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Abstract

Nematodes are one of the most destructive plant-parasitic
pests in soybeans [Glycine max (L.) Merrill]. Among the nem-
atodes, soybean cyst nematode (SCN, Heterodera glycines
Ichinohe), southern root-knot nematode [RKN, Meloidogyne
incognita (Kofoid and White) Chitwood], and reniform nema-
tode (RN, Rotylenchlus reniformis Linford and Oliveria) are of-
ten the most problematic in soybean yield production. The
plant introduction PI437654 has been used previously to
map RN quantitative trait loci (QTL). However, ‘P1437654’ is
non-domesticated. ‘Hartwig’ was the first domesticated cul-
tivar to introgress some of the resistances from P1437654.
The aims here were to map QTL underlying RN resistance
in Hartwig. A cross between Flyer and Hartwig (n=92) was
created to map QTL that underlie both SCN and RN resis-
tance. The F X H population was phenotyped at the nematol-
ogy lab at the University of Arkansas in 2014 and 2015 The
F X H was genotyped with 140 polymorphic microsatellite
markers (simple sequence repeats, SSR). In this study, 4 SSRs
were highly significant (P< 0.001) associated by ANOVA
and composite interval mapping and each were determined
to identify a QTL. There were QTL on Chr. 12 (LG H, Sait353),
and 3 on Chr. 18 (LG G, Sait275, Sait163, and Satt309). The
beneficial alleles all derived from Hartwig. Satt353 has previ-
ously been reported to link to sudden death syndrome (SDS)
QTL, and all three Satt markers on LG G have been reported
to link to rhg1.Therefore, Hartwig and cultivars derived from
it (‘Anand’, ‘Ina’) may be used to address the growing RN
problems.
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Introduction

Nematodes are one of the most destructive plant-parasitic
pests in soybeans [Glycine max (L.) Merrilll. Among nematodes,
soybean cyst nematode (SCN, Heterodera glycines Ichinohe),
southern root-knot nematode [RKN, Meloidogyne incognita (Ko-
foid and White) Chitwood], and reniform nematode (RN, Ro-
tylenchlus reniformis Linford and Oliveria) are often the most
problematic in soybean yield production (Robbin et al. 1994q;
Koenning and Wrather 2010). Nematode management options
include nematicide application, rotation with non-host crop, and
the use of resistant cultivars (Jico et al. 2015; Lee et al. 2015).
An estimation of $1 billion loss annually due to SCN has been re-
ported (Wrather and Koenning 2009), therefore breeding SCN
resistant cultivars has been the top priority. However, the continu-
ous breeding for SCN resistant cultivars may accelerate selec-
tion for other nematode pests, hence breeding cultivars with mul-
tiple nematode resistance is crucial (Schmitt and Barker 1988;
Lee et al. 2015). Many cultivars that are resistant to SCN but not
RKN or RN have been reported. Studies have shown that SCN-
resistant soybean cultivars that derive resistance from ‘Peking’
(like ‘Forrest’) and ‘Pl 437654’ (like ‘Hartwig’) are potentially
resistant to RN whereas resistance derived from ‘PI88788’ are
not (Caviness and Riggs 1976; Robbins el al. 1994a, 1994b;
Davis et al. 1996; Robbins and Rakes 1996; Jiao et al. 2015).
This indicates that there is a common or linked gene controlling
the resistant for both SCN and RN at or near the rhgla allele
(Ha et al. 2007) but not the rhg1b allele.

The RN was first observed in Hawaii on cowpea roots in 1931
(Robbins et al. 1999). RN was originally considered to be a
tropical nematode pest but has since spread to the eastern half
of the U.S. cotton belt, the RN has since become a major pest in
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tropical, sub-tropical, and southern United States (Robbins et al.
1999; Jones et al. 2015). The RN host range includes up to 77
plant families, in the United States, common hosts include upland
cotton, soybean, and pineapple (Robinson et al. 2007; Wub-
ben et al. 2015). Cotton yield lost due to RN infection could be
greater than $100 million annually and soybean losses could
exceed that in future (Blasingame and Patel 2012).

Numerous soybean breeding lines and cultivars have been
tested for RN reproduction, resistance, and susceptibility, includ-
ing lines from the Arkansas and Mississippi Soybean Variety
Testing program and lines submitted from extension nematologist
(Robbins et al. 1994; Robbins et al. 2002). In addition, the ge-
netic approach has been researched extensively to understand
the quantitative trait loci (QTL) responsible for the resistance.
Two QTL have been reported in a cross between ‘BSR 101’ and
Pl 437654, on Chromosome 11 (Chr. 11, Linkage group B1)
and Chr. 19 (LG L), using restriction fragment length polymor-
phisms, by Pioneer Hi-Bred International, Inc in 2000 (unpub-
lished study). Ha et al. (2007) reported two additional QTL
in the BSR101 X Pl 437654 population Chr. Tand Chr. 18 (LG
B1, Satt359 and LG G, Sat_168) using simple sequence repeat
markers (SSR). In addition, the positions of QTL previously identi-
fied by Pioneer Hi-Bred International, Inc were refined (Chr. 19;
LG L, Sat_184 and Satt513). Jiao et al. (2015) reported two
additional QTL on Chr. 18 (LG G, BARC-021459-04106) and
Chr. 11 (LG B1, BARC-012237-01756). The PI437654, though
non-domesticated and viney, has been used as a source to intro-
gress neamatode resistances to domesticated cultivars including
Hartwig, ‘Anand’ and ‘Ina’ (Kazi et al., 2008; 2010).

A cross between ‘Flyer’ and Hartwig (n=92) was created to
map QTL that underlie SCN resistance (Kazi et al. 2005; 2010).
This population was used here to identify QTL that underlie re-
sistance to RN. Hartwig derives parts of its SCN, RKN and RN
resistances from the non-domesticated P1437654 but does so in
a domesticated (Forrest like) plant phenotype. The F X H popu-
lation was phenotyped at the nematology lab at the Univer-
sity of Arkansas in 2014 and 2015. The F X H population was
genotyped with 140 polymorphic SSR markers (Schultz 2007;
Kazi et al 2010). Here the following is reported, 12 SSRs were
identified to be significantly associated with the RN resistance
trait, 5 out of the 12 SSRs were highly significant (P< 0.001)
and were determined to identify QTL, This study further supports
that there are common QTL or genomic regions controlling both
SCN and RN resistance.

Materials and Methods
Plant Material

The genetic material used in this study consisted of the F X H
recombinant inbred lines (RILs; n = 92; Yuan et al. 2002; Kazi
et al. 2007; 2008; 2009). Populations were advanced to the
F5:14 from 2003 to 2005 and seed were released in 2007
(Kazi et al. 2007). The population was increased every 4 years
since then and is now at the F5:16.The cross was selected be-
cause it showed segregation for seed yield and many pest re-
sistances, including well characterized reactions to SDS, RKN, RN
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and SCN. Hartwig was lower yielding but consistently resistant
to nematode diseases and SDS in most locations (Wrather et al.
1995; Nijiti et al. 1997; 2001; Mueller et al. 2002; Kazi et al.
2010). It was strongly resistant to most HG Types of SCN, RKN
and RN (Anand 1992; Niblack et al. 2003). Flyer was higher
yielding and resistant to phytophtora root rots but susceptible
to most nematodes and to SDS (McBlain et al. 1990; Njiti et al.
1997; 2001; Yuan et al. 2002; Kazi 2005; et al. 2008).

Reniform Assay

The F X H population was sent to the Nematology Labora-
tory at the University of Arkansas for reniform nematode assay,
the assay is modified from Robbins et al. 1994. The soil used in
the study was fine sandy loam from the Arkansas River, with a
maximum of 4% clay, 85% sand and the rest was silt. The plants
were germinated in vermiculite and transplanted to 8 ounce Sty-
rofoam™ coffee cups with drain holes at the cotyledon stage,
and inoculated with 2,000 vermiform reniform nematodes on
the same day. The assay included 5 repetitions per lines and
the randomized complete block design (RCBD) was used in the
study. To separate the resistant and susceptible lines more ef-
ficiently, the duration of the assay was set at 10 to 12 weeks.
Flyer, ‘Braxton’, and ‘Ellis’ were used as the susceptible checks
and Hartwig, and Anand were used as the resistant checks. The
plants were set out to dry for 3 to 4 days before harvest, the
soybean roots were discarded and the number of reniform nem-
atodes in the soil were counted. The average of the reniform
nematode number on roots was calculated from the 5 repetition
for each line. The data was converted into reproductive index,
described as the average divided by the original inoculation
(average /2000, Rl). The assay was carried out in 2014 and
2015. The average of the Rl from the two years was calculated.

Data Analysis

The F X H population was screened with 600 SSR markers,
140 SSR markers were selected based on the polymorphisms.
The RIL lines were scored by the genotypes. Rl was used as the
phenotypic trait for QTL mapping. A one-way ANOVA was per-
formed by using JMP 12 statistic software (JMP®, Version 12,
SAS Institute Inc, NC, USA). The mean, standard error, and stu-
dent-t test (P<0.05) was recorded. Composite interval mapping
was used to confirm the QTL.

Results
Polymorphism and Linkage

The linkage map used is described in Kazi et al. (2008;
2010). Briefly, one hundred and forty two markers were found
to be polymorphic within a Flyer X Hartwig (F X H) RIL popula-
tion. There were 3-10 markers per linkage group and distance
between markers was 10-25 cM except for LG G (Meksem et
al. 1999) and K that were tested with additional markers due to
previous discoveries of SCN resistance, SDS resistance and seed
yield QTL (Yuan et al. 2002; Kazi et al. 2008). Sixty one mark-



ers of the markers formed 17 linkage groups encompassing 534
cM. Assuming 10 cM as a distance for QTL detection, the groups
formed plus the 81 unlinked markers would allow the detection
of QTL over 2,494 cM. The recombination distances and orders
of markers in linkage groups (with 2-3 exceptions) and genome
size (2,512 cM) agreed with those reported (Song et al. 2004).

Variation of Resistance Within F X H RILs to RN

The means and standard errors of phenotypic variation of Rl
among the two parents and RILs within Rl data from both years
were normal (Fig. 1) indicating that the RN bioassays were useful
for further analysis. Transgressive segregation was observed in
Rl scores. The RIL population mean was intermediate to the two
parents for each HG Type. Narrow sense heritability estimates
for Rl had relatively high values (0.95, 0.96) in both years.

Correlations With SCN Trait Data

There was a significant positive correlation with resistance
to SCN (P<0.05; R? was just 11%). Interestingly the correlation
with susceptibility to SDS was significant (P<0.05; R? was -27%).
This is inverse to the correlation between SDS and SCN (P<0.05;
R256%).

DNA Marker Analysis

Among the 140 markers only 12 SSRs with significant as-
sociation were detected (Fig. 2; Table 1). The 11 SSR markers
were detected on Chr. 2 (LG D1b), Chr. 5 (LG A1), Chr. 8 (LG
A2), Chr. 12 (LG H), and Chr. 18 (LG G). Seven QTL had a
P value greater than 0.001, whereas 4 QTL had P value less
than 0.001 (highly significant). Satt353 was detected on Chr.
12 (P value=0.0076, R>=10%) (LG H, Start position 1,682,557
end position 1,682,607), and the beneficial allele derived from
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Fig. 1. Trait distribution for RN showing parental scores and limited

transgressive segregation.

Table 1. Potential QTL underlying resistance to RN.

RI

Flyer Hartwig
Marker Chr LG  Mean Mean P>F R?
Satt537 2 D1b 20.0 £1.3 23.9 +1.4 0.038 0.053
Satt428 2 Dib 19.9 £1.3 243 +1.5 0.027 0.066
Satt599 5 Al 19.7 £1.7 255 £1.5 0.014 0.1
B61P08b 8 A2 24.1 £1.4 19.2+£1.7 0.03 0.07
Satt353 12 H 18.1 £1.5 24.1 £1.5 0.0076 0.1
Satt181 12 H 19.3 £1.4 24.4 £1.8 0.02 0.078
Satt275 18 G 24,7 £1.2  19.2 £1.5 0.0084 0.1
Satt163 18 G 24.1 £1.1  16.5 +2.0 0.0028 0.135
Satt309 18 G 24.1 £1.0 16.4 £2.0 0.0044 0.132
TMD1 18 G 24.1 £1.1 17.6 £2.0 0.0134 0.1
Satt610 18 G 24.6 £1.6 18.9 £1.9  0.033 0.089
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Fig. 2. Linkage groups with significant QTL underlying resistance to SCN Hg Types (black and stippled
arrows) and RN (grey arrows) by ANOVA and composite interval mapping.

Flyer. The 3 markers on Chr. 18 (LG G) has previously been re-
ported to link to SCN 41-1, which is resistant to HG type 0 (Kazi
et al. 2010). The beneficial allele for all 3 markers derived from
‘Hartwig’. Satt163 was the most significantly associated with the
trait (P value= 0.0028, R?=13.5%), followed by Satt309 (P
=0.0044 R?=13.2%), the least significant on LG G was Satt275
(P = 0.0084, R?=10%). Satt275 has been reported to be linked
to Satt309.

Discussion

The three Satt markers found on LG G had all been previ-
ously reported to be linked with SCN QTL near rhg1 in the F X H
population, Satt275 linked to SCN 41-1, Satt163 and Satt 309
linked to SCN 41-2 (Kazi et al. 2010). In addition, Satt309 was
very closely linked to Rfs2/rhg1 allele a in the Essex X Forrest
population (Meksem et al. 1999). The, rhg1 resistance alleles a
and b are required for all known HG type resistances to SCN.
However, only allele a appears to give resistance to RN (Cavi-
ness and Riggs 1976; Robbins el al. 1994a, 1994b; Davis et al.
1996; Robbins and Rakes 1996; Jiao et al. 2015). These find-
ings infer that reniform resistance QTL maybe closely linked to
or pleiotropic with some of the genes underlying SCN resistance
QTL (Cook et al 2012; Srour et al 2012).

The findings here on rhg1 agree with previous studies (Ha et
al. 2007) so are unlikely to be errors. Which of the genes im-
plicated in SCN resistance (Cook et al.2012; Srour et al. 2012)
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also contributes to RN resistance, if any, will be the focus of
future work with near isogeneic lines and transgenic lines (Kazi
et al. 2005; Lightfoot 2015). Based on linkage data, and cor-
relations among RN, SCN and SDS traits it may be inferred the
RN resistance gene(s) is or are linked to rhg1 and Rfs2 on the
telomeric side but at some distance.

The one additional locus or QTL, on Chr. 12 (LG H, Satt353),
had not been reported by 2016. Many, but not all nematode
resistance loci are found in cultivars derived from P1437654 (Vi-
erling et al. 1996; Webb et al. 1996) like Hartwig (Kazi et al.
2010). The PI has superior resistance to cultivars derived from it.
It may be hypothesized that the plant introduction contains many
more resistance genes to nematodes than were yet discovered.
Since Hartwig was parent to Ina and Anand, and many other
cultivars, the QTL reported here may improve selections for re-
sistance to RN for many breeding programs.
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