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Soybean cyst nematode (SCN, Heterodera glycines, HG) is one of the severe
pests in plant-parasitic nematodes, which impairs root development and causes
severe losses in soybean production worldwide. Breeding SCN-resistant cultivars
is an important measure for securing harvests without affecting the environment,
as can be done with pesticides. The majority of genetic resources for plant pest
resistances are found in wild or closely related species which are often difficult to
use in breeding due to crossing barriers or close linkage with unfavorable
agronomic traits. In this study, 12 soybean cultivars were evaluated for their
marker haplotype at the rhgl and Rhg4 SCN resistance loci and their SCN
resistance tested against multiple races in environmentally controlled
bioassays. The results showed that all 12 cultivars displayed Peking-type
resistance marker haplotypes and all of them proved to be resistant to multiple
SCN races. These cultivars provide potential for improving H. glycines resistance
of soybean as donor parent in breeding and can contribute to reduce SCN field
populations as part of a sustainable agriculture management.

KEYWORDS

soybean cyst nematode, Heterodera glycines, soybean, resistance, Glycine max

Introduction

Soybean (Glycine max) plays an important role in agricultural production (Hannah
Ritchie and Roser, 2021), which is not only the source of vegetable protein and edible oil for
human food but also the source of feed for animals and use in industrial processes. Plant
pests and diseases are important factors limiting soybean yield, and the soybean cyst
nematode (SCN, Heterodera glycines, HG) is one of the major plant-parasitic nematodes in
soybean production. The yield losses caused by SCN in soybean production range from 10
to 30% on average each year (Koenning and Wrather, 2010; Bradley et al., 2021; Peng
et al., 2021).
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SCNs invade the soybean root as juveniles. The female larvae
initiate in the root vascular cylinder, a so-called syncytium as a
unique feeding site providing the nutrition for the nematode’s
further growth and development (Klink et al., 2009). Through a
feeding tube which is associated at the end of the nematode stylet
and connected to the endoplasmic reticulum (ER) of the developing
syncytium, the nematode secretes small molecules into the
syncytium (Klink et al., 2007; Ali et al., 2013; Holbein
et al., 2016). Subsequently, transcriptional and metabolic
reprogramming invokes the compatible or incompatible
interaction of the soybean host with the SCN. In incompatible
interactions, the nematode’s development is arrested in the second-
stage juvenile (J2) or third-stage juvenile (J3). In compatible
interactions, the nematode can complete its life cycle within 4-5
weeks and turn into a solid cyst filled with hundreds of eggs after a
male fertilized the female (Sobczak et al., 1999; Holbein et al., 2016;
Mitchum, 2016).

Breeding soybean varieties with both high level of resistance and
high yield offers an economic and ecological sustainable alternative
to control SCN. In recent years, several reports from Missouri, USA,
and the Huang-Huai Valley, China (Lian et al., 2016; Howland et al.,
2018; Meinhardt et al., 2021) showed that formerly predominant
SCN races shifted into more virulence races by cultivar-depending
selection and that this evolution is expected to happen in many
important soybean-growing areas. Even new virulent populations
can develop like X12, which is a highly virulent SCN population
found in Shanxi province, China (Lian et al., 2017; Lian
et al., 2019b).

Although chemical and biological control agents including
fungi and bacteria have been identified to be effective to manage
this pest, environmental and economic concerns limit these
approaches (Lin et al,, 2022). Moreover, soybean is still being
cultivated in small areas with low technology input or in fields
with weak soil fertility by marginal farmers like in some parts of
China. Thus, most of the management strategies for controlling
SCN are seldom followed by such farmers or in soybean
productions with low yield and revenue.

Therefore, it is desirable to identify resistance sources with
broad-spectrum resistance to SCN and favorable agronomic traits,
especially for yield traits, and utilize them to breed new resistant
cultivars for long-term management of this devastating pest.
Researchers tried to introduce strong SCN resistance sources such
as P1437654 and ZDD 2315 (Lian et al., 2017), but practical benefits
from such germplasms were low due to the close linkage between
resistance genes and adverse agronomic traits. So far, only very few
accessions, like PI 88788 (around 90% of all resistant varieties are
based on this resistance source), PI 209332, and Peking, were
successfully used in the commercial soybean varieties for SCN
resistance (Winter et al., 2006; Mitchum, 2016). However, more
and more reports have shown that the sole use of resistances with
single resistant genes such as PI 88788 is inefficient over time due to
the development or selection of virulent nematode field populations
(Niblack et al., 2008; Mitchum, 2016; Lin et al., 2022).
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After years of research for the identification of SCN resistance
resources with high agronomical value, a total of 12 soybean
cultivars with multiple SCN resistances were identified in
advanced breeding germplasms from China and in cultivars
submitted for the national/provincial variety registration system
in China. These cultivars have relatively high yield compared with
Peking, Pickett, PI 88788, etc., and they are not derived from the
single locus (rhgl) resistance source PI 88788. These results provide
valuable genotypic and phenotypic information and methods for
developing elite SCN resistant cultivars.

Materials and methods
Plant materials

12 SCN cultivars were previously identified as SCN resistant
from larger collections of cultivar candidates or known cultivars.
Zhonghuang 57, Handou 10, and Cangdou 11 derived from Huang-
Huai Valley, China. Zhonghuang 57 and Handou 10 are known
resistant cultivars with resistance to race 2 (Lian et al., 2019a; Wei
et al,, 2022). Cangdou 11 is screened by SCN bioassays with race 1
from a collection of 640 cultivar candidates. The other nine cultivars
used in this study derived from Northeast China. Heinong 531 is a
known resistant cultivar with resistance to race 3 (Wang et al,
2022). Heinong 84 is a cultivar showing rghl and Rgh4 resistance
marker loci (Lian et al., 2022). Fengdou 1, Nenfeng 15, Nenfeng 17
(Chen et al,, 2023), Nenfeng 18 (Chen et al,, 2023), Nenfeng 19,
Nonggqingdou 24, and Qinong 5 derived from soybean breeder Dr.
M. Yuan and were selected with race 3 in the field. The resistant and
susceptible control cultivars Peking, PI 88788, PI 437654, and Lee
were maintained by the soybean research group at the Henan
Academy of Agricultural Sciences, Institute for Crops Molecular
Breeding, Zhengzhou, China.

SCN purification and inbreeding,
propagation, and maintenance

Single SCN cysts were isolated from previously race tested soil
samples (Lian et al., 2019b), which were selected for their
potentially high uniformity to be infected with a single SCN
race. Single cysts were used to inoculate susceptible Lee
seedlings growing in soil sterilized for 2 h at 120°C. After four
times of single-cyst propagation, SCN populations were
considered as sufficiently inbred and race uniformity confirmed
by race testing according to the SCN race model of Riggs (Riggs
and Schmitt, 1988). Individual race populations of race 1, 2, 3, 4,
and 5 were separately bulk multiplied several times, and cysts were
stored in sterilized soil at 16°C in a dark room. The race
populations were maintained in greenhouse culture pots on
susceptible Lee plants, growing in soil from previous
maintenance cultivation. SCN race 1, 2, 3, 4, and 5 are the most
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common races in the soybean production areas of China and
worldwide (Lian et al., 2016).

Nematode egg preparation

The adult SCN female cysts were washed off with pressure water
from 30-day-old soybean roots placed on an 850-pm-pore sieve
nested over a 250-um-pore sieve. The eggs were released from
inside the cysts using a rubber stopper on the surface of a 250-um-
pore sieve nested over a 210-pm-pore and an additional 25-um-
pore sieve (Faghihi and Ferris, 2000). Eventually, the eggs were
collected on the 25-pum-pore sieve. Sucrose centrifugation with 20%
sucrose/water solution was applied to separate the eggs from debris
(Jenkins, 1964). The eggs were rinsed with water on a 25-um-pore
sieve to remove the sucrose solution and purified at 2,500 rpm. The
eggs’ concentration was adjusted to 1,250 eggs/ml before use
in experiments.

Nematode resistance tests

The seeds used for resistance tests were germinated for 3 days in
vermiculite at 25°C in the dark. The inoculation and infection of
SCN to the soybean seedlings were carried out around 4 days after
transferring single, germinated seedlings into cups (upper diameter
x lower diameter x height: 70 mm x 50 mm x 90 mm) filled with
sterilized soil. Lee was used as the SCN susceptible control. A total
0f 2,500 eggs were added with a membrane pump to each plant root
by applying two times within 24 h 1,250 eggs with each 1-ml
inoculation solution (eggs in water). Four weeks after infection, the
roots were harvested and the cysts washed off as described above.
The collected cysts were counted under an Olympus SZX16
stereomicroscope (Olympus, Japan). The average number of cysts
per plant was calculated over five plants per soybean accession in
each experiment and finally over three completely replicated
experiments. A female index (FI) was calculated by dividing the
average number of cysts on Lee (susceptible control) with the
average number of cysts for the test accession (cultivar)
multiplied by 100 for each experiment (replication), and finally,
the overall average FI was calculated over the replications.
According to Riggs and Schmitt (1988), a cultivar was designated
resistant to SCN if the FI was <10%, whereas the cultivar was
designated as moderate resistant, moderate susceptible, and
susceptible to SCN with the FI values in the range of 10% < FI <
30%, 30% < FI < 60%, and FI > 60%, respectively.

Molecular marker analysis of the SCN
resistance loci rhg1/Rhg4

rhgl and Rhg4 are the only two QTLs in soybean that have been
consistently mapped in a variety of soybean germplasm sources so
far, and the involved genes were identified and sequenced (Liu et al.,
2012; Liu et al, 2017; Peng et al., 2021). These are also the two most
prominent major resistance QTLs used in commercial germplasm
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(Peng et al., 2021; Lin et al,, 2022). Kompetitive allele-specific PCR
(KASP) markers for rghl and Rgh4, developed by Shi et al. (2015),
were applied to scan the presence/absence of these two major
resistance QTLs in our cultivar collection. Of each cultivar, three
plants were subjected to the marker analysis. Susceptible control
cultivar Lee and the resistance control germplasms Peking, PI
88788, and PI437654 were used as marker control. Plants were
genotyped with the two markers GSM381 and GSM383 for the rhgl
locus on chromosome 18 and marker GSM191 for the Rhg4 locus
on chromosome 8 to determine the SCN resistance
marker haplotype.

Results
Main agronomic traits of the 12 cultivars

The 12 cultivars were derived from Northeast China or the
Huang-Huai Valley in Central China, the two major soybean-
producing areas in China, and were registered as cultivars
between 2004 and 2021 (Table 1). According to the official
cultivar registration data, the cultivars Heinong 531, Fengdou 1,
Nenfeng 15, Nenfeng 19, and Nongqingdou 24 are resistant to race
3; Zhonghuang 57 is displayed as SCN resistant but without any
information about the test race; Nenfeng 15, Nenfeng 18, Nenfeng
19, Qinong 5, Handou 10, and Handou 11 do not have SCN testing
results. The soybean yield of the 12 cultivars varied from 1,857 to
3,135 kg/ha in regional trials and from 1,942 to 2,911 kg/ha in
prerelease trials. The oil content and protein content varied from
19.6 to 22.9% and from 37.8 to 42.6%, respectively. All the 12
cultivars are yellow seeded and have a higher 100-seed weight
between 16 and 23.9 g as required for food use (Table 1). None of
these registered varieties with SCN resistance have been well
released in the local production area (Duan and Peng, 2014; Peng
et al,, 2021) except “Heinong 84”, which accounted for 4% of the
soybean planting area in Heilongjiang in 2019 (Lian et al., 2022).

Evaluation of the SCN resistance using
race 1to 5

We evaluated the SCN resistance of the 12 cultivars in detail by
testing with race 1, race 2, race 3, race 4, and race 5 in separate
bioassays (Table 2). All 12 cultivars proved to be resistant to race 1,
race 3, and race 5 except for Heinong 84 which was sensitive to race
5. All of the 12 identified cultivars showed various levels of
resistance to race 2, i.e., one resistant cultivar, one moderately
resistant cultivar, four moderately susceptible cultivars, and six
susceptible cultivars. Related to race 4, only Zhonghuang 57
showed a clear resistance reaction, whereas two cultivars were
moderately susceptible and the other nine cultivars proved to be
susceptible against race 4. The combined race results showed that
only Zhonghuang 57 proved resistant against all five races
(resistance type like PI 437654), Heinong 531, Fengdou 1,
Nenfeng 15, Nenfeng 19, and Nongqgingdou 24 which turned out
to be resistant to race 1, 3, and 5 (resistance type like Peking), and
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TABLE 1 Agronomic trait information according to the cultivar registration system, China.

Yield
. Yield in increase Pre-
. SCN Regional :
Planting . . regional related release
testing/ trial : .
area race cars trials to trial
4 (kg/ha) control year

Yield in Yield
pre- increase (o]]] Protein Plant
release related to content content height
trials (kg/ control # (%) (cm)
ha) (%)

Flower

Cultivar
color

Approval no.

1e3e uer]

22U3I0G JUe|d Ul SI913UO0I4

0

[SSIRVFETM ST

(%)

1991- Light
Nenfeng 15 Heishendou1994011 NE race 3 1993 1,857 5.5 1993 2,244 11.2 19.0 20.0 40.3 85 Yellow brlog\l:m Purple Grey
) 2001- Light .
Nenfeng 17 HeiShendou2004012 NE n.t. 1,881 5.6 2002 1,942 9.4 16.0 22.9 37.8 80 Yellow White Grey
2002 brown
. 2001- Light .
Nenfeng 18 HeiShendou2005009 NE race 3 2002 1,857 4.5 2003 2,195 10.1 21.0 227 382 90 Yellow brown White Grey
. 2002- Light .
Nenfeng 19 HeiShendou2006009 NE race 3 2,040 6.5 2004 1,981 9.1 18.0 22.1 37.9 85 Yellow White Grey
2003 brown
. 2004- .
Fengdou 1 HeiShendou2006018 NE race 3 2005 2,025 17.6 2005 2,057 113 20.0 212 39.5 90 Yellow | Brown White Grey
. . 2014-
Heinong 84 HeiShendou2017005 NE n.t. 2015 3,135 12.2 2016 2,891 13.0 220 19.6 40.8 100 Yellow | Yellow | Purple Grey
) ) 2015- Light .
Nongqingdou 24 Heishendou2018007 NE race 3 2016 2,467 9.1 2017 2,551 8.6 22.0 21.1 42.6 90 Yellow brown White Grey
) ) 2015- Light )
Qinong 5 HeiShendou2018006 NE n.t. 2,615 11.2 2017 2,611 10.9 19.4 219 39.1 100 Yellow White Grey
2016 brown
. . 2019- .
Heinong 531 HeiShendou20210004 NE race 3 2020 2,805 12.7 2020 2,752 13.6 213 223 382 85 Yellow = Yellow = White Grey
2007-
Zhonghuang 57 GuoShendou2010005 HHV race 3 2008 2,876 3.1 2009 2,779 1.3 183 212 39.7 54 Yellow = Brown | Purple Grey
Handou 10 Jishendou 2011002 HHV n.t. 2009 2,760 - 2010 2,910 - 19.2 19.9 40.6 81 Yellow = Yellow White Brown
Cangdou 11 Jishendou 20190001 HHV n.t. 2017 3,071 - 2018 2,911 - 23.8 20.1 413 99 Yellow | Yellow | White Grey

#: NE, Northeast China; HHV, Huang-Huai Valley;

n.t.: not tested;
-: not reported;

Cultivars are sorted according planting area and first regional trial year.
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Heinong 84 resistant to race 1 and 3 (incomplete resistance type
like Peking).

KASP molecular marker assay results

We performed KASP rhgl and Rhg4 genotyping for the 12
cultivars and the control lines of the bioassay (Table 3). All of the 12
cultivars and the control lines Peking and PI 437654 carry the
Peking-source marker haplotype for the rhgl and Rhg4 resistance
alleles (GSM381=G, GSM383=G, GSM191=G).

Discussion

In this study, 12 cultivars were genotyped for the known SCN
resistance QTLs rhgl and Rhg4 (Concibido et al,, 2004; Cook et al,
2012; Liu et al,, 2012; Liu et al,, 2017). All 12 cultivars belong to the
SCN resistance conferring the Peking-type marker haplotype and
provide resistance against race 1, race 3, and race 5 (Tables 2, 3) (Cook
et al, 2012; Liu et al,, 2012; Cook et al, 2014; Liu et al,, 2017).
Furthermore, in environmentally controlled SCN bioassays, the 12
cultivars were additionally phenotyped for resistance against SCN race
1-5 and all cultivars showed resistance against race 1, race 3, and race
5 except Heinong 84 which proved sensitive to race 5. All of the 12
cultivars have better yield compared with the control cultivars (1,942
2911 kg/ha in the prerelease trial). Although the yields of these SCN-
resistant cultivars are already improved and competitive with the
susceptible controls in registration trials in China, further yield and
quality improvement can be facilitated using the molecular markers,
as described in this study. Furthermore, the SCN bioassay results
proved these cultivars as multiresistant, and there is a good chance
that simultaneous resistances against race 1, race 3, and race 5 can be
maintained during yield and quality breeding by applying the
described molecular markers simplifying the selection and
improving selection gain. Multiplex SCN resistance is also a
valuable preventive measure against resistance breakdown and shift
of virulence in the host populations (Meinhardt et al, 2021; Lin
et al,, 2022).

The special features of the 12 cultivars identified in this study are
the multi-race SCN resistance and the relatively high yield, which are
both simultaneously required for a sustainable cultivation of soybeans
in the presence of SCN. Despite the yield advantage of the new SCN-
resistant cultivars in the registration trials, only the cultivar Heinong 84
of the 12 cultivars was grown on 4% of Heilongjiang’s soybean planting
area in 2019 whereas others have very little planting area as yet (Lian
et al, 2022). Heinong 531 was just released in 2021 belonging to
maturity group(MG I, Northeast China growing area) with 2,752 kg/ha
in the 1-year prerelease trial and a yield increase of 12.0% compared
with the local cultivars (Wang et al., 2022). Heinong 531 is the cultivar
with the highest expectation of all the cultivars of MG I regarding SCN
control and yield. In another study, Handou 10 showed an FI value of
28.0 and was described as MR (Wei et al., 2022). Here, Handou 10
achieved an FI of 36.4 which corresponds to an MS reaction. In general,
the number of harvested cysts is environmentally affected by
temperature, humidity, watering, etc., and even when the bioassay is
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TABLE 2 The race testing results of the resistant elite cultivars/accessions to five soybean cyst nematode races.

Cultivar/

Resistance

Female
index

Avg. no.

of cysts
per plant

Resistance

Female
index

Avg. no.

of cysts
per plant

Resistance

Female
index

Avg. no.

of cysts
per plant

[}
9}
=
©
-
42
n
[}
o

Female
index

Avg. no.

Avg. no. of Female

accession

Resistance v
level #3 Y
per plant

index

cysts per
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TABLE 2 Continued

Race 1 Race 3 Race 5
Cultivar/
aCEEssion Avg. no. of Eemale Resistance Avg. no. Resistance Avg. no. Female Resistance Avg. no. Resistance Avg. no. Female Resistance
name cysts per index of cysts of cysts ) of cysts of cysts .
level #3 level index level level index level
plant #1 #2 per plant per plant per plant per plant
3+06 111 + 34.6 7 +10.2 278 £ 75 7+1
Nenft 18 1.6 R 52.9 MS 6.9 R 75 S 2 R
enteng 2-3) (72-147) (1-22) (213-336) (1-8)
11 £ 11.1 145 + 28.9 3+1.7 244 + 66 8§+5
Nenfe 1 . R R 2. 2
enfeng 19 (3-27) 69 (108-177) 08.8 S (1-5) 6 R (125-375) 66 S (5-15) R
97 + 83.2 4+33 6+3
Fengdou 1 3+1(2-4 2.1 R 46.0 MS 3.6 R - - - 1 R
engdon @4 (13-171) 1-8) (3-10)
4+21 161 + 23.3 2+12 386 + 105 329 £ 60
Hei 84 2.2 R 76.7 S 2.0 R 105 S 82 S
emong (1-6) (139-189) 1-3) (187-638) (60-383)
Nonggingdou 3+1.7 50 + 35.8 2+06 201 + 54 7+4
1.6 R 239 MR 1.5 R 54 MS 2 R
24 (1-5) (14-88) (1-2) (99-296) (4-11)
9+47 135 £ 19.6 3+15 277 £ 75 4+1
i 5 5.4 R 64.2 S 34 R 75 S 1 R
Qinong @13) (114-158) (2-5) (163-363) (1-5)
4+21 178 + 43.9 2+1 277 £ 75 6+2
Hei 1 22 R 4. 1. 1
einong 53 (1-6) (134-238) 84.8 S (1-3) 8 R (106-424) 7 S (2-9) R
Zhonghuang 5+26 20 £ 12.5 2+1 37 + 10 6+4
29 R 9.5 R 2.3 R 10 R 1 R
57 (1-7) (8-33) (1-3) (31-43) (4-11)
2+15 77 +42.1 3+26 367 + 99 5+3
Handou 10 1.5 R 36.4 MS 33 R 99 S 1 R
andod (1-4) (33-132) a-7) (356-381) (3-9)
5+17 145 + 81.9 4+3.6 303 + 82 8§+2
Cangdou 11 3.0 R 68.9 S 3.8 R 82 S 2 R
angdon (-7) (56-231) (1-9) (181-443) @-11)

#1: The average number of cysts per plant; + standard deviation and minimum-maximum number of cysts per plant in parenthesis.

#2: The female index (FI) is calculated as the mean number of cysts of each line relative to the mean number of cysts per plant of the susceptible control line Lee68. Bioassay was replicated three times with five plants per race testing for each line.
#3: Resistance level definition: FI <10 = R; 10 < FI < 30 = MR; 30 < FI < 60 = MS; FI >60 = S.

—: no results.

Cultivars are sorted according planting area and first regional trial year.
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TABLE 3 Marker haplotypes at SCN loci rhgl and Rhg4, race testing phenotypes, and the corresponding resistance types of the 12 soybean cultivars and four known soybean reference lines.

e A e e o loaus e e R Resistance type according marker haplotypes at Resistance type aFcordlng to
Rhg4 rhg1 and Rhg4 race testing
Cultivar accession
name GSM381 GSM383 GSM191 Fl pattern comparable
(Gm18: (Gm18: (GmO8: Racel Race2 = Race3 Race4  Race5 Same haplotype as reference line v?ith referencz line
645407) #1 1643660) 8361148)
Suscep tzl'zle Lee T C C N N N N S Susceptible Susceptible
control line

Peking G G G R N R N R Peking Peking
Res'”j’i’; Z check PI 88788 G C G S MR R MS | MR PI 88788 PI 88788

PI 437654 G G G R R R R R Peking PI 437654
Nenfeng 15 G G G R S R MS R Peking Peking
Nenfeng 17 G G G R MS R N R Peking Peking
Nenfeng 18 G G G R MS R N R Peking Peking
Nenfeng 19 G G G R N R N R Peking Peking
Fengdou 1 G G G R MS R - R Peking Peking
Resistant elite Heinong 84 G G G R S R N S Peking (Peking)
cultivars Nonggingdou 24 G G G R MR R MS R (Peking) (Peking)
Qinong 5 G G G R S R N R Peking Peking
Heinong 531 G G G R N R N R Peking Peking

Zhonghuang 57 G G G R R R R R (Peking) PI 437654
Handou 10 T G G R MS R S R Peking Peking
Cangdou 11 G G G R S R S R Peking Peking

#1: Marker name and PCR according Shi et al. (2015). The number represents the genome coordinate based on the database: Gmax_275_v2.0.softmasked.
—: No results.
Cultivars are sorted according planting area and registration year.
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carried out in an environmentally controlled climate room, there are
minimal differences between different pots, experiments, and
environments. It is not unexpected for a quantitative trait like FI that
average values are varying to some degree. In this case, the overall
conclusion is not much different regarding that MS and MR are
intermediate scores which are neither resistant nor fully susceptible.
Zhonghuang 57 also showed resistance to race 2 and race 4, two races
that increasingly spread in soybean-growing areas worldwide (Xu et al.,
20215 Lian et al, 2022). With resistances against all five races,
Zhonghuang 57 is the most resistant cultivar in our study material
and this multiplex resistance is comparable with one of the most
resistant genetic resources for SCN resistance, PI 437654 (Shi et al,
2015). This result also shows the limitation of our molecular markers
which are not able to differentiate between Peking-type resistance and
PI 437654-type resistance. Zhonghuang 57 had a relatively good yield
with 2,779 kg/ha in the prerelease trial in 2009 and a yield increase of
1.3% when compared with Huang-Huai Valley local cultivars (MG III).
By using marker-assisted selection with the described KASP markers,
this cultivar with that excellent SCN resistance profile is a valid
candidate for further yield and quality increase to achieve market
competitiveness for MG III cultivars and the Huang-Huai Valley
production area.

Of the 12 SCN-resistant varieties described in this study, Heinong
84 was bred by combining molecular marker-assisted selection with
traditional pedigree breeding, whereas the other varieties were only
selected through traditional pedigree breeding. In the cultivar
registration system, it is shown that each one of the parents of
Nonggingdou 24, Fengdou 1, and Zhonghuang57 was resistant
against SCN. There is no further information about the parents for
these cultivars. Previous SCN resistance screening studies were often
carried out with only one race like race 3 with no specific virulence,
whereas in this study, the most common reported races in the soybean
production area worldwide, race 1 to race 5, were included. In contrast
to most resistance screening studies, the 12 soybean cultivars included
here are proven of agronomic value with competitive yield, oil and
protein content, and seed coat color, which makes them more easily
accessible for modern breeding than other genetic resources like wild
soybean species or minimally adapted landraces. Moreover, with
Zhonghuang 57 we identified a cultivar with broad resistance against
all five races which goes beyond the popular resistance sources like PI
88788 (rghl-b) and Peking (rghl-a, Rgh4). Zhonghuang 57 can be used
in areas where race 2 or race 4 are of major yield concern. Nematode
populations can overcome the resistance of a single resistance locus
within a decade like it was described for PI 88788, the most known and
used SCN-resistant source (Niblack et al., 2008; Howland et al., 2018;
Meinhardt et al,, 2021). Unique resistance types that are different from
PI 88788 and best, based on multiple resistance loci like Zhonghuang
57, will be valuable for developing soybean cultivars with potentially
durable resistance to SCN.

Cultivars with the same genetic sources of resistance do not
necessarily have the same levels of resistance in the field (Niblack
et al, 2002). Therefore, before using one of these varieties as resistance
donor in a new breeding program, it is advised to confirm the SCN
resistance performance in infested fields. Marker-assisted selection
(MAS) of the SCN resistance and molecular marker background
selection or straightforward line selection can be applied to implement
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the multiple SCN resistances identified in this study into favorable elite
soybean cultivars. MAS directly improves selection gain, reducing
breeding cost, and less “false” selected or “escapes” can happen as
compared with solely field or bioassay selection. Potential linkage
drags with undesirable traits should not cause any problems for
cultivation or further improvement through breeding since the
cultivar level has already been reached. This identification would be
critical to achieving a better understanding of the molecular
architecture of resistance to H. glycines. Our data suggest that there
is a tremendous genetic potential available to improve soybean
cultivars with resistance against H. glycines by using agronomically
adapted and competitive G. max genetic breeding resources, as
described in this study.

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material. Further inquiries can be
directed to the corresponding authors.

Author contributions

YL and WL designed the experiments. MY supplied most of the
cultivars. YL produced the data. YL drafted the manuscript with
contributions from GK, HW, JL, BD, JW, and WL. All authors read
and approved the submitted version.

Funding

This study was supported by Joint Fund for S&T Research and
Development Plan of Henan in China (222301420028) and HeNan
Province Key S&T Special Projects (221100110300).

Acknowledgments

We extend our sincere gratitude to Richard W. Madsen,
Professor Emeritus of Statistics, University of Missouri-Columbia,
United States, for his help in editing the text.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fpls.2023.1143676
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Lian et al.

References

Ali, M. A., Abbas, A., Kreil, D. P., and Bohlmann, H. (2013). Overexpression of the
transcription factor RAP2.6 leads to enhanced callose deposition in syncytia and
enhanced resistance against the beet cyst nematode heterodera schachtii in arabidopsis
roots. BMC Plant Biol. 13, 47. doi: 10.1186/1471-2229-13-47

Bradley, C. A, Allen, T, Sisson, A. J., Bergstrom, G. C., and Wise, K. (2021). Soybean
yield loss estimates due to diseases in the united states and Ontario, Canada from 2015-
2019. Plant Health Prog 22, 483-495. doi: 10.1094/PHP-01-21-0013-RS

Chen, J., Zhou, Y., Hu, Y., Zhao, D., Zhou, C., Shi, R,, et al. (2023). Evaluation
soybean cultivars for reaction to Heterodera glycines populations HG types 7 and 1.3.4.7
in northeast China. Life 13, 248. doi: 10.3390/1life13010248

Concibido, V. C,, Diers, B. W., and Arelli, P. R. (2004). A decade of QTL mapping for
cyst nematode resistance in soybean. Crop Sci. 44, 1121-1131. doi: 10.2135/
cropsci2004.1121

Cook, D. E., Bayless, A. M., Wang, K., Guo, X,, Song, Q,, Jiang, J., et al. (2014).
Distinct copy number, coding sequence, and locus methylation patterns underlie Rhgl-
mediated soybean resistance to soybean cyst nematode. Plant Physiol. 165, 630-647.
doi: 10.1104/pp.114.235952

Cook, D. E, Lee, T. G., Guo, X., Melito, S., Wang, K., Bayless, A. M., et al. (2012).
Copy number variation of multiple genes at Rhgl mediates nematode resistance in
soybean. Science 338, 1206-1209. doi: 10.1126/science.1228746

Duan, Y. X,, and Peng, D. L. (2014). “Soybean cyst nematode,” in Institute of plant
protection, Chinese academy of agricultural sciences, Chinese society of plant protection,
editor. plant disease and pests on China agricultural crops, 3rd ed (Beijing: China
agriculture press), 1039-1046.

Faghihi, J., and Ferris, J. M. (2000). An efficient new device to release eggs from
Heterodera glycines. J. Nematol. 32, 411-413.

Holbein, J., Grundler, F. M. W, and Siddique, S. (2016). Plant basal resistance to
nematodes: an update. J. Exp. Bot. 67, 2049-2061. doi: 10.1093/jxb/erw005

Howland, A., Monnig, N., Mathesius, J., Nathan, M., and Mitchum, M. G. (2018).
Survey of Heterodera glycines population densities and virulence phenotypes during
2015-2016 in Missouri. Plant Dis. 102, 2407-2410. doi: 10.1094/PDIS-04-18-0650-SR

Jenkins, W. R. (1964). A rapid centrifugal-flotation technique for separating
nematodes from soil. Plant Dis. Rep. 48, 692.

Klink, V. P., Hosseini, P., Matsye, P., Alkharouf, N. W., and Matthews, B. F. (2009).
A gene expression analysis of syncytia laser microdissected from the roots of the
Glycine max (soybean) genotype PI 548402 (Peking) undergoing a resistant reaction
after infection by Heterodera glycines (soybean cyst nematode). Plant Mol. Biol. 71,
525-567. doi: 10.1007/s11103-009-9539-1

Klink, V. P., Overall, C. C., Alkharouf, N. W., MacDonald, M. H., and
Matthews, B. F. (2007). A time-course comparative microarray analysis of an
incompatible and compatible response by glycine max (soybean) to Heterodera
glycines (soybean cyst nematode) infection. Planta 226, 1423-1447. doi: 10.1007/
500425-007-0581-4

Koenning, S. R., and Wrather, J. A. (2010). Suppression of soybean yield potential in
the continental united states by plant diseases from 2006 to 2009. Plant Health Prog. 11.
doi: 10.1094/PHP-2010-1122-01-RS

Lian, Y., Guo, J. Q, Li, H. C, Wu, Y. K,, Wei, H,, Wang, J. S., et al. (2017). A new race
(X12) of soybean cyst nematode in China. J. Nematol. 49, 321-326. doi: 10.21307/
jofnem-2017-079

Lian, Y., Koch, G, Bo, D., Wang, J., Nguyen, H. T., Li, C,, et al. (2022). The spatial
distribution and genetic diversity of the soybean cyst nematode, Heterodera glycines, in
China: It is time to take measures to control soybean cyst nematode. Front. Plant Sci.,
927773. doi: 10.3389/fpls.2022.927773

Lian, Y., Li, H. C, Li, J. Y., Wang, J. S., Wei, H,, Lei, C. F,, et al. (2019a). Distribution
of soybean cyst nematode resistance allele Rhgl and Rhg4 in Huang-huai soybean

Frontiers in Plant Science

09

10.3389/fpls.2023.1143676

varieties. Scientia Agricultura Sin. 52, 2559-2566. doi: 10.3864/j.issn.0578-
1752.2019.15.001

Lian, Y., Wang, J. S., Li, H. C,, Wei, H, Li, J. Y., Wu, Y. K,, et al. (2016). Race
distribution of soybean cyst nematode in the main soybean producing area of Huang-
huai rivers valley. Acta Agronomica Sin. 42, 1479-1486. doi: 10.1111/1755-0998.13068

Lian, Y., Wei, H., Wang, J. S., Lei, C. F, Li, H. C, Li, J. Y,, et al. (2019b).
Chromosome-level reference genome of X12, a highly virulent race of the soybean
cyst nematode Heterodera glycines. Mol. Ecol. Resour. 19, 1637-1646. doi: 10.3724/
SP.J.1006.2016.01479

Lin, F., Chhapekar, S. S., Vieira, C. C,, Da Silva, M. P., Rojas, A., Lee, D., et al. (2022).
Breeding for disease resistance in soybean: a global perspective. Theor. Appl. Genet 135,
3773-3872. doi: 10.1007/s00122-022-04101-3

Liu, S. , Kandoth, P. K., Lakhssassi, N., Kang, J., Colantonio, V., Heinz, R., et al.
(2017). The soybean GmSNAPI8 gene underlies two types of resistance to soybean cyst
nematode. Nat. Commun. 8, 14822. doi: 10.1038/ncomms14822

Liy, S., Kandoth, P. K., Warren, S. D., Yeckel, G., Heinz, R., Alden, J., et al. (2012). A
soybean cyst nematode resistance gene points to a new mechanism of plant resistance
to pathogens. Nature 492, 256-260. doi: 10.1038/nature11651

Meinhardt, C., Howland, A., Ellersieck, M., Scaboo, A., Diers, B., and Mitchum, M.
A.-O. (2021). Resistance gene pyramiding and rotation to combat widespread soybean
cyst nematode virulence. Plant Dis. 105, 3238-3243. doi: 10.1094/PDIS-12-20-2556-RE

Mitchum, M. G. (2016). Soybean resistance to the soybean cyst nematode
Heterodera glycines: an update. Phytopathology 106, 1444-1450. doi: 10.1094/
PHYTO-06-16-0227-RVW

Niblack, T. L., Arelli, P. R,, Noel, G. R., Opperman, C. H,, and Orf, J. H. (2002). A
revised classification scheme for genetically diverse populations of Heterodera glycines.
J. Nematol. 34, 279-288.

Niblack, T. L., Colgrove, A. L., and Bond, J. P. (2008). Shift in virulence of soybean
cyst nematode is associated with use of resistance from PI 88788. Plant Health Prog 9,
29. doi: 10.1094/PHP-2008-0118-01-RS

Peng, D, Jiang, R., Peng, H., and Liu, S. M. (2021). Soybean cyst nematodes: a
destructive threat to soybean production in China. Phytopathol. Res. 3, 19. doi: 10.1186/
§42483-021-00095-w

Riggs, R. D., and Schmitt, D. P. (1988). Complete characterization of the race scheme
for Heterodera glycines. J. Nematol. 20, 392-395.

Ritchie, H., and Roser, M. (2021). Forests and deforestation. Our World Data.

Shi, Z., Liu, S. M., Noe, J., Arelli, P., Meksem, K., and Li, Z. L. (2015). SNP
identification and marker assay development for high-throughput selection of soybean
cyst nematode resistance. BMC Genomics 16, 314. doi: 10.1186/s12864-015-1531-3

Sobczak, M., Golinowski, W., and Grundler, F. M. W. (1999). Ultrastructure of
feeding plugs and feeding tubes formed by Heterodera schachtii. Nematology 1, 363—
374. doi: 10.1163/156854199508351

Wang, J.,, Kong, L. A,, Zhang, L., Shi, X,, Yu, B,, Li, J, et al. (2022). Breeding a
soybean cultivar heinong 531 with Peking-type cyst nematode resistance, enhanced
yield and high seed-oil contents. Phytopathology 112, 1345-1349. doi: /10.1094/
PHYTO-08-21-0347-R

Wei, H,, Lian, Y., Li, J., Li, H,, Song, Q., Wu, Y., et al. (2022). Identification of
candidate genes controlling soybean cyst nematode resistance in “Handou 10” based on
genome and transcriptome analyzes 13. doi: 10.3389/fpls.2022.860034

Winter, S. M. J., Rajcan, I, and Shelp, B. J. (2006). Soybean cyst nematode:
Challenges and opportunities. Can. J. Plant Sci. 86, 25-32. doi: 10.4141/P05-072

Xu, C,, Li, R, Song, W., Wu, T, Sun, S., Shen, W., et al. (2021). Integrating straw
management and seeding to improve seed yield and reduce environmental impacts in
soybean production. Agronomy 11, 1033. doi: /10.3390/agronomy11061033

frontiersin.org


https://doi.org/10.1186/1471-2229-13-47
https://doi.org/10.1094/PHP-01-21-0013-RS
https://doi.org/10.3390/life13010248
https://doi.org/10.2135/cropsci2004.1121
https://doi.org/10.2135/cropsci2004.1121
https://doi.org/10.1104/pp.114.235952
https://doi.org/10.1126/science.1228746
https://doi.org/10.1093/jxb/erw005
https://doi.org/10.1094/PDIS-04-18-0650-SR
https://doi.org/10.1007/s11103-009-9539-1
https://doi.org/10.1007/s00425-007-0581-4
https://doi.org/10.1007/s00425-007-0581-4
https://doi.org/10.1094/PHP-2010-1122-01-RS
https://doi.org/10.21307/jofnem-2017-079
https://doi.org/10.21307/jofnem-2017-079
https://doi.org/10.3389/fpls.2022.927773
https://doi.org/10.3864/j.issn.0578-1752.2019.15.001
https://doi.org/10.3864/j.issn.0578-1752.2019.15.001
https://doi.org/10.1111/1755-0998.13068
https://doi.org/10.3724/SP.J.1006.2016.01479
https://doi.org/10.3724/SP.J.1006.2016.01479
https://doi.org/10.1007/s00122-022-04101-3
https://doi.org/10.1038/ncomms14822
https://doi.org/10.1038/nature11651
https://doi.org/10.1094/PDIS-12-20-2556-RE
https://doi.org/10.1094/PHYTO-06-16-0227-RVW
https://doi.org/10.1094/PHYTO-06-16-0227-RVW
https://doi.org/10.1094/PHP-2008-0118-01-RS
https://doi.org/10.1186/s42483-021-00095-w
https://doi.org/10.1186/s42483-021-00095-w
https://doi.org/10.1186/s12864-015-1531-3
https://doi.org/10.1163/156854199508351
https://doi.org//10.1094/PHYTO-08-21-0347-R
https://doi.org//10.1094/PHYTO-08-21-0347-R
https://doi.org/10.3389/fpls.2022.860034
https://doi.org/10.4141/P05-072
https://doi.org//10.3390/agronomy11061033
https://doi.org/10.3389/fpls.2023.1143676
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Identification of resistant sources from Glycine max against soybean cyst nematode
	Introduction
	Materials and methods
	Plant materials
	SCN purification and inbreeding, propagation, and maintenance
	Nematode egg preparation
	Nematode resistance tests
	Molecular marker analysis of the SCN resistance loci rhg1/Rhg4

	Results
	Main agronomic traits of the 12 cultivars
	Evaluation of the SCN resistance using race 1 to 5
	KASP molecular marker assay results

	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


