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Abstract Reniform nematode (Rotylenchulus reni-
formis, Linford and Oliveira) is a sedentary, semi-
endoparasite that infects a wide range of plant hosts 
and is one of the top three nematode pathogens 
affecting soybean in the southeastern United States. 
Previous studies have linked resistance to reniform 
nematode in soybean to two quantitative trait loci 
on chromosomes 11 and 18. A Kompetitive Allele-
Specific PCR (KASP) assay was designed using SNP 
markers within these two regions to distinguish reni-
form nematode-resistant soybean based on genotype. 
A collection of 44 soybean plant introductions with 
resistant phenotype to reniform nematode and 40 
susceptible soybean lines were genotyped at the two 
target loci to validate the KASP assay design. Of the 
44 observed resistant lines, two carried the suscep-
tible genotype; PI 438489B at the locus on chromo-
some 18 and PI 495017C on chromosome 11. Of the 
40 observed susceptible soybean lines, only 25 had 
the expected susceptible genotype at the loci on chro-
mosome 18 and 13 on chromosome 11. Our KASP 
assay was 68% accurate in predicting the phenotype 
of 84 soybean accessions based on their genotype at 

the SNP marker on chromosome 18 and 83% accurate 
at chromosome 11. These results indicate a moderate 
correlation of soybean SNP markers GlyREN18_46 
and GlyREN11_190 with reniform nematode resist-
ance. Further research is required to improve the 
accuracy of KASP assays to predict soybean response 
to reniform nematode, particularly host susceptibility.
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Introduction

Reniform nematode (Rotylenchulus reniformis, Lin-
ford and Oliveira) is a major yield-limiting patho-
gen of soybean throughout most of the southeastern 
United States, responsible for 11–33% of the yield 
loss (Allen et  al. 2021; Rebois and Johnson 1973; 
Robbins et  al. 1994a). The use of resistant cultivars 
is the best management practice to prevent yield loss 
and reduce nematode populations in the soil if nema-
tode populations are above damage thresholds (West-
phal and Scott 2005). Current nematode-resistant 
cultivars of soybean are tailored to protect against 
soybean cyst nematode (SCN) which is controlled 
in part by the major soybean loci Rhg1 and Rhg4 on 
chromosomes (Chrs.) 18 and 8, respectively (Liu et al. 
2017). A combination of both rhg1-a and rhg4 alleles 
have been shown to carry resistance to reniform 
nematode (RN) and SCN, but some SCN-resistant 
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genotypes contain only the rhg1-b allele which is 
not linked to RN resistance (Cook et  al. 2012; Kle-
padlo et al. 2018). Unfortunately, many of the SCN-
resistant soybean cultivars available for commercial 
production are derived from either Plant Introduction 
(PI) 88788 or Peking, which do not carry the resist-
ant allele at Rhg4 and are therefore susceptible to RN 
(McCarville et al. 2017).

Studies over the last 20 years have investigated 
the performance of hundreds of released cultivars 
and breeding lines of soybean against RN (Lee et al. 
2015; Robbins and Rakes 1996; Robbins et al. 1994b, 
1999, 2001, 2002, 2017; Stetina et  al. 2014). These 
studies highlight the wide spectrum of host responses 
to RN in PI lines and cultivars and identify lines that 
carry genetic resistance to this nematode pathogen. 
Manual screening for resistance, such as quantifying 
the reproduction index (RI) in large populations of 
breeding lines, requires a high cost, large space, and 
months of labor (Jenkins 1964; Robbins and Rakes 
1996). With the advent of molecular tools, breeders 
have the ability to test their breeding populations for 
desired genetic characteristics, such as disease resist-
ance, within a fraction of the time and cost compared 
to manual screening.

Several rapid molecular screening techniques have 
been developed to assist breeders in predicting desired 
phenotypes using genomic markers (Broccanello 
et al. 2018; Semagn et al. 2014). A KASP (Kompeti-
tive Allele-Specific PCR) assay is one of these marker 
detection assays that is rapid, reliable, and has a low 
cost per sample. This PCR-based assay targets sin-
gle nucleotide polymorphisms (SNPs) through oligo 
extension and uses fluorescence resonance energy 
transfer (FRET) for signal generation (Kumpatla et al. 
2012). KASP assays are best suited for studies target-
ing between one and 10 SNP markers in hundreds of 
plant accessions, which is often the case when screen-
ing for markers linked to desired traits in large breed-
ing populations. Although inheritance of qualitative 
traits such as pathogen resistance is complex, assays 
designed for marker-assisted selection have improved 
efforts to pyramid desired traits and increase the effi-
ciency of breeding programs (Semagn et  al. 2014). 
For example, a KASP assay designed to target three 
SNP markers has proven highly effective in identify-
ing SCN resistance (Shi et al. 2015).

Recent studies have linked two QTL regions to 
RN resistance on soybean Chrs. 18 and 11. One study 

identified a region on Chr. 19, yet no subsequent 
study has associated the resistance phenotype to a 
genomic region on this chromosome (Ha et al. 2007; 
Jiao et al. 2015; Lee et al. 2016; Wilkes et al. 2020). 
A recent study by Klepadlo et al. (2018) screened 76 
SCN-resistant soybean accessions for RN resistance 
using both phenotypic observations and genotypic 
screening using a KASP assay. In this study, a devel-
oped KASP marker on Chr. 18 had a 90% correla-
tion with the expected phenotype, but there was low 
phenotype correlation with the markers developed on 
Chrs. 11 and 19. Further research is needed to survey 
a broader genetic pool, including accessions suscepti-
ble to SCN, to provide a more comprehensive under-
standing of the genetic regions associated with RN 
resistance.

This study aims to develop a KASP assay to assist 
in the marker-assisted selection of RN resistance in 
soybean. The SNP markers within two QTL regions, 
which accounted for 44% of the total phenotypic 
variance, were used to design the genotyping assay 
(Wilkes et al. 2020). Forty-four RN-resistant and 40 
RN-susceptible soybean lines (84 total) were geno-
typed using the assay to test accuracy. Additionally, 
the phenotypic responses of the 44 RN-resistant soy-
bean lines were assessed with a RN population from 
South Carolina.

Materials and methods

Manual reniform nematode resistance screening

All soybean accessions reported to be resistant to RN 
by the Germplasm Resources Information Network 
(GRIN, USDA-ARS) were acquired (44 accessions) 
and screened for resistance to a RN population col-
lected in South Carolina. The soybeans were planted 
in 20-ounce Styrofoam cups in three replicates and 
grown in a temperature-controlled growth room. The 
room was maintained at 38 °C and pots were watered 
roughly 50 mL once a day using an automated irriga-
tion system. A positive control (RN-susceptible soy-
bean cultivar Braxton) was planted in three replicates 
in conjunction with each trial. Once the first trifoli-
ate emerged, six days after planting, each plant was 
individually inoculated with 2000 vermiform RN. 
The RN population was originally collected from St. 
Matthews, South Carolina and cultured for more than 
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30 life cycles on cv. Braxton in a controlled environ-
ment. After 30 days post-inoculation, all soybean 
plants were harvested and nematodes were extracted 
from the soil in each pot (Jenkins 1964). The RI was 
calculated to estimate the nematode reproduction on 
each soybean accession (Perry et al. 2018).

DNA extraction

Forty RN-susceptible soybean lines were randomly 
selected from previous RN screening projects with 
an emphasis to sample lines with no overlapping 
pedigrees (Lee et  al. 2015; Robbins et  al. 2017). 
Each accession was planted in the same growth room 
with the resistant accessions. A penny-sized amount 
of newly emerging plant leaf material was collected 
from all soybean accessions, both RN-resistant and 
susceptible, for DNA extraction using a sodium dode-
cyl sulfate (SDS) protocol published by King et  al. 
(2014). Each sample of extracted DNA was normal-
ized to a concentration of 50 ng/µL for use in the 
KASP assay.

Primer design

Two primer sets were designed to target SNPs within 
QTL regions previously identified in Wilkes et  al. 
(2020) (Table  1). The first target SNP, referred to 
as GlyREN18_46, was on Chr. 18 at bp 1684449. 
At this marker, the resistant genotype was C and 
the susceptible genotype was A. The second tar-
get SNP was on Chr. 11 at bp 32986440, referred 
to as GlyREN11_190. The resistant genotype for 
GlyREN11_190 was C and the susceptible geno-
type was T. The 5’ end of each forward primer was 
appended with a complementary sequence to the 
FAM fluorophore for the susceptible genotype from 

cv. Williams 82 and HEX fluorophore quenchers for 
the resistant genotype from cv. Forrest. Quality of the 
primer design was reviewed using the OligoAnalyzer 
Tool from IDT (idtdna.com). A BLAST search on the 
Soybase Database using the Glycine max reference 
genome (Wm81.a4) revealed that neither primer set 
produced an off-target 100% matched hit.

KASP assay

A modified KASP assay protocol was used (Patter-
son et  al. 2017). Stock primers were resuspended in 
 ddH2O at a concentration of 100 µM. A primer mas-
ter mix was formulated based on with the following: 
18 µL of forward primer with FAM sequence, 18 µL 
of forward primer with HEX sequence, 45 µL of the 
reverse primer, and 69 µL of 1 M Tris-HCl, pH 8.3. 
A KASP master mix for each target SNP was made 
at a ratio of 514  µL of the KASP V4.0 2X Master-
Mix (LGC Genomics™) combined with 14 µL of the 
primer master mix previously described.

A 96-well plate was prepared by pipetting 4 µl of 
the KASP master mix followed by 4 µl of DNA sam-
ple or  ddH2O for the non-template control (NTC). 
Standard controls for each genotype were replicated 
at least three times and each unknown sample had at 
least two replicates per run. Soybean cultivars Forrest 
(resistant) and Williams 82 (susceptible) were used 
as the homozygous standards. Heterozygous stand-
ards were selected from a set of recombinant inbred 
lines developed from a cross between these two 
controls (Wilkes et al. 2020; Wu et al. 2011). Plates 
were sealed with optically clear adhesive plate seals 
(Thermo Scientific Cat. No. AB1170). The assay 
was performed using a Bio-Rad CFX Connect Real-
Time PCR Detection System (Bio-Rad Laboratories, 
Inc., Hercules, CA) using a modified LGC qPCR 

Table 1  KASP primer 
sequences for targeting 
reniform nematode 
resistance in soybean in two 
QTLs on chromosome 11 
(GlyREN11_190) and 18 
(GlyREN18_46)

Marker Primer Sequence

GlyREN18_46 Forward-FAM GAA GGT GAC CAA GTT CAT GCT CTG TTT CGT 
TGC ATA AAA TTG CAGC 

Forward-HEX GAA GGT GAC CAA GTT CAT GCT CTG TTT CGT 
TGC ATA AAA TTG CAGA 

Reverse GCC TAC AAG TTA GAA AGA CAG AGC CAT 
GlyREN11_190 Forward-FAM CGT CTT CAA TAG CCA TCC GAC TTT C

Forward-HEX CGT CTT CAA TAG CCA TCC GAC TTT T
Reverse GAT TTC CAG ATG AGC TAA CCA TTG AGG AAG 
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program: 10 cycles of 94  °C for 15  min, 94  °C for 
20  s, 61–55  °C for 60  s, dropping 0.6  °C per cycle 
followed by 30 cycles of DNA separation at 94 °C for 
20 s, annealing at 55 °C for 1 min, and elongation at 
23 °C for 30 s. HEX and FAM fluorescence strength 
was measured at the end of each of the final 30 DNA 
amplification cycles.

Data analysis

FAM and HEX fluorescence values were normalized 
by transforming each value to a percentage of the 
maximum fluorescence for each fluorophore in each 
assay (Patterson et al. 2017). A discriminate analysis 
was performed to identify statistically distinct clusters 
of similar HEX and FAM fluorescence at each target 
site to call genotype  (JMP® 2020, SAS institute).

Results

Manual reniform nematode resistance screening

All 44 GRIN-labeled RN-resistant soybean lines 
had lower RI compared to the susceptible con-
trol, cv. Braxton. However, six of the 44 lines had 
a slightly higher RI than the other 38 tested lines 

(Fig.  1). These genotypes were PI 438489B, PI 
495017C, PI 467332, PI 467312, PI 458520, and PI 
416762. An optimal univariate cluster analysis was 
performed on the RI of all phenotyped soybeans to 
clearly illustrate the distinct grouping of these six 
individuals apart from the other accessions (Fig. 2) 
(Usovsky et al. 2022).

Fig. 1  Reproduction Indices (RI) of 44 diverse reniform nem-
atode-resistant soybean germplasm as indicated by the Germ-
plasm Resources Information Network (GRIN, USDA-ARS). 

Soybean cultivar, Braxton, was used as a susceptible control 
and an average of 3 replicates was used in each trial. Blue bar 
represents trial 1, red trial 2, and green trial 3
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Fig. 2  Optimized univariate k-means cluster analysis of 
Reproductive Indices (RI) of 44 reniform nematode-resistant 
soybean accessions, including a susceptible control (cv. Brax-
ton). The optimal number of clusters, k, was estimated to be 
three
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KASP assay

The KASP assay designed to target SNP alleles at 
GlyREN18_46 and GlyREN11_190 successfully 
distinguished the genotypes between the suscepti-
ble and resistant standard controls in all the trials. 
However, at marker GlyREN11_190, the homozy-
gous susceptible standard had higher HEX fluores-
cence than expected and was indistinguishable from 
the heterozygous standard. The resistant controls 
remained distinct from the susceptible and hete-
rozygous standards with high HEX signal and low 
to no FAM signal.

Of the 44 RN-resistant soybean lines, two acces-
sions had genotype calls consistent with the suscep-
tible standard (Fig.  3). One accession (PI 438489B) 
had the susceptible genotype at GlyREN18_46 and 
resistant genotype at GlyREN11_190. The other 
accession (PI 495017C) had the susceptible geno-
type at the GlyREN11_190 and resistant genotype 
at GlyREN18_46. These two unique accessions are 
two of the six resistant accessions that were pheno-
typically distinct based on the cluster analysis of RI 
values. The other four of the six accessions had the 
expected resistant genotype at both loci.

The probability of an accurate correlation of geno-
type with phenotype in the observed RN-resistant 
accessions at GlyREN18_46 was estimated at 97.7%. 
However, the results from the RN-susceptible soy-
bean accessions at both markers were less accurately 
correlated with the observed phenotype (Fig. 4). For 
marker GlyREN18_46, 14 RN-susceptible soybean 
lines had a genotype consistent with the susceptible 
standard and 25 RN-susceptible lines had a genotype 
consistent with the resistant standard (one accession 
had no amplification). For GlyREN11_190, 26 RN-
susceptible soybean accessions had a genotype con-
sistent with the susceptible standard, 13 accessions 
had a genotype consistent with the resistant standard, 
and one accession (SC06-306) had FAM and HEX 
fluorescence signals distinct from all other data points 
(Fig. 4). Results from genotyping the RN-susceptible 
soybean accessions show a 36 and 66.7% phenotype 
prediction accuracy for SNP alleles at GlyREN18_46 
and GlyREN11_190, respectively. The combined 
results of the RN-susceptible and resistant acces-
sions show genotyping at GlyREN18_46 and 
GlyREN_11_190 was 68% and 83% accurate, respec-
tively, in predicting RN response in soybean.

Discussion

The 44 GRIN-labeled RN-resistant soybean acces-
sions had reduced RN reproduction compared to a 
susceptible control when screened with an RN popu-
lation originally collected from South Carolina. How-
ever, six of the 44 RN-resistant soybean lines had 
consistently higher RI than the other 38 resistant lines 
(Fig.  2). Three (PI 467312, PI 458520, PI 416762) 
of those six were once reported susceptible to RN 
(Lee et  al. 2016). Similarly, two of the same lines 
(PI 458520, PI 416762) were labeled susceptible in a 
separate study (Klepadlo et al. 2018; Lee et al. 2016). 
Additionally, PI 437725 had low RI, consistent with 
the highly resistant accessions but was classified as 
susceptible in the Lee et al. (2016) report. One possi-
ble explanation for the inconsistency is host response 
to a RN population from a different geographic 
region. Our study uses a RN population from South 
Carolina while most other reports used a RN popu-
lation from Arkansas. Differences in environmental 
conditions of the assay, such as temperature of the 
soil, size of the pot, and moisture content, may also 
affect the host response to the pathogen. The seed 
source may have resulted in an unexpected response 
to RN. Additionally, there may be small-effect QTLs 
that are part of the overall phenotype. The six acces-
sions with distinct RI values (Fig. 2) may highlight a 
group of accessions that have similar genetic sources 
of resistance which include small effect QTLs.

The KASP assay results show that two of the geno-
typed RN-resistant soybean lines carried the suscep-
tible genotype: PI 438489B at GlyREN18_46 and 
PI 495017C at GlyREN11_190. These soybean lines 
were two of the six accessions with slightly higher RI 
than the other 38 RN-resistant accessions. It is pos-
sible that PI 438489B and PI 495017C may have a 
different source of genetic resistance that accounts 
for the susceptible genotypes at the two loci and a 
slightly higher nematode reproduction than other 
resistant accessions. It would be of interest to inves-
tigate these six soybean lines, particularly the two 
with different genotypes, to identify novel major and 
minor QTLs.

Measuring phenotypic resistance to a nematode 
pathogen is not a straightforward process. Resistance 
to reniform nematode is most often represented by the 
RI, a relative measurement of a host’s suitability to the 
pathogen. These values are on a continuous spectrum 
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Fig. 3  Endpoint fluorescence plots generated by KASP 
genotyping to predict reniform nematode resistance in 44 
resistant soybeans at genomic regions a  GlyREN18_46 and 

b  GlyREN11_190. Predicted alleles are provided near each 
distinct cluster based on standard controls
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which makes classifying resistance a challenge. Addi-
tionally, the RI of an individual plant can be affected 
by environmental conditions, such as temperature and 

soil texture, which is the reason many studies use a 
standardized control for relative comparison (Perry 
et al. 2018). However, comparisons to the control can 

Fig. 4  Endpoint fluorescence plots generated by KASP geno-
typing to predict reniform nematode resistance in 40 sus-
ceptible soybeans at genomic regions a  GlyREN18_46 and 

b  GlyREN11_190. Predicted alleles are provided near each 
distinct cluster based on standard controls
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lead to inconsistent host suitability calls since it is 
not uncommon for the RI distribution in a population 
to fall outside the range of the controls. This further 
justifies the need for a reliable genotyping method to 
define and classify nematode resistance.

The KASP assay designed to target GlyREN18_46 
gave three distinct clusters (homozygous resistant, 
homozygous susceptible, and heterozygous) among 
tested soybean accessions (Figs. 3, 4). However, the 
assay design targeting GlyREN11_190 did not pro-
vide fluorescence measurements in three clusters as 
expected. The resistant standard gave the expected 
result of a high HEX fluorescent signal and low FAM 
signal, indicating a cluster with the TT genotype. 
The heterozygous standard also gave expected results 
of equal signals of both FAM and HEX indicating a 
cluster with CT genotype. However, the susceptible 
control aligned with the heterozygous standard, with 
higher than expected HEX signal. Likewise, several 
susceptible soybean accessions had genotypes that 
aligned with the heterozygous and homozygous con-
trols. Interestingly, one susceptible line, SC06-306, 
had unique fluorescence signals apart from the other 
accessions with a higher HEX signal (Fig.  4b). In-
depth research, such as amplicon sequencing of each 
genotype, would provide a clear understanding of the 
genotype of this locus among the sample population.

Although the marker at GlyREN11_190 did not 
perform as expected in the assay, there was a clear 
distinction between resistant and susceptible stand-
ard controls. Conclusions can be drawn from results 
of the genotyped soybean lines to indicate the use for 
genotype to phenotype correlation. The accuracy rate 
for predicting the phenotypically resistant soybean 
accessions was higher than the rate for the suscepti-
ble accessions. The RN-susceptible accessions may 
have greater genetic diversity compared to resistant 
genotypes. The resistant soybean lines may come 
from similar pedigrees, particularly if there was one 
original source of resistance, and therefore have more 
similar haplotypes. Additionally, being a quantitative 
trait, there are multiple loci involved in the resistance 
phenotype. Testing for one or two known RN resist-
ance loci may not be sufficient to predict the pheno-
type and therefore lead to a lower prediction accuracy.

Klepadlo et  al. (2018) developed three KASP 
markers to test for RN resistance and found an overall 

correlation of 67.2% linking the genotype with the 
phenotypic variation in 76 soybean accessions. Our 
study screened 84 soybean lines and shows a com-
parable rate of 76%, accurately correlating genotype 
to phenotype with only two markers. Specifically, the 
accuracy of GlyREN11_190 was 83% compared to 
Klepadlo’s 63% from a maker within the same QTL 
region. However, the marker at GlyREN18_46 was 
much lower in accuracy compared to their reported 
89%. The marker GlyREN18_46 was 666  kb down-
stream on Chr. 18 of the KASP marker developed 
by Klepadlo et  al. and GlyREN11_190 was 27 kbp 
downstream from their marker on Chr. 11. A com-
bination of the KASP-designed marker on Chr. 18 in 
the study done by Klepadlo et al. and GlyREN11_190 
would provide an even greater accuracy in phenotype 
prediction.

Our study contributes to the ongoing efforts to 
design and implement a fast molecular assay for soy-
bean targeting known loci associated with resistance 
to RN. Development of a quick and reliable genetic 
screening for RN resistance in soybean can assist 
breeders in the rapid selection of genotypes with 
known nematode resistance.
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