD were analyzed to 
identify the IBD fragments controlling resistance to SCN 
through different genetic pathways in the pedigree (Fig. 3A). 
As a result, 2,353 IBD fragments were detected covering a 
genome region of 114.27 Mb. Eighteen of them (0.76%) 
came from the consensus fragments of the three resistant 
progenitors, 543 (23.08%) from the consensus fragments 
of any two resistant progenitors and 1,792 (76.16%) from 
the specific fragments of any resistant progenitors (Fig. 3B, 
Supplementary Table S8). These traceable IBD fragments 
related to SCN resistance by ZP pedigree analysis were com-
pared with reported QTL for resistance to different SCN 
races to deeply explore correlation between IBD fragments 
and SCN resistance. These IBD fragments were overlapped 
with 150 reported QTL for resistance to different races (QTL 
region < 5 Mb), distributed across 16 chromosomes, except 
for chr2, chr5, chr13 and chr14 (Fig. 3B, Supplementary 

Table S9). Three resistant genes GmSNAP18, GmSHMT08 
and NSFRAN07, were also detected within the inherited IBD 
fragments underlying SCN race3 resistance (Fig. 3B). We 
found that the average sizes of traceable IBD fragments were 
much smaller than reported QTL (Supplementary Fig. S4A). 
For instance, at the rhg1 loci, a 102.3 kb common IBD frag-
ment on chr18 derived from Peking, PI 437654 and HPZHD 
contained only 17 genes (Supplementary Fig. S4B), whereas 
the previous QTL region spanned average 1.26 Mb genomic 
region. These narrowed genomic regions identified by pedi-
gree analysis will be helpful in mapping genes involved in 
SCN resistance.

Genome‑wide association study for resistance 
to SCN race3

The FI of 418 accessions in the diversity panel varied con-
tinuously (Supplementary Fig. S5). A total of 147 accessions 
exhibited high resistance (FI < 10) and 46 accessions showed 
moderate resistance (10 < FI < 30). To verify and fine map the 
genome regions underlying resistance to SCN race3, a diver-
sity panel containing 4,096,160 SNPs (MAF ≥ 0.05, missing 
rate < 0.2 and heterozygosity < 0.1) were used for GWAS 
analysis. The overall LD decay distance for this panel was 

Fig. 3  Identification of IBD fragments correlated to SCN resistance 
in the ZP pedigree. A Derivation pathway of the identification of IBD 
fragments related to resistance. The briefly transitive graph on the 
left indicates pedigree relationship, and the red character represents 
resistant lines. Vertical lines on the right represent the inheritable 
IBD fragments by seven genetic pathways from three ancestral resist-
ance parents. B Verification and distribution of IBD fragments related 
to resistance. a. Chromosome. b. Gene density. c. Reported SCN 

resistance QTL overlapping with candidate resistant related-IBD 
fragments. Overlapped region among different QTL is indicated by 
red color. d. Cloned SCN resistance genes overlapping with candidate 
resistant related-IBD fragments. e. Distribution of IBD fragments on 
genome. Different colors indicate derivation pathways of IBD frag-
ments. The grey region on chromosome represents pericentromeric 
regions
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about 100 kb when r2 dropped to half of its maximum value 
(Supplementary Fig. S6). Principal component analysis and 
population structure classified these accessions into three sub-
clades associating with the geographic distribution patterns, 
North region (NR), Huanghuai region (HR) and South region 
(SR), respectively (Supplementary Fig. S7, S8).

Using a standard mixed linear model, GWAS analysis 
identified 23 genome regions significantly associated with 
SCN race3 resistance (FDR, P < 0.01), which were located 
on 11 chromosomes (chr.) (Fig. 4A, S9, Supplementary 
Table S10). Among them, four regions on chr7, chr8, chr11, 
and chr18 covered the four cloned resistant genes NSFRAN07, 
GmSHMT08, GmSNAP11 and GmSNAP18 and explained 
13.01%, 12.83%, 13.55% and 16.98% of the phenotypic 
variances, respectively (Supplementary Table S10). In addi-
tion, some minor loci on chr1, chr3, chr4, chr5, chr7, chr12, 
chr15, chr16 and chr18 were also determined (Fig. 4A). 
Among them, a novel genomic region SCN3-7–1 on chr7 
was detected and explained 7.95% of the phenotypic vari-
ance (Fig. 4A; Supplementary Table S10). The most strongly 
associated SNP (chr7:15,970,845, G/A) was located in a 
22.1 kb LD block region involving in four annotate genes 
(Glyma.07G134400, Glyma.07G134500, Glyma.07G134600 
and Glyma.07G134700) (Fig. 4B). The average FI of the 
159 entries carrying the AA allele (15.6%) was significantly 
(P = 4.43e-32) lower than that of the 289 entries carrying 
GG allele (46.5%) (Fig. 4C). The resistant AA allele was 
mainly prevalent in the Huanghuai region of China, where 
a large number of resistant accessions were identified 
(Fig. 4D).

We analyzed the genetic background of ZP and its three 
resistant progenitors Peking, PI 437654, and HPZHD based 
on 23 significant loci identified by association analysis and 
found that ZP carried only 60.7% resistant alleles via the 
pedigree breeding, although three resistant progenitors con-
tained 95.7% resistant alleles (Supplementary Table S11). 
This indicated that about 35% of the resistance loci had 
been underutilized during ZP breeding process. For exam-
ple, Peking, PI 437654 and HPZHD carried the resistant 
allele of SCN3-7–1; however, ZP lost the resistant allele of 
SCN3-7–1.

Identification of the candidate genes against SCN 
race3 by integrating IBD and GWAS analysis

Ten overlapping loci covering a genomic interval of 
1.21 Mb genome interval were identified by comparing 
the genomic region of IBD and GWAS analysis (Supple-
mentary Table S12). A total of 144 annotated genes were 

identified in these ten genomic regions, including three 
cloned genes, NSFRAN07, GmSHMT08, and GmSNAP18 
(Supplementary Table S13). Further, 425 SNPs in the 
gene coding regions of 106 genes were detected using 
481 re-sequenced accessions. Among those, 220 SNPs 
located in 79 genes were large-effect SNP changing the 
encoding amino acid sequence, containing 215 non-syn-
onymous SNP, 4 stop gain and 1 stop loss (Supplementary 
Table S13). Further, gene expression patterns change of 
these putatively resistant genes in response to the SCN 
race3 inoculation were further analyzed using previously 
published data (Klink et al. 2009; Li et al. 2018; Miraeiz 
et al. 2020; Wan et al. 2015). A total of 16 genes showed 
significantly differential expression profiles and half of 
them also carried large-effect variations (Supplementary 
Fig. S10–12, Supplementary Table S13). These genes were 
predicted to be involved in various biological functions 
(https:// www. soyba se. org/) (Supplementary Table S13), 
which could be vital to deeply explore the genetic basis of 
resistance to SCN race3.

The closest paralog AT1G30135 of Glyma.08G096500 
encoded a jasmonate-zim-domain protein 8 associated 
with resistance to Botrytis cinerea and Alternaria bras-
sicicola by jasmonate-mediated plant defense in Arabi-
dopsis thaliana (Chen et al. 2021). The jasmonic acid-
involved signaling was also involved in reaction to SCN 
race3 infection (Zhang et al. 2017). Glyma.08G096500 
showed highly expression in root (https:// phyto zome- next. 
jgi. doe. gov/) and encoded a predicted TIFY5b-related 
protein that played vital roles in plant abiotic and biotic 
stress responses (Liu et al. 2022). These results strengthen 
the deduction that Glyma.08G096500 was putatively 
functional gene resistant to SCN race3. Considering the 
expression level of Glyma.08G096500 was significantly 
changed after SCN race3 inoculation (Wang et al., 2015), 
we examined the allelic variation of the Glyma.08G096500 
(promoter and coding region) in the diversity panel and 
identified a total of seven SNP which formed four haplo-
types (Fig. 5A). Using the Plant CARE software (http:// 
bioin forma tics. psb. ugent. be/ webto ols/ plant care/ html/), 
SNP (C/T, − 1065) was predicted to change the core pro-
moter element (TATA-box) that play a critical role in the 
regulation of transcription (Deng and Roberts 2005) and 
response to stress (Basehoar et al. 2004), which distin-
guished H1 from the remaining three haplotypes (Fig. 5A). 
Haplotype analysis indicated that the average FI of the 41 
entries carrying Hap1 (5.73%) was significantly lower than 
that of the entries carrying Hap2 (25, 23.6%), Hap3 (159, 
49.06%) and Hap4 (48, 52.44%), respectively (Fig. 5B).

https://www.soybase.org/
https://phytozome-next.jgi.doe.gov/
https://phytozome-next.jgi.doe.gov/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
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Fig. 4  Identification of genetic loci controlling resistance to SCN 
race3 based on genome-wide association analysis. A Whole genome-
wide Manhattan plot. Yellow dots indicate the SNPs significantly 
associated with SCN races resistance (FDR, P < 0.01). B Regional 
Manhattan plot (top) and LD heatmap (bottom) for locus SCN3-7–1. 
The corresponding annotated genes located in the regional plot are 

drawn in black arrows in the middle part. The bottom part shows the 
LD block of region plot. C The difference of FI between two allele 
chr7:15,970,845 genotypes (GG/AA) in soybean accessions. P value 
was determined by one-way ANOVA analysis. D Geographical distri-
bution of SNP chr7:15,970,845 genotypes
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Discussion

IBD fragments play the essential role in ZP breeding 
process

Pedigree analysis is an effective method to reveal the 
dynamic change of the genome during crop breeding. In 
recent years, several publications have used re-sequenced 
elite pedigree populations with well-defined genetic paths to 
analyze the inference of core genomic fragments and their 
association with key traits during the breeding process (Chen 
et al. 2017; Han et al. 2020; Ma et al. 2018; Wu et al. 2016; 
Yamamoto et al. 2010; Zheng et al. 2017). However, few 
studies have re-sequenced soybean pedigrees to elucidate 
genome-wide genetic characters during the soybean breed-
ing process. In the current study, we re-sequenced the ZP 
pedigree panel, in which resistance to SCN is one of the 
major improved traits, and elucidated the dynamic change 
of the genome during the breeding process. The proportion 
of genome constitution contributed to ZP by all progeni-
tor varied from 3.45% (Peking) to 14.55% (Bragg). It was 
worth noticing that Bragg, a susceptible line to SCN race3, 
was the major contributor that played a vital role in the ZP 
breeding process, rather than the resistant ancestral parents. 
This indicates that intensive selection for other some traits 
such as grain yield, plant height and maturity time occurred 
in addition to SCN resistance.

A total of 19 genes controlling important traits were 
identified in these traceable IBD fragments selected in at 
least two consecutive breeding generation (Supplementary 
Table S7). Interestingly, the crucial genes of soybean flow-
ering system, E1, E3, Tof12 and GmGBP1 were located 
in these IBD fragments selected in at least two continued 

breeding generation. Therefore, selection on these genes to 
expand the adaptation range adaptative of soybean cultivars 
appears to be an important component to soybean breed-
ing. As expected, many reported genes controlling other 
important traits were also identified, including GmLHY1a 
for plant height and internode length (Cheng et al. 2019), 
GmSWEET39 for seed oil content (Miao et al. 2019), and 
GmST05 and GmPP2C for seed weight (Duan et al. 2022; 
Lu et al. 2017) (Supplementary Table S7). The traceable 
IBD fragments subjected to artificial selection provide an 
opportunity to explore the genetic change of genome dur-
ing pedigree breeding. However, the function of the abun-
dant IBD fragments still remains obscure. Reported QTL 
underlying important traits allow us to further hypothesize 
the possible function of IBD fragments. By comparing the 
position of IBD region and published QTL, a large number 
of QTL controlling important traits were overlapped with 
these traceable IBD segments (Supplementary Table S14), 
indicating that these IBD fragments may be closely associ-
ated with these traits. However, further studies are needed 
to validate these hypotheses.

Verification of IBD fragments controlling resistance 
to SCN race3 by QTL mapping and GWAS

IBD tracing identified IBD fragments based on block iden-
tity between ZP and its parents in the pedigree with clear 
relationships. By comparing resistant and susceptible geno-
types in the ZP pedigree, the resistant related-IBD fragments 
were defined. However, the generations of ZP pedigree and 
related parents were limited in current study, resulting in 
certain proportion of IBD fragments resistant to SCN pos-
sibly being false positives. Therefore, it seems reasonable 

Fig. 5  Genetic variations of gene Glyma.08G096500 underly-
ing resistance to SCN race3. A Allelic variations and haplotypes of 
Glyma.08G096500 including promoter (upstream 2-kb of start codon) 
and coding sequence (CDS) from diversity panel. Hap1-Hap4 indi-
cate four different haplotypes of Glyma.08G096500. The yellow 
boxes represent exons. The sequence in blue boxes represented a core 

promoter element (TATA-box) predicted by Plant CARE. B Compar-
ison of FI among soybean accessions with different haplotype. The 
central bold line within the box indicates the median; box edges rep-
resent the upper and lower quantiles; whiskers shows the 1.5 inter-
quartile range and points represent outliers. P-values were determined 
by one-way ANOVA analysis



 Theoretical and Applied Genetics (2023) 136:50

1 3

50 Page 10 of 13

to confirm these identified IBD fragments. QTL mapping 
and GWAS are two effective approaches to identify genetic 
loci underlying traits of interest from parental segregation 
group and diverse germplasms. We had conducted QTL 
mapping for resistance to SCN race3 using a RIL population 
derived from the ZP and cultivar Zhonghuang13 (suscepti-
ble to SCN race3) previously, and identified three QTL loci 
SCN3-1, SCN3-11 and SCN3-18 (Li et al. 2016; Yang et al. 
2020), which also had been identified in the IBD analysis. 
However, the other two known resistant genes Rhg4 and 
NSFRAN07 identified in the IBD analysis were not mapped 
in the RIL population, possibly due to the limited cover-
age of the genetic linkage map and the major-effect QTL, 
which limited the identification of other QTL such as E1 
(Lu et al. 2016) and the genetic interaction among differ-
ent QTL in the RIL population. To overcome the limitation 
of a single method such as QTL mapping, GWAS analysis 
was performed to verify the loci underlying resistance to 
SCN race3. Of them, ten loci detected by GWAS for SCN 
race3 resistance were overlapped with inherited IBD frag-
ment from the defined genetic paths associated with resist-
ance to SCN (Supplementary Table S12). Furthermore, 
354 resistant-related IBD fragments were overlapped by the 
reported QTL underlying resistance to different SCN race 
(Supplementary Table S9). This indicates that inheritable 
IBD fragments are genetic sources with resistance to dif-
ferent SCN race. For example, a novel qSCN10 conferring 
broad-spectrum resistance was identified and mapping to 
379 kb genomic region on chr10 from a soybean accession 
PI 567516C (Zhou et al. 2021). The region overlaps with the 
IBD fragment chr10:42,798,271–42,866,566 obtained from 
specific HPZHD (Supplementary Table S9). A resistant-
related NBS–LRR protein encoding gene Glyma.10G196700 
located in the overlapping region of IBD and fine mapping 
can be identified as candidate gene for qSCN10. These 
results suggested that the joint IBD, QTL mapping and 
GWAS approaches can help in cross-validation and explor-
ing deeply genetic basis of complex traits.

Identification of novel candidate loci/genes 
underlying resistance to SCN race3

Two major resistance genes, rhg1 and Rhg4, have been used 
widely in development of a large number of resistant culti-
vars in recent decades (Bayless et al. 2018; Patil et al. 2019; 
Zhou et al. 2021). However, over-reliance on limited num-
bers of resistant genes has led to the emergence of virulent 
SCN populations that are able to reproduce on these resist-
ant cultivars (Gardner et al. 2017; Meinhardt et al. 2021). 
There is now an urgent need to identify novel sources of 
SCN resistance for overcome the genetic diversification 
of the SCN race. In the current study, a total of ten loci 
were discovered by combining IBD and GWAS analyses. 

We compared the ten common genomic regions obtained 
by IBD analysis and GWAS with reported QTL and QTN 
collected from Soybase (https:// soyba se. org/) and published 
studies (Supplementary Table S15, S16). Of them, five loci 
were located in or overlapped with the reported regions; the 
remaining five loci were not overlapped with these reported 
regions and defined as novel loci. Promising candidate 
genes were analyzed using differential gene expressions 
between resistant and susceptible accessions derived from 
studies and homologous gene comparison. For example, 
a TIFY 5b-related protein encoding gene located on chr8, 
Glyma.08G096500 (homologous to AT1G30135 in Arabi-
dopsis) was found to be responsible for resistance to SCN 
race3 in both IBD and association analysis. AT1G30135 
was associated with jasmonate-mediated plant defense in 
Arabidopsis thaliana (Chen et al. 2021). Haplotype analy-
sis showed that a SNP (C/T, − 1065) in Glyma.08G096500 
was significantly correlated with resistance to SCN race3 
and was predicted to result in the change of core promoter 
element (TATA-box) (Fig. 5A). This core promoter ele-
ment may be important for regulating the expression level 
of Glyma.08G096500 based on its different expression level 
after inoculation of SCN race3 from Wan et al. 2015.

Additionally, a novel locus SCN3-7–1 on chr7 (SNP 
chr7:15,970,845) was significantly associated with resist-
ance to SCN race3. However, when tracing this locus in the 
ZP pedigree, we found that all three ancestral parents Peking, 
PI 437654 and HPZHD carried the resistant AA allele, but 
it was not passed on to the next generation (Supplemen-
tary Fig. S13). Interestingly, the proportion of the AA allele 
in association panel decreased from landraces (49.8%) to 
improved cultivars (10.9%) (Supplementary Fig. S14). Thus, 
although the soybean accessions carrying the AA allele were 
resistant to SCN race3, this allele was not selected by breed-
ers. We speculated that this phenomenon may be explained 
by linkage drags with resulting in poor performance for other 
important traits such as grain yield. Therefore, we further 
analyzed the reported QTL surrounding SCN3-7–1 (https:// 
www. soyba se. org/) and identified QTL controlling resist-
ance to Spodoptera litura, resistance to Sclerotinia sclero-
tiorum, seed calcium content, and seed weight (Supplemen-
tary Table S17). In the SCN3-7–1 region, a total of four 
predicted genes (Glyma.07G134400, Glyma.07G134500, 
Glyma.07G134600 and Glyma.07G134700) were identified 
based on the reference genome Williams 82.a2.v1. In accord-
ance with previously reported transcriptional responses to 
SCN race3 at 0, 3 and 8 days post-inoculation (Wan et al. 
2015), Glyma.07G134500 encoding a predicted heat shock 
protein DnaJ was constitutively down-regulated (P < 0.05) 
in the two resistant lines PI 437654 and PI 567516C com-
pared with the susceptible cultivar Magellan at 3 and 8 days 
post-inoculation (Supplementary Fig. S15), which was con-
sidered as candidate gene underlying the SCN3-7–1 locus. 

https://soybase.org/
https://www.soybase.org/
https://www.soybase.org/
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In conclusion, the predicted candidate genes are promising 
candidates for further exploring the genetic basis of resist-
ance to SCN.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00122- 023- 04268-3.
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