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Abstract

Soybean cyst nematode (SCN), Heterodera glycines, is one of the most important pests in soybean production
worldwide. In China, 11 different races of SCN, including a newly identified race X12" with super-virulence, have
been surveyed and found to be distributed in 22 provinces. Among them, races 1, 3 and 4 are dominant in the two
principal soybean-producing areas, Northeast China and Huanghuaihai Valley, causing over 120 million dollars of
annual yield loss. Rapid and reliable PCR-based approaches have been developed for the molecular diagnosis of
SCN. High-throughput methods for the identification of soybean resistance against SCN are also developed with
specific single nucleotide polymorphism markers by using Kompetitive Allele Specific PCR technology. Over 10,000
soybean germplasm sources were evaluated for their SCN resistance, and 28 SCN-resistant soybean accessions were
selected to construct an applied core collection, which has been used for soybean breeding in China. Recently, the
genome sequences of SCN and soybean are publically available, and two major SCN-resistant genes (rhg! and
Rhg4) have been identified in soybean, which greatly facilitate the researches on SCN virulence and soybean
resistance, and also soybean resistance breeding against SCN. However, the management of SCN still faces many
bottlenecks, for instance, the single resistance genes in soybean cultivars can be easily overcome by new SCN races;
the identified resistance genes are inadequate to meet the practical breeding needs; and our understanding of the

mechanisms of SCN virulence and soybean resistance to SCN are limited. SCN is a destructive threat to soybean
production throughout the world including China. In this review, the major progress on soybean SCN is
summarized, mainly focusing on the recent research progress in SCN, soybean resistance to SCN and integrated
management of SCN in China, and aiming at a better understanding of the current SCN research status and

prospects for future work.
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Background

Soybean (Glycine max L.) is an important crop which
provides a sustainable source of protein and oil world-
wide. China is the 4th largest producer of soybean in the
world with 1,750,000 tons of production in 2020. The
average soybean yield in China is 1.78 tons per ha, which
is lower than those in the three largest soybean pro-
ducers, the USA, Brazil and Argentina, with 3.47, 3.39
and 2.32 tons per ha, respectively. Soybean cyst nema-
tode (SCN), Heterodera glycines, is a sedentary
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endoparasitic nematode that parasitizes soybean roots.
To initiate a parasitic life cycle, SCN secretes a series of
effectors mainly through its stylet to soften and degrade
host cell walls, and to induce the formation of feeding
sites (syncytia) near the vascular cylinder, from which
SCN obtains nutrition. The host soybean shows two
types of interactions with SCN: incompatible interaction
and compatible interaction. In the incompatible inter-
action, soybean exhibits resistance to SCN and SCN may
stop developing at any juvenile stage (J2, J3 or J4); while
in the compatible interaction, soybean displays suscepti-
bility to SCN and SCN can complete its entire life cycle
in host (Klink et al. 2007a, 2007b, 2009). Generally, the
yield is decreased by about 20-30% in normally SCN-
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infested fields, by 60—70% in severely infested fields, and
even by 100% (i.e., no yields) in some cases. SCN is one
of the most devastating pests in soybean production
worldwide, causing huge yield losses annually. The an-
nual yield loss reaches over 1 billion dollars in the USA
alone (Koenning and Wrather 2010). In China, SCN is
also one of the most damaging pests in soybean produc-
tion, which is broadly distributed in 22 provinces (Zheng
et al. 2000, 2009; Wang et al. 2015; Peng et al. 2016a;
Song et al. 2016; Long et al. 2017). The annual yield loss
caused by SCN in China is more than 120 million dol-
lars (Ou et al. 2008).

Previously, a total of 10 SCN races were detected in
China, of which races 1 and 3 are majorly distributed in
soybean-producing areas in Northeast China, while race
4 is the dominant race over the Huanghuaihai Valley.
Recently, a new race (X12) was identified in China (Lian
et al. 2017), which could infect all the tested soybean
sources and showed a stronger virulence than race 4
(which had previously been thought the most virulent
among all the SCN races). A 2nd population of race X12
was identified in Hekou Town, Gujiao City, Shanxi Prov-
ince, China (Lian et al. 2021). The rapid and reliable mo-
lecular diagnosis based on PCR was developed for SCN
identification. Additionally, some SCN effectors were
functionally characterized. Further, based on the genome
sequence of an inbred SCN population “TN10’ (http://
www.scnbase.org) that was published recently, a total of
29,769 genes were annotated, of which 431 were identi-
fied as putative effectors (Masonbrink et al. 2019). The
genome of race X12 was also sequenced and successfully
assembled (Lian et al. 2019). Undoubtedly, these will
greatly promote research on all aspects of SCN.

Planting resistant soybean cultivars is an effective and
environmentally friendly means for SCN control. In
China, over 10,000 soybean germplasm resources have
been evaluated for their SCN resistance, and more than
400 soybean accessions have been found to be immune
or highly resistant to SCN, of which some accessions
showed broad-spectrum resistance to multiple SCN
races in the 1990’s (Liu et al. 1995). An applied core col-
lection consisting of 28 soybean accessions were selected
as the major resistance sources for soybean breeding
against SCN (Ma et al. 2006). Many SCN-resistant soy-
bean varieties, such as the ‘Kangxian’ series, were re-
leased to the Chinese market. So far, 216 quantitative
trait loci (QTL) have been mapped to underlie SCN re-
sistance on all the 20 chromosomes in soybean (http://
www.soybase.org), and two major SCN-resistant genes,
rhgl (Peking-type rhgl-a GmSNAPI1S8, and PI 88788-type
rhgl-b GmAAT, GmSNAPI8 and GmWI12) on chromo-
some 18 and Rhg4 (GmSHMTO8) on chromosome 08
were cloned and functionally identified (Cook et al.
2012; Liu et al. 2012, 2017). Based on the genomic
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information of these resistance genes, and in combin-
ation with the KASP (Kompetitive Allele Specific PCR)
technology, three specific SNAP markers were devel-
oped, and the soybean resistance to SCN was able to be
high-throughput identified (Shi et al. 2015b). Great ad-
vances were also achieved in investigating the resistance
mechanism of soybean against SCN. Both GmSNAPIS8
and GmSHMTO08 are required, with the involvement of
GmPRO8-Bet VI, to simultaneously contribute to the re-
sistance of Peking-type soybeans to SCN (Meksem et al.
2001; Liu et al. 2012, 2017; Lakhssassi et al. 2020). Mul-
tiple copies of the resistance genes were required to en-
sure SCN resistance in soybean (Cook et al. 2012, 2014;
Lee et al. 2015, Yu et al. 2016; Patil et al. 2019). The
GmSNAPI8 in rhgl played an important role in the re-
sistance to SCN (Bayless et al. 2016, 2018; Dong et al.
2020), and the one-carbon metabolism via GmSHMTO08
might be involved in the resistance (Liu et al. 2012;
Karosick et al. 2020). The salicylic acid (SA) and jasmo-
nic acid (JA) signaling pathways and DNA methylation
might also be involved in the resistance of soybean to
SCN (Lin et al. 2013; Cook et al. 2014; Rambani et al.
2015, 2020; Guo et al. 2019).

Besides planting soybean resistant cultivars, the man-
agement of SCN also depends on crop rotation, applica-
tion of chemical nematicides and using cover crops.
Recently, biological control has received increasing at-
tention. In China, over 2000 fungal strains have been
screened for their nematicides activities, and many
strains including fungi and bacteria have been identified
to be effective for the control of SCN. A series of bio-
control products, such as ‘Junxianke’, were developed
and applied (Yuan et al. 2020). A set of integrated SCN
management strategies have been established for small
farms, large farms and cooperative farms in China.

Here, we review the recent major progress made in
SCN, soybean resistance to SCN and integrated manage-
ment of SCN, in particular, the summarization of the de-
tailed progress in each aspect mentioned above in
China, to the best of our knowledge.

SCN occurrence, distribution and damage

SCN is a soil-dwelling endoparasitic nematode that ex-
hibits heteromorphism and amphigony (Singh et al.
2013). This nematode was first discovered in Northeast
China in 1899 (Liu et al. 1997), and was subsequently in-
troduced to a number of countries through exportation,
including the USA, Columbia, Canada, Brazil, Argentina,
the Russian Far East, Indonesia, Egypt, Indonesia, Japan
and Korea (Subbotin et al. 2001; Chitwood 2003; Wang
et al. 2004). Once SCN occurs in one location, the nem-
atodes can quickly spread to nearby soybean-producing
areas. In China, in the 1930s, SCN only occurred in a
few places, and until the 1940s, SCN was still restricted
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in the Northeast and the Huanghuaihai Valley, the two
principal soybean production areas in China. However,
thus far, it has been detected in 22 provinces/municipal-
ities of China: Heilongjiang, Liaoning, Jilin, Inner
Mongolia Autonomous Region, Hebei, Henan, Beijing,
Shandong, Shanxi, Anhui, Shaanxi, Jiangsu, Hubei,
Shanghai, Zhejiang, Guangxi, Guizhou, Yunnan, Jiangxi,
Gansu, Ningxia and Xinjiang Uygur Autonomous Region
(Zheng et al. 2000, 2009; Wang et al. 2015; Peng et al.
2016; Song et al. 2016; Long et al. 2017; Luo et al. 2019).

The whole life cycle of SCN includes egg, three juven-
ile (J2, J3 and J4) and adult (female and male) stages. No
unusual biological differences have been shown in SCN
between the populations in China and those in the rest
of the world. SCN can infect only a relatively narrow
range of hosts. The main hosts are all leguminous plants,
including soybean, mungbean, green pea and numerous
types of edible beans. SCN can also damage non-
leguminous plants in China, such as Rehmannia gluti-
nosa, Paulownia fortune, sesame (Sesamum indicum),
tobacco (Nicotiana tabacum) and tomato (Peng et al.
1999).

After infection by SCN, soybean exhibits a series of
symptoms. Above the ground, the plants show growth
retardation, stunting, yellowing of the cotyledons and
true leaves, and chlorosis. The seriously infected seed-
lings stop growing, eventually leading to death (Fig. 1a).
The flower buds are clustered, the internodes are short-
ened, the flowering time is delayed, the pods cannot be
set or only few pods are set, and the leaves become yel-
low. Sometimes, large areas of seriously infected soybean
fields become so yellow and withered that it looks as if
they were on fire, so SCN disease is also called ‘Fire
Dragon Yangzi’. Under the ground, the main roots and
lateral roots develop poorly, but the number of fibrous
roots is increased. As a result, the whole root system
presents hair-like fibrous roots. The number of
nitrogen-fixing nodules is reduced. Also, the swollen and
white to cream-colored SCN females (Fig. 1b) can be ob-
served on the infected lateral roots four to six weeks
after planting.
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SCN has become one of the most economically im-
portant pathogens of soybean worldwide, posing a ser-
ious threat to sustainable soybean production, and
causing devastating soybean yield losses annually (Koen-
ning and Wrather 2010; Kim et al. 2016; Peng et al
2016). The annual yield loss caused by SCN was esti-
mated at more than 1 billion dollars in The United
States alone (Koenning and Wrather 2010). SCN is also
the most severe pest of soybean in China, resulting in an
annual yield loss of more than 120 million dollars (Ou
et al. 2008).

SCN species, races and HG types

Since Heterodera sojae was first reported in soybean in
Korea (Kang et al. 2016), this nematode has also been
found in soybean roots and rhizosphere soil in Wuyuan,
Jiangxi Province, China, as a newly recorded species in
China (Zhen et al. 2018). Therefore, there are now two
species of soybean cyst nematodes (H. glycines and H.
sojae) damaging soybean. H. sojae can infect 10 crops:
soybean, jequirity, cowpea, pea, lentil, mungbean, adzuki
bean, sword bean, green beans and alfalfa. However, H.
sojae can complete its life cycle only in soybean. Among
40 soybean cultivars evaluated for resistance to H. sojae,
19 were highly susceptible, 11 were moderately suscep-
tible, 5 were moderate resistant, and 5 were highly re-
sistant (Zhen et al. 2018).

The complete characterization of the race scheme was
developed for H. glycines based on the phenotypic re-
sponses of soybean to four host differentials (‘PI 548402’
(‘Peking’), ‘Pickett’, ‘PI 88788 and PI 90763’). Accord-
ingly, a total of 16 races were designated (Riggs and
Schmitt 1988). Subsequently, an HG type test was devel-
oped on the basis of the resistance of SCN to seven indi-
cator lines (Peking, PI 88788, PI 90763, ‘PI 437654, ‘PI
209332, ‘PI 89772’ and ‘PI 548316 (Cloud)) (Niblack
et al. 2002). In 1984, two SCN races (races 1 and 3) were
first reported in Northeast China, of which SCN race 1
occurred in Liaoning Province and Jilin Province, while
SCN race 3 was found in Heilongjiang Province and Jilin
Province, east of Liaoning Province, and Inner Mongolia

soybean root (b)

Fig. 1 A soybean field severely infected with soybean cyst nematode (SCN, Heterodera glycines) (a), and white females of SCN on an infected
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Autonomous Region. After that, SCN races 2, 4, 5 and 7
were identified in Shandong Province, the Yellow River
Valley, Anhui Province and Shandong Province, respect-
ively (Chen et al. 1987; Liu et al. 1995). To date, 11 SCN
races (1-7, 9, 13, 14 and X12), and 9 HG types (0, 7, 2.7,
57,137, 257, 1.2.5.7, 1.3.4.7 and 1.2.3.5.7) have been
reported in China (Lian et al. 2017). The increased viru-
lence of SCN has been observed in recent years, and the
dominant races appear to be shifting in China (Lian
et al. 2017; Hua et al. 2018). To some extent, this indi-
cates the impact of ecological environment on the evolu-
tion of virulence in nematode, which is a serious threat
to agro-ecology and agricultural production.

The SCN race X12 was recently isolated and identified
from a heavily SCN-infected soybean field in Xingjiashe
of Gujiao City, Shanxi Province, China. This race is able
to successfully parasitize all SCN-resistant soybean
germplasm sources tested thus far, including the four
differentials (Peking, Pickett, PI 88788 and PI 97603) of
the race scheme, the seven indicator lines used for the
HG type test, and also ZDD2315’ (‘Huipizhiheidou’), the
most promising elite resistant germplasm in China. In-
deed, except for the newly identified SCN race X12,
ZDD2315 is resistant to all the SCN populations identi-
fied so far (Lian et al. 2017). PI 437654, which is vulner-
able to few natural SCN populations, is another elite
resistant germplasm from the United States. X12 has be-
come a potentially serious threat to the soybean produc-
tion in China. Since X12 shows a super-virulence, even
stronger than SCN race 4, it is estimated that there are
new or additional virulence effectors in X12. Recently,
the second population of race X12 was found in Hekou
Town, Gujiao City, Shanxi Province, China (Lian et al.
2021). Both X12 populations were detected at different
locations within a city, suggesting that X12 is spreading
slowly, but even so, it should be documented in great
detail. It is not yet known how and why the new race
X12 was formed and spread in the city. The highly toxic
SCN race 4 occurs at a serious level in Shanxi Province
in China, and therefore it has been proposed that X12
might have evolved from race 4 under conditions suit-
able for SCN propagation, including suitable soil and cli-
mate conditions, and also the lack of SCN-resistant
cultivars in this city (Lian et al. 2021).

SCN genome

The genetic map of SCN with 10 linkage groups was re-
ported in 2005 (Atibalentja et al. 2005). A draft genome
of an inbred SCN H. glycines population TN10 (Hg type
1.2.6.7) was recently published (Masonbrink et al. 2019).
The 738 identified contigs were assembled into 123 Mb,
and 29,769 genes were annotated (Masonbrink et al.
2019; http://www.scnbase.org). Lian et al. (2019) applied
PacBio sequencing and Hi-C to assemble the genome of
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the new race X12 (Hg type 1.2.3.4.5.6.7). Using whole
genome shotgun (WGS) sequencing, Illumina paired-
end sequencing, Pacific Biosciences (PacBio) sequencing,
10x Genomics linked reads and high-throughput chro-
matin conformation capture (Hi-C) genome scaffolding
techniques, a 141.01 Mb assembled genome was ob-
tained with scaffold and contig N50 sizes of 16.27 Mb
and 330.54 Kb, respectively. Using de novo, homolog
and RNAseq data generated from eggs, J2, J3 and J4 of
race X12, a total of 11,882 genes were predicted, and
79.0% of homologous sequences were annotated in the
genome (Lian et al. 2019). Obviously, both the estimated
genome size and the numbers of annotated genes were
significantly different between two races X12 and TN10
(Lian et al. 2019; Masonbrink et al. 2019). For the TN10
genome, those contigs were not successfully assembled
into chromosomes (Masonbrink et al. 2019), while the
X12 genome obtained was a chromosome-level genome
(Lian et al. 2019). However, all these high-quality TN10
and X12 genome data will provide extremely valuable in-
formation for further investigation of SCN at molecular
level, including SCN-plant interaction and co-evolution,
molecular breeding, and also the molecular mechanism
underlying the high virulence of X12.

SCN diagnosis

SCN H. glycines belongs to the schachtii group, which
includes various species only differing in minor morpho-
logical and morphometrical characters (Subbotin et al.
2001). Traditional diagnosis of this group of cyst nema-
todes, based on morphology and morphometrics, is
time-consuming and difficult, even for taxonomists. In
practice, the cyst-forming nematodes are assumed to be
SCN H. glycines if they are found in infested field with a
soybean planting history (Riggs and Niblack 1993).

PCR-based diagnostics provides an attractive solution
for rapid SCN identification. One or several species in a
mixed population can be detected by a single PCR with
specific primer combinations or multiplex PCR. This
technology has been widely applied in nematology for
the diagnosis and identification of various agricultural
nematodes, such as Globodera pallida and G. rostochien-
sis (Subbotin et al. 2001), Bursaphelenchus xylophilus
(Kikuchi et al. 2009), Radopholus similis (Peng et al.
2012a), Heterodera filipjevi (Peng et al. 2013) and Meloi-
dogyne hapla (Peng et al. 2017).

To distinguish H. glycines from other cyst nematodes,
PCR amplification with 12 RAPD primers was per-
formed, which produced 169 bands. Using the primer
OPAO06 produced clear bands that visibly distinguished
H. glycines from the other 10 cyst nematodes tested.
After sequencing the specifically amplified OPA06477
fragment, a specific SCAR primer set, SCNFI/SCNRI,
was designed for H. glycines. Using SCNFI (5'-GGACCC
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TGACCAAAAAGTTTCCGC-3') and SCNRI (5'-
GGACCCTGACGAGTTATGGGCCCG-3'), a fragment
of 477-bp was amplified by PCR. As the positive control,
duplex PCR amplification was designed using the univer-
sal primers D2A/D3B with a single amplified fragment
of 800bp for all the isolates. The amplified fragment
using this set of universal primers indicates the presence
of nematode DNA template in samples to avoid false
negative results. The SCAR primer set was successfully
used in direct, fast and reliable PCR assays to diagnose
SCN H. glycines. The SCAR markers can be amplified
from genomic DNA of a single ]2 or female nematode
(Ou et al. 2008).

To discriminate H. glycines from H. avenae, on the
basis of the previously identified RFLPs and the se-
quences of IDNA-ITS regions of Chinese H. glycines and
H. avenae populations (Zheng et al. 2000), a duplex PCR
was conducted. The species primer GlyF1 (5'-TTACGG
ACCGTAACTCAA-3") was specifically designed for H.
glycines, and a universal primer rDNA2 (5'-TTTCACTC
GCCGTTACTAAGG-3') was combined with GlyF1 to
form a primer set, resulting in a specific amplicon of
1811 bp. Another primer set, the universal D3A primer
(5'-GACCCGTCTTGAAACACGGA-3") and D3B pri-
mer (5'-TCGGAAGGAACCAGCTACTA-3'), was used
as the positive control with an amplified fragment of
345 bp (Peng et al. 2001; Subbotin et al. 2001).

However, we need to modify the current molecular
diagnosis technology and develop a RPA (Recombinase
Polymerase Amplification) assay and test strip technique,
and also a real-time PCR technique to quantify SCN in
soils for providing practical recommendations to the
growers.

SCN effectors

Effectors are the key for nematodes to parasitize their
plant hosts (Juvale and Baum 2018; Vieira and Gleason
2019). In total, 431 putative effectors were identified in
the SCN genome (Masonbrink et al. 2019). However,
only a few effectors have been functionally characterized.
The pectate lyases are known to play a key role in pectin
degradation by catalyzing the random cleavage of in-
ternal polymer linkages (endo-pectinases). de Boer et al.
(1996) reported two putative pectate lyase genes (Hg-
pel-Iand Hg-pel-2) that are expressed in the subventral
esophageal glands of H. glycines. RNAi silencing of the
pectate lyase gene, hg-pel, in H. glycines caused a change
in sexual fate, which favored male development on roots
(Bakhetia et al. 2007). The pectate lyases have been iden-
tified in several sedentary plant parasitic nematodes
(PPNs), such as species of Heterodera, Globodera and
Meloidogyne (Popeijus et al. 2000; Peng et al. 2012b). A
pectate lyase gene, Hg-pel-5, was cloned from H. gly-
cines. Hg-pel-5 encodes a protein of 227 amino acids,
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which was found to be accumulated in the subventral
esophageal gland cells of H. glycines. The Hg-pel-5 tran-
scripts were mainly expressed at the preJ2 and early
parasitic J2 stages (Peng et al. 2012b). Subsequently, four
other pectate lyase genes named Hg-pel-3, Hg-pel-4, Hg-
pel-6 and Hg-pel-7, were cloned from H. glycines and
characterized. The predicted protein sequences of HG-
PEL-3, HG-PEL-4 and HG-PEL-6 differed significantly
from three previously reported pectate lyases of H. gly-
cines (HG-PEL-1, HG-PEL-2 and HG-PEL-7) in both
amino acid sequences and genomic structures. Phylo-
genetic analysis revealed that the pectate lyases of H. gly-
cines were clustered into distinct clades, and they might
have evolved from at least two ancestral genes. Further-
more, multiple Hg-pel-6-like genes were presented in
the H. glycines genome. Four pectate lyases (Hg-pel-3,
Hg-pel-4, Hg-pel-6 and Hgpel-7) were actively accumu-
lated in the subventral esophageal gland cells, and their
corresponding genes were strongly expressed at the egg,
pre J2 and early parasitic J2 stages. These proteins play a
role in the migratory phase of the nematode life cycle.
Knockdown of Hg-pel-6 by in vitro RNA interference re-
sulted in a 46.9% reduction in J2 numbers and a 61.5%
decrease in female numbers of H. glycines in the infected
plants (Peng et al. 2016b). All these results suggest that
two types of pectate lyases are present in the H. glycines
genome and may play different roles during infection.

The expanded protein (expansin) is secreted through
the stylet of nematodes. Two expansin genes (Hg-exp-1
and Hg-exp-2), which encode proteins of 288 and 295
amino acids, respectively, were successfully identified
from the J2s of H. glycines. Both predicted proteins con-
tain a signal peptide at the N-terminal, and have no any
predicted transmembrane domains. They were expressed
in the subventral esophageal gland cells of H. glycines.
After RNAI silencing of Hg-exp-1, the numbers of ]J2s
and females in soybeans were decreased by 38.3 and
43.4%, respectively. The important roles of these two
expansin genes in the early parasitic process of H. gly-
cines have been clarified (Zhang et al. 2018).

Two new lysozyme genes (Hg-lysI and Hg-lys2) were
cloned from SCN and further characterized. The tran-
scripts of both Hg-lysl and Hg-lys2 were accumulated in
the intestine of SCN. Both Hg-lysI and Hg-lys2 were up-
regulated when the SCN J2s were exposed to the Gram-
positive bacteria Bacillus thuringiensis, Bacillus subtilis
or Staphylococcus aureus. Knockdown of these two lyso-
zyme genes by in vitro RNA interference caused a sig-
nificant decrease in the survival rate of SCN. Thus, the
lysozyme is very important for the survival and defense
of SCN (Wang et al. 2019).

The effector Hgl6B09 was functionally characterized
via soybean hairy root transformation, and the results
verified that Hgl6B09 enhances the susceptibility of
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soybean to SCN, so it is a virulent SCN effector (Hu
et al. 2019).

Recently, by single-nematode sequencing, 48 differen-
tially expressed genes (DEGs) encoding putative effectors
were identified in the three SCN contrasts: Peking,; vs
Avr, Peking,;, vs PI 88788, and PI 88788, vs Avr. In
particular, the selection of virulent SCN individuals on
Peking led to a distinctly altered transcriptome. Among
the identified putative DEGs, 5 were consistently
expressed among all the three contrasts, 4 of which
(Hetgly.G000017083, Hetgly.G000017105, Het-
gly.G000025902 and Hetgly.G000028833) encoding a pu-
tative gland protein G17G01, a SRCR, pectin-lyase and
lectin-like domains-containing protein, and two dorsal
gland proteins, respectively, were all down-regulated in
Peking-virulent (Peking,;) individuals. The down-
regulation of SCN genes may be associated with the ini-
tiation of ETI (effector-triggered immunity) in the host
in response to nematode infection. However, the tran-
scriptome of virulent SCN individuals on PI 88788 was
similar to avirulent ones except for a few genes, suggest-
ing a different virulence strategy of SCN to Peking (Ste-
Croix et al. 2021). All these indicate the importance of
effectors on SCN virulence.

SCN-resistant soybean germplasm resources and
cultivars

Planting resistant soybean varieties is an effective and
environmentally friendly means for the control of SCN.
It is a top priority to screen more resistant germplasm
sources and breed more resistant cultivars. In China,
during 1986-1992, the Coordinative Group of Evalu-
ation (CGE) of Soybean Cyst Nematode organized Chin-
ese scientists to test and evaluate soybean germplasm
resources for their resistance against SCN. The evalu-
ation and grading standard of resistance was taken as
follows: immune (without any cysts in plants), highly re-
sistant (with 0.1-3.0 cysts per plant), moderately resist-
ant (with 3.1-10.0 cysts per plant), susceptible (with 11—
30.0 cysts per plant), and highly susceptible (with more
than 30.1 cysts per plant) (CGE 1993). More than 10,000
accessions of soybean germplasm were evaluated for
their resistance to SCN races 1, 3 and 4. Among them,
128 soybean accessions were resistant to SCN race 1 (in-
cluding 16 accessions with immunity to race 1); 288 ac-
cessions were resistant to SCN race 3; and 30 accessions
showed immunity to, and 11 accessions were resistant to
SCN race 4. Notably, four accessions (“Wuzaiheidouw’,
‘Huipizhiheidouw’, ‘Longraodaheidou’ and “Wupuheidou’)
were resistant to all these three SCN races (CGE 1993;
Liu et al. 1995). Subsequently, the distribution and phe-
notypes of 432 immune or highly resistant Chinese ac-
cessions were surveyed, and a general core collection
was established using a range of sampling methods (Cui
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et al. 2003). Prior to 2006, in China, a primary core col-
lection containing 149 entries was selected following a
survey of the distributions and phenotypes of 432 SCN
immune or highly resistant Chinese accessions. Finally,
28 accessions containing eight bred lines and 20 land-
races from 12 provinces were selected to construct the
applied core collection. This collection consisted of
seven immune and 21 highly resistant accessions, of
which four accessions were resistant to the three SCN
races, two accessions were resistant to two SCN races
and the others were only resistant to a single SCN race.
These resistant accessions were derived from 12 prov-
inces, including Heilongjiang Province (2), Jinlin Prov-
ince (2), Liaoning Province (1), Heibei Province (3),
Shanxi Province (10), Shaanxi Province (2), Shandong
Province (2), Jiangsu Province (1), Anhui Province (1),
Jiangxi Province (1), Hubei Province (1), Hunan Prov-
ince (1) and Guizhou Province (1) (Ma et al. 2006). Since
then, many additional soybean resources and cultivars
have been tested for their SCN resistance, and many
new SCN-resistant resources and cultivars have been
identified (Liu et al. 2008, 2015; Kong et al. 2012; Li
et al. 2013; Han et al. 2015). Li et al. (2017) tested 779
soybean germplasm sources for their resistance to SCN
race 3 by a pot experiment, using infected soil cultivated
with soybean plants during 2006-2014. Among them, 19
resistant germplasm sources showed resistance to SCN
race 3, including ‘Fengyuan 001-3’, “W93155’, ‘Jihuang
229, ‘Hejiao 01-1900°, ‘W94128-8, ‘YX04-6561,
W7497°, “W201 102-25, ‘Qihuang 30°, ‘Qihuang 31’
‘Kangxian 6’, ‘Kanxian 7’, ‘Bainong 9’, ‘CM2008-12, ‘Jiyu
407, ‘Qihuang32’, ‘Qihuang 28, ‘Qihuang 33’ and
‘BN10’. These varieties (lines) could be used as the SCN-
resistant parents for breeding.

In the USA, Guo et al. (2006) identified a broad-
spectrum source, PI 404198A’, which conferred resist-
ance to races 1, 2 and 5. Jiao et al. (2015a) discovered
that ‘PI 437655’conferred broad-spectrum resistance to
SCN, which was also resistant to SCN LY2. Arelli et al.
(2015) screened 100 new soybean accessions and identi-
fied 67 accessions conferring resistance to SCN races 2,
3 or both. Among them, due to the yellow seed-coat and
resistance to both SCN races 2 and 3, 17 accessions
might be the good germplasm sources for breeding.
Additionally, some SCN-resistant accessions, such as PI
437654 and ‘PI 567516C), still conferred resistance to
other nematodes such as root-knot nematode Meloido-
gyne incognita and reniform nematode (Rotylenchulus
reniformis) (Ha et al. 2007; Jiao et al. 2015a).

The SCN resistance of the commercial soybean var-
ieties is mostly derived from three accessions: PI 88788,
PI 209332 and Peking (about 90%) (Winter et al. 2006).
Both PI 437654 and Huipizhiheidou are also good
sources of SCN-resistant germplasm conferring broad-



Peng et al. Phytopathology Research (2021) 3:19

spectrum resistance to almost all of the SCN races, and
were utilized to breed some SCN-resistant cultivars such
as Hartwig (Anand 1992). According to the statistics,
around 90% of varieties were bred using PI 88788 as the
SCN-resistant source in the central US. However, due to
long-term planting of the cultivars which just carry sin-
gle SCN-resistant resources, such as PI 88788, virulent
nematode populations have been developed on most
known resistant sources (Mitchum et al. 2007; Colgrove
and Niblack 2008; Mitchum 2016). During the long-
term incompatible interaction between resistant host
soybeans and SCN, the soybeans gradually become do-
mesticated under the selection pressure and then par-
tially, or even entirely, lose their resistance. The soybean
source Peking, conferring resistance to SCN races 1, 3
and 5, showed moderate susceptibility to a SCN popula-
tion continuously selected on a resistant soybean line
(RIL ExF67). In contrast, it still displayed resistance to
the SCN population that was continuously selected on a
susceptible line (RIL ExF63) for about 60 generations
over 5years (Kandoth et al. 2017). Clearly, it is essential
to endlessly screen and identify new resistant sources,
and to breed and plant new resistant cultivars derived
from different resistant resources for the long-term
management of this nematode.

QTL underlying SCN resistance mapped in
soybean

The resistance of soybean to SCN is very complicated
and controlled by multiple genes (QTL). So far, 216
QTL were mapped to underlie SCN resistance in soy-
bean, and these QTL are distributed on all 20 chromo-
somes (http://www.soybase.org). However, many QTL
were not consistently mapped. The ¢cgSCN-001 (rhgl) on
chromosome 18 (Concibido et al. 1994, 1997; Webb
et al. 1995; Meksem et al. 2001; Yue et al. 2001, Glover
et al. 2004; Guo et al. 2006) and ¢gSCN-002 (Rhg4) on
chromosome 08 (Concibido et al. 1994; Webb et al.
1995; Mahalingam and Shorupska 1995; Meksem et al.
2001; Guo et al. 2005, 2006) are the most important
QTL underlying SCN resistance in soybean. They have
been consistently mapped in a number of SCN-resistant
sources and are thought to be the two major QTL con-
trolling SCN resistance in soybean (Concibido et al.
2004). Meanwhile, the ¢gSCN-003 on chromosome 16
(Concibido et al. 1996, 1997; Glover et al. 2004), cgSCN-
005 on chromosome 17 (Kazi et al. 2010), cgSCN-006 on
chromosome 15 and ¢gSCN-007 on chromosome 18
(Wang et al. 2001; Winter et al. 2007; Kim et al. 2011;
Kim and Diers 2013; Yu and Diers 2017), gSCNIO on
chromosome 10 and ¢gSCNI8 on chromosome 18
(Vuong et al. 2010, 2015; Usovsky et al. 2021; Zhou et al.
2021), FGAM1 on chromosome 18 (Bao et al. 2014), two
new QTL on chromosomes 18 and 20 in PI 437655 (Jiao
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et al. 2015b), and rhg2 on chromosome 11 (Suzuki et al.
2020) were genetically mapped.

In addition, many other important QTL have been
mapped in some soybean sources underlying resistance
to multiple SCN races. Guo et al. (2005) mapped six
QTL on chromosomes 8, 11, 15, 16, 18 and 19 in PI
97603, with resistance to SCN race 3, races 2 and 5, race
5, races 2 and 3, races 2, 3 and 5, and race 3, respect-
ively. Guo et al. (2006) continued to map four QTL on
chromosomes 3, 8, 11 and 18 in ‘PI 404198A’, conferring
resistance to SCN race 5, race 1, races 1 and 5, and races
1, 2 and 5, respectively. Winter et al. (2007) mapped
three QTL on chromosomes 9, 10 and 20 in ‘PI
464925B’. In PI 437654, eight QTL were mapped on
chromosomes 1, 4, 8, 9, 11, 12, 18 and 20 with resistance
to SCN races 2 and 3, race 3, races 1 and 3, race 1, races
1, 3 and 5, race 1, races 1, 2, 3 and 5, and races 3, 5 and
14, respectively (Wu et al. 2009).

In China, Chang et al. (2011) mapped seven QTL,
Qscn3-1 on chromosome 15, Qscn3-2 on chromosome
18, Qscn3-3 on chromosome 16, Qscnl4—1 on chromo-
some 10, Qscnl4-2 on chromosome 10, Qscnl4—3 on
chromosome 17, and Qscnl4—4 on chromosome 16, in
a Chinese resistant soybean source ‘L-10’, with the first
three conferring resistance to SCN race 3, and the last
four conferring resistance to SCN race 4. Through geno-
typing by specific locus amplified fragment sequencing
(SLAF-seq) and genome-wide association study (GWAS)
analyses, 19 QTLs including three new QTLs were iden-
tified in 131 novel soybean sources conferring resistance
to SCN race 3, 4 or both (Han et al. 2015). Furthermore,
Yang et al. (2021) mapped the gSCN3-1 on chromo-
some Ol in the Chinese soybean line ‘Zhongpin 03—
5373’ with resistance to SCN race 3.

Due to the importance of rigl in the resistance of soy-
bean to SCN, fine mapping of this locus was performed.
Ruben et al. (2006) analyzed the recombination events at
rhgl-a using nine DNA markers, performed the genomic
analyses of rhgl-a, constructed the physical map of
rhgl-a using Forrest BAC library, and eventually cloned
a leucine-rich repeat-receptor like kinase (LRR-RLK)
gene, which was tightly linked with the two neighboring
genes: a laccase gene and a hydrogen sodium ion anti-
porter gene (Afzal et al. 2012). Kim et al. (2010) nar-
rowed the resistance of rigl to a genomic region of 67
kb containing 11 genes by screening the recombinants
using four different recombinant inbred lines (RILs)
populations, laying a basis for the functional identifica-
tion of the rhgl-b gene (Cook et al. 2012).

SCN-resistant genes identified in soybean

The rhgl on chromosome 18 and the Rig4 on chromo-
some 08 are the two major QTL underlying the resist-
ance to SCN in soybean (Meksem et al. 2001; Concibido
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et al. 2004). The rhgl contains two types: Peking-type
rhgl-a and PI 88788-type rhgl-b (Brucker et al. 2005;
Kim et al. 2010). The Peking-type soybeans require both
rhgl-a and Rhg4 for the SCN resistance, while only
rhgl-b is sufficient for the SCN resistance in PI 88788-
type soybeans (Meksem et al. 2001; Brucker et al. 2005).
Two LRR-RLK genes within these two QTL had been
considered as the SCN-resistant genes until two reports
provided functional validation that neither of these two
LRR-RLKs conferred the SCN resistance (Melito et al.
2010; Liu et al,, 2011b). From a 67-kb resistant rhigl can-
didate genomic region (Kim et al. 2010), Cook et al.
(2012) identified multiple tandem copies of a genomic
segment of about 31kb in the SCN-resistant soybeans
(three copies in Peking-type soybeans, and 10 copies in
PI 88788-type soybeans), while only one copy of this
segment in the susceptible soybeans such as Williams
82. This multiple tandem genomic segment contains
four whole genes and a partial gene, of which, three
genes (Glyma.18 g022400 (GmAAT, an amino acid trans-
porter), Glyma.18 g022500 (GmSNAPI18, an a-SNAP, a-
soluble N-ethylmaleimide sensitive factor (NSF) attach-
ment protein) and Glyma.18 g022700 (GmWII2, a
wound-induced protein)) were demonstrated to simul-
taneously contribute to the SCN resistance in PI 88788-
type soybeans (Cook et al. 2012). As such, the SCN re-
sistance of rhgl-b is accomplished by multiple copies of
three tandem genes, which was verified by follow-up re-
ports (Cook et al. 2014; Lee et al. 2015; Yu et al. 2016).
Meanwhile, the sole GmSNAPI8 in a Peking-derived
soybean cultivar ‘Forrest’, showing five-nucleotide poly-
morphisms resulting in five-amino acid residue alter-
ations as compared with rhgl-b GmSNAPIS, was cloned
by high density genetic mapping and RSE-seq (Region-
Specific Extraction Sequencing) and functionally identi-
fied as the rhgl-a gene (Liu et al. 2017). The
GmSHMTO08 (Glyma.08 g108900, a serine hydroxy-
methyltransferase) on chromosome 08 was cloned from
the resistant Forrest and functionally validated as the
Rhg4 gene (Liu et al. 2012). The rhgl-a GmSNAPIS to-
gether with Rhgd GmSHMTO08 mediate the SCN resist-
ance of Peking-type soybeans against SCN (Liu et al.
2012, 2017; Kandoth et al. 2017). In addition, the
GmSNAPI1 (Glyma.11g234500, another a-SNAP) on
chromosome 11 was identified as a minor gene contrib-
uting to the resistance of soybean to SCN (Matsye et al.
2012; Lakhssassi et al. 2017).

On the other hand, some other candidate genes were
identified as likely contributors to the SCN resistance in
soybean. These candidate genes include Glyma.10
g194800, Glyma.10 g195600, Glyma.10g195700 and
Glyma.10g196700 in gSCNI10, encoding a bZIP tran-
scription factor, an SNF7 family protein, a receptor-like
kinase and a CC-NBS-LRR protein, respectively (Vuong
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et al. 2010; Kadam et al. 2016; Zhou et al. 2021); the
transcription factor Glyma.11 g230200 in ¢gSCNII
(Kadam et al. 2016); and Glyma.18g244200 and
Glyma.18 244600 encoding a mitogen-activated protein
kinase and an AP2 domain transcription factor, respect-
ively, in gSCN18 (Usovsky et al. 2021).

In China, Liu et al. (2019) reported that three candi-
date genes, Glyma.09 g054000, Glyma.16 g065700 and
Glyma.18 g192200, likely conferred resistance to SCN
race 4 by comparative genomic analyses of two segregat-
ing PI 437654 mutants generated via EMS mutagenesis.
(Ge et al. 2018). Yang et al. (2021) proposed two candi-
date genes, Glyma.01 g057100 and Glyma.01 g058000, at
the gSCN3-1 locus, both of which were highly expressed
in the soybean roots, and an amino acid alteration was
shown at Glyma.01g057100, while no amino acid
changes were detected at Glyma.01 g058000 between re-
sistant ¢v. Zhongpin03-5373 and susceptible c¢v. ‘Zhon-
ghuang 13’.

Specific molecular makers and high-throughput
identification of soybean resistance against SCN
Previously, the SSR (simple sequence repeat) makers
were usually employed for the marker-assisted selection
of soybean resistance against SCN, such as Satt309 in
rhgl and Sat_162 in Rhg4 (http://www.soybase.org). Nan
et al. (2009) developed an InDel (insertion and deletion)
marker, rhgl-14, in rhgl, and using this marker, 88.2 and
100% of the resistant and susceptible lines, respectively,
were correctly evaluated from a panel containing 33 soy-
bean lines. Combining rhgl-I14 with another developed
marker, SCN_Res Bridge, the correct evaluation match-
ing genotypes with phenotypes of resistant lines reached
88.89% in 265 F,.3 plants from a cross between Huipizhi-
heidou and ‘Heilong 33" (Ma et al. 2014). Shi et al.
(2015a) developed a CAPS marker (Rhg4—389) and a
dCAPS marker (Rhg4—-1165), both of which were associ-
ated with Rhg4 gene GmSHMTOS. Tian et al. (2019) de-
veloped a CAPS marker, GmSNAP11-2565, associated
with the minor SCN-resistant gene GmSNAPII, and
evaluated the SCN resistance of a soybean panel con-
taining 209 lines by combining the GmSNAP11-2565
marker with the Rhg4-389 CAPS marker and the rhgl—
2 KASP marker located in the 6th exon of GmmSNAPIS.
Recently, Yang et al. (2021) developed 47 more new
InDel markers, and combining rhgl-2 KASP, Rhg4—389
CAPS marker and GmSNAP11-2565 with the two de-
veloped markers (Map-0047_CAPS in the 7th exon of
Glyma.01 g059200 and InDell-7 in the upstream region
of Glyma.01g0540500 and Glyma.01 g054600 in
qSNC3-1) resulted in an increase in the correct evalua-
tions of resistance against SCN race 3.

To efficiently identify resistance sources and improve
the efficiency and cost-effectiveness of molecular
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breeding, it is necessary to develop more accurate mo-
lecular markers and high-throughput selection methods.
On the basis of the genomic sequences of identified rhgl
and Rhg4 genes (Cook et al. 2012; Liu et al. 2012), Shi
et al. (2015b) developed three specific SNP markers,
GSM1091 in the 1st exon of GmSHMT08, GSM381 in
the 9th exon and GSM383 in the 6th exon of
GmSNAPIS, for KASP (Kompetitive Allele Specific PCR)
assay, following comparisons of the genomic sequences
of four genes, Glyma.18 g022400, GmSNAPI18 and Gly-
ma.18g022700 on rhgl, and GmSHMTO08 on Rhg4, in 27
representative soybean lines including germplasm
sources and varieties. Using KASP assays, these three de-
veloped markers were validated on a panel of 153 soy-
bean lines, showing around 93% of correlation between
the SNP genotypes and SCN race 3-infection pheno-
types, and also on a F5-derived RILs population from
G00-3213 x LG04—6000 which also showed a strong
genotype-phenotype correlation. Subsequently, Kadam
et al. (2016) used 19,652 publicly available accessions ge-
notyped with SoySNAP50K iSelect BeadChip to perform
the phylogenetic analyses and developed several rhgl-
and Rhg4-specific SNP markers to differentiate the copy
number variation (CNV) of rhgl and different types of
Rhg4 for a high-throughput KASP assay. KASP technol-
ogy was also used to identify the SCN resistance of 202
soybean lines, collected from eight countries with known
resistance/susceptibility to SCN race 3, with a developed
SNP maker (GmSNAP11-5149 at the SCN3-11 locus
on chromosome 11), resulting in 92% accuracy (Tian
et al. 2018). As a result, high-throughput SCN resistance
identification of soybean can be efficiently realized using
the robust and specific SNP markers by KASP assay.

Resistance mechanisms of soybean against SCN

The resistance mechanisms of soybean to SCN remain
only partially known. So far, the resistance mechanism
of soybean against SCN conferred by multiple copies of
resistant genes has been clarified. A genomic fragment
of 31kb containing four entire genes and one partial
gene, including GmAAT, GmSNAP18 and GmWII2, in
rhgl on chromosome 18 presented low copies (2—4) in
Peking-type soybeans, high copies (>6, 7-10) in PI
88788-type soybeans, but only one copy in susceptible
soybeans, and these three random genes simultaneously
mediated the resistance of rhgl-b through a high copy
number (Cook et al. 2012, 2014; Lee et al. 2015, Yu et al.
2016). The presence of more copies of Rhg4
GmSHMTO08 was required to confer resistance to mul-
tiple SCN races (Patil et al. 2019). Further, a Peking-type
Rhg4 GmSHMTO8 haplotype was required for SCN re-
sistance when the copy numbers of GmSNAPI8 were
below 5-6. In contrast, the SCN resistance of soybean
requiring at least 5-6 copies of PI 88788 rhgl-b was
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unrelated to the genotype of Rhgd GmSHMTO8 (Patil
et al. 2019).

It is known that GmSNAPI8 plays an important role
in SCN resistance conferred by rhgl. During infection of
soybean plants by SCN, a large quantity of abnormal
GmSNAP18 was accumulated at the SCN feeding sites,
which showed cytotoxicity and disrupted SNARE com-
plexes and vesicle trafficking, likely causing the resist-
ance of soybean to SCN (Bayless et al. 2016). The
GmSNAP18-mediated SCN resistance occurred via its
interaction with other proteins in soybean. The
NSFrano7 (Glyma.07 g195900) could strongly bind with
the resistant rigl SNAPs, protecting it from the cytotox-
icity caused by GmSNAP18 and imparting the sustain-
ability of SCN resistance of rhgl (Bayless et al. 2018).
The GmSNAPI18 was targeted by 2 t-SNARE domain-
containing syntaxins (Glyma.12 g194800 and Glyma.16
g154200) for mediation of the SCN resistance in soybean
(Dong et al. 2020). The rhgl-a GmSNAP18 could cross-
talk with Rhg4 GmSHMTO8, with the involvement of a
soybean pathogenesis-related protein GmPRO08-Bet VI,
to stimulate the resistance of Peking-type soybeans
against SCN (Lakhssassi et al. 2020). In addition, the dif-
ferentially methylated DNA regions within rkgl corre-
lated with the resistance of soybean to SCN (Cook et al.
2014).

The Rhg4 GmSHMTO8 (Liu et al. 2012) is an enzyme
in the one-carbon metabolism pathway, converting
serine to glycine with the supply of a one-carbon unit.
Enzyme kinetic analysis showed a significant difference
between resistant Forrest- and susceptible Essex-
GmSHMTO08 (Liu et al. 2012). The two polymorphic
amino acid residues (P130R and N358Y) in GmSHMTO08
could influence the mobility of a loop close to the en-
trance of the binding site of (6S)-tetrahydrofolate (THF),
fairly decreasing the affinity to the substrates, and as a
result, the enzymatic activity of resistant GmSHMTO08
was significantly reduced, showing resistance against
SCN (Karosick et al. 2020). All these results point to the
likely involvement of one-carbon metabolism in the
Rhg4-mediated SCN resistance mechanism.

During the incompatible interaction of soybean with
SCN, the resistant soybeans display two types of re-
sponses to counteract the attack of SCN: rapid and
strong responses by Peking-type soybeans, in which the
nematodes usually stop developing at the J2 stage;
whereas in the slow but sustainable responses by PI
88788-type soybeans, generally, the nematodes are able
to develop until J3 or J4 stage (Klink et al. 2007a, 2007b,
2009). These defense responses have been widely ana-
lyzed at different levels (transcriptome and proteome).
Using Affymetrix Soybean GeneChip, the mircoarray
analyses of the syncytium cells isolated by a laser capture
microdissection (LCM) method identified 1447
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differentially expressed genes (DEGs) between 2 near
isogenic lines (NILs) of rhgl, susceptible NIL-S and re-
sistant NIL-R, of which 241 genes were up-regulated, in-
cluding GmAAT and GmSNAPIS8, and these genes were
associated with stress tolerance and disease defense
(Kandoth et al. 2011). Another microarray study also in-
dicated that both GmAAT and GmSANPI18 were specif-
ically expressed in defense responses of soybeans Peking
and PI 88788 to infection by SCN (Matsye et al. 2011).
The functions of some genes selected from the tran-
scriptome analyses were verified by genetic transform-
ation. Overexpression or VIGS of the genes encoding
many factors, such as superoxide dismutase, chalcone
synthase, heat shock proteins, ascorbate peroxidase, f3-
1,4-glucanase, short chain dehydrogenase, lipase, DREPP
membrane protein, calmidulin, syntaxin 31 and CLE re-
ceptors, could alter the resistance of soybeans to SCN
(Matthews et al. 2013; Pant et al. 2014, 2015; Woo et al.
2014; Guo et al. 2015). Through comparative analyses of
the proteins and metabolic pathways in two soybean
NILs, resistant NIL34-23 and susceptible NIL-3, with
and without infection by SCN, 28 differentially expressed
proteins were identified, and 17 metabolic pathways as-
sociated with systematic acquired resistance were altered
at the rhgl locus between these two NILs due to the in-
fection with SCN (Afzal et al. 2009). Recently, the con-
served oligomeric Golji (COG) complex (Lawaju et al.
2020) and a plasma membrane protein GmDR1 (Ngaki
et al. 2021) were also found to be involved in the defense
response of soybean against SCN.

As reported, overexpression of a soybean salicylic acid
methyltransefase gene, GmSAMT]I, which is involved in
the salicylic acid (SA) signaling pathway in SCN-
susceptible soybean lines, conferred resistance to SCN
(Lin et al. 2013). Transformation of the Arabidopsis
genes associated with SA-mediated signaling pathway,
such as AtPAD4, AtNPRI, AtTAG2 and AtPR-5, into
susceptible soybean lines could also increase the resist-
ance against SCN (Youssef et al. 2013; Matthews et al.
2014). Overexpression of GmWRKYs, soybean WRKY-
type transcription factor genes responsive to SA, could
improve soybean resistance to SCN (Yang et al. 2017).
Recently, Jiang et al. (2020) reported that GmWRKYXI
was expressed over 60-fold more at 10 dpi than at 0 dpi
after inoculation of soybean with SCN race 3. Further,
overexpression of GmAAT, a gene at the rhgl locus,
could activate jasmonic acid (JA) signaling pathway, and
treatment with a JA biosynthesis inhibitor, n-propyl gall-
ate (nPG) at 100 uM, could significantly reduce the re-
sistance of PI 88788 to SCN (Guo et al. 2019). All these
suggest the involvement of SA and JA signaling path-
ways in the resistance of soybean against SCN.

DNA methylation also impacts the resistance of soy-
bean to SCN. Rambani et al. (2015) identified 278
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specifically methylated genes, which are associated with
epigenetic regulation, phytohormone signal transduction,
cell wall structure, signaling transduction and ubiquiti-
nation, from the syncytium of Williams 82 infected by
SCN. After infection with SCN, the global methylation
levels of many protein-coding genes and transposable el-
ements would be suppressed in susceptible soybeans,
whereas they were promoted in resistant soybeans, and
the DNA methylation levels associated with incompat-
ible (resistant) and compatible (susceptible) interactions
of soybean with SCN were highly specific (Rambani
et al. 2020).

Integrated management of SCN

In China, each small soybean farmer cultivates soybean
on an average area of approximately 2 ha. There are also
large state farms and farmers’ cooperatives, which culti-
vate soybean on large areas of land (approximately 200
ha of land for each large farm). Due to differences in
their ability to purchase inputs such as resistant cultivars
and nematicides, the implementation level of integrated
nematode management (INM) of soybean is therefore
very different between small and large farms. SCN man-
agement by small farmers is mainly dependent on crop
rotation with non-host crops and planting resistant cul-
tivars, while rotation, planting resistant cultivars and
some chemical control with seed-coating treatments are
normally used for INM by state farms and large farmers’
cooperatives.

There is a good agricultural extension system in
China, consisting of a National Agricultural Technology
Extension and Service Center as the central administra-
tion, a general Plant Protection Station (PPS) in each
province, and a local PPS in each county. Therefore, a
complete agricultural technology extension service net-
work has been established, and the extension will be fur-
ther developed to cover all small farmers and farmers’
cooperatives, so that they could acquire real-time infor-
mation on SCN occurrence.

SCN management mainly depends on planting resist-
ant varieties, crop rotation with non-host crops, applying
nematicides, cover cropping and biological control. In
China, cover cropping is seldom adopted for the SCN
management.

Host plant resistance

Currently, planting SCN-resistant cultivars is the pri-
mary means for nematode control. SCN-resistant culti-
vars can invoke defense against SCN populations, and a
solid understanding of SCN genome information is the
basis for analyzing the pathogenicity mechanisms and
breeding of new SCN-resistant cultivars (Lian et al.
2019). In China, major efforts have been made to de-
velop soybean cultivars with resistance to SCN HG Type
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1.2.3- (race 4) in Huanghuaihai Valley and to SCN HG
Type 0 (race 3) in Northeast China (Lian et al. 2017).
Three soybean cultivars, ‘Zhonghuang 12’, ‘Zhonghuang
13’ and “Zhonghuang 17’ with moderate resistance to
SCN race 4, were released in Beijing, Anhui Province,
Tianjin and North China (Wang et al. 2002). By crossing
Hartwig with Jin 1265, and evaluation of SCN resistance
in their offspring, seven yellow varieties (“ZP03-5334,
‘ZP03-5355’, ‘ZP03-5363", ‘ZP03-5364’, “ZP03-5366,
‘ZP03-5368’, and ‘ZP03-5373’) were selected, all of
which possessed good agronomic and economic traits,
as well as high resistance to SCN race 4 (Liu et al. 2008).

A series of varieties (‘Kangxian 1, 2, 3,4, 5, 6,7, 8,9,
10, 11, 12 and 13’) conferring resistance to HG Type 0
(race 3) were developed by Heilongjiang Academy of
Agricultural Sciences in Northeast China (Tian et al.
2007; Yu et al. 2013). ‘Kangxian 1’ was awarded the 4th
National Invention Prize in 1997 (Duan et al. 2014). To
date, more than 30 varieties including the ‘Kangxian
series’ varieties with high yield and SCN resistance were
commercially released in China from 1988 to 2020.
Those varieties include ‘Lengfeng 14’, ‘Lengfeng 15,
‘Lengfeng 18, ‘Lengfeng 19’, ‘Lengfeng 20’, ‘Qingfeng 1,
‘Fengdou 3, ‘Qinong 1’, ‘Qinong 2’, ‘Qinong 5’, ‘Shundou
1’, ‘Pengdou 1’, ‘Fudou 6’, ‘Nonggingdou 20’, ‘Nongqing-
dou 24’, ‘Andou 162’ and ‘Heinong 531’ (personal com-
munication, unpublished).

Crop rotation

Crop rotation is an effective means for SCN manage-
ment. Rotations of soybean with non-host gramineous
crops, such as wheat, corn and millet, can effectively
control SCN. Normally, 2 years of rotation with non-
host plants would allow planting of susceptible soybean
varieties in the next season (Peng et al. 1999).

Chemical control

It is suggested to treat soil and coat seeds with nemati-
cides in fields that have been seriously infested with
SCN. However, the nematicides are expensive, and a
high dosage is usually needed, which leads to serious
pollution and, as a result, this method cannot be used
regularly. At present, the effective nematicides include
10% Fosthiazate GR, 0.5% Avemactin, 70% imidacloprid
and carbofuran (Luo et al. 2020).

Biological seed-coating agents

In the late 1990s, the biocontrol granule-formulated
‘Doufeng 1’ made from Pochonia chlamydosporium was
developed for the prevention and control of SCN. This
granule used organic manure as a carrier for fixing the
biocontrol agent (P. chlamydosporium) and trace ele-
ments. The biocontrol agents can easily survive and re-
produce in soil, and then develop into a dominant
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population to continuously suppress the development of
nematode populations (Chen et al. 2011). Recently, sev-
eral biological seed-coating agents were developed and
applied to control SCN in soybean field. The crushed
castor seed shell showed a good effect on controlling
SCN, which could not only inhibit cyst nematode para-
sitism of soybean roots but also increase soybean yield
(Liu et al. 2014). The new types of ‘Junxianke’ series bio-
logical seed-coating formulations (‘SN100’, ‘SN101" and
‘SN102’), with biological fermentation products as the
main components, can also be used to control SCN. All
these three formulations displayed good effects on SCN
control, of which SN101 exhibited the highest control
effect on SCN (up to 74.52%), while SN102 showed the
best effect on yield increase (Yuan et al. 2020). ‘Helisu’
(brassinosteroids plus Bacillus amyloliquefaciens) could
efficiently suppress SCN and decrease the formation of
cysts in soybean roots. In addition, Helisu treatment at
the early growth stage could also stimulate the growth
and development of soybean plants (Wang et al. 2017).
Du et al. (2009) developed a biological seed-coating
agent (‘HNDZY’) from Verticillium chlamydiae, which
showed good efficiency in controlling SCN. Cheng et al.
(2008) found that seed coating with Bacillus thuringien-
sis could control SCN in soybean field, and the control
efficiency was significantly better than that of the normal
nematicide treatments when dressing soybean seeds at a
ratio of 1:60 (bacterial suspension: seed). Compared to
the conventional chemical pesticide treatments, the SCN
control efficiency was better, and the soybean yield was
significantly increased when dressing soybean seeds with
4000 IU/uL of B. thuringiensis suspension (Liu et al.
2011a).

Outlook-future directions

China is the largest soybean consumer and importer in
the world. The domestic soybean production of China is
unable to meet its consumption demands. In China, the
total soybean production in 2019 was only 18.1 million
tons, and 88.51 million tons of soybean was imported,
that is, more than 80% of soybean consumption relied
heavily on import from the USA, Brazil and Argentina.
The total soybean imports are expected to exceed 100
million tons in China in 2020.

Soybean is not only a source of high-quality vegetable
protein, but also a source of healthy edible vegetable oil.
With the upgrading of residents’ consumption structure,
the demand for soybean is increasing rapidly, and the
gap between domestic production and demand is
expanding. Under the new situation, it is necessary to
actively respond to the complicated international trade
environment, promote the recovery and development of
China’s soybean production, improve soybean self-
sufficiency, and reduce the dependence on imported
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soybean, to ensure the implementation of the national
food security strategy. According to the ‘Soybean
Revitalization Plan’ issued by Chinese government, the
soybean planting area is estimated to reach 11 million
ha by 2050 in China, and the number of small farmers
will be reduced, whereas the number of large farms will
be increased. Further, the land transfer will produce
many new soybean production cooperatives or farms.
Along with climate change and agricultural industrial
structure adjustment, H. sojae will spread to the north-
ern soybean growing area, which will potentially
threaten the soybean production. New nematicides (fluo-
pyram, fluensulfone) and biological seed-coatings are
needed for seed treatments in the future.

Although several SCN-resistant genes have been
cloned, such as rhgl-b GmAAT, GmSNAPI8 and
GmWI12 (Cook et al. 2012), Rhg4-GmSHMTO8 (Liu
et al. 2017), rhgl-a GmSNAP18 (Liu et al. 2017) and
GmSNAPI1 (Lakhssassi et al. 2017), the identified SCN-
resistant genes are still very limited, and the correspond-
ing resistance mechanisms conferred by these genes re-
main unclear. Moreover, the resistance will be overcome
with the emergence of new virulent races of SCN (Kan-
doth et al. 2017). Therefore, it is necessary to identify
more new SCN-resistant genes, breed novel resistant
varieties to support soybean production, and meanwhile
strengthen the study on SCN resistance mechanisms in
soybean.

With the rapid development of modern biotechnology
and wide application of next-generation sequencing and
metagenomics technology, QTL mapping, cloning
nematode-resistant genes and mining new resistance re-
sources are greatly promoted. CRISPR/Cas-based sys-
tems provide powerful gene editing tools to manipulate
genomes of almost all species including nematodes, and
stimulate research on functional identification of candi-
date genes and crop breeding. An efficient CRISPR/Cas9
gene-editing platform driven under AtEC1.2el.1p in soy-
bean and Arabidopsis was developed by Zheng et al.
(2020), which resolved the non-inheritable and unstable
problem occurring in somatic transformation. It pro-
vides an easy-to-use way to study SCN-resistant candi-
date genes, and can also be used to generate cultivars
that are resistant against SCN in the future. CRISPR/Cas
genome editing technology has brought about a revolu-
tion in life sciences, which will undoubtedly accelerate
the functional identification of nematode-resistant genes
and also the underlying resistance mechanisms.

In the infection process, SCN secretes effectors into
host cells to induce the formation of feeding sites (syn-
cytia) and meanwhile complete its life cycle. Many effec-
tors have been predicted and identified from SCN to
show either virulence or avirulence (Gao et al. 2003;
Bakhetia et al. 2007; Peng et al. 2012a, b, Peng et al.
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2016a, b, Gardner et al. 2018; Zhang et al. 2018; Hu
et al. 2019; Masonbrink et al. 2019; Wang et al. 2019).
However, there are few reports on how these effectors
directly interact with the identified SCN-resistant pro-
teins. Bekal et al. (2015) predicted two effector genes,
HgBioB and a t-SNARE domain-containing protein gene
HgSLP-1, by genomic analyses, and found HgSLP-1
could interact with GmSNAPI18, but neither has yet
been functionally characterized thus far. It is promising
to understand the resistance mechanism of soybean
against SCN via investigating the effectors that directly
interact with resistant host proteins.

In 2019, China launched its national ‘Soybean
Revitalization Plan’, and the Ministry of Agriculture and
Rural of China released the detailed implementation
scheme for this plan on March 15, 2019. In 2020, the
total national soybean planting area reached 9.33 million
ha, and the national average soybean yield was 2 tons
per ha. With the expansion of the Northern soybean
growing area, the occurrence, damage and population
dynamics of SCN will present some new characteristics,
and therefore, new measures should be adopted to im-
prove the integrated nematode management level in
China, for example, the remote sensing technology will
be widely used to monitor the occurrence and damage
of SCN in the near future.

By using modern breeding technologies, the existing
germplasm resources have been comprehensively uti-
lized and new germplasm sources are being created to
accelerate the breeding of early maturing and resistant
soybean varieties. Further increases in resistance breed-
ing are still needed to release more resistant cultivars
into the market.

Seed-coating technology shows a promising applica-
tion prospect in managing SCN, and is a feasible direc-
tion method for controlling SCN in the future.
Presently, developing new biological control products
and seed-coating technologies are still necessary for
long-term management of SCN.

Additionally, we must achieve crop rotation
optimization. To prevent the emergence and spread of
new virulent races that can overcome the resistance of
existing soybean cultivars, rotation with either non-host
plants or susceptible soybean varieties should be
considered.

Conclusions

The plant parasitic nematode SCN is a destructive threat
to global soybean production, causing devastating yield
losses annually. So far, 11 SCN races, including a newly
identified super-virulent race X12, have been identified
in 22 provinces, causing over 120 million dollars of an-
nual yield loss in China. As has been mentioned above,
great progress has been achieved in SCN research,
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including the occurrence, distribution, races, molecular
diagnosis, genome and effectors of SCN; identification of
soybean germplasm resources resistant to SCN, QTL
mapping in soybean underlying the SCN resistance,
high-throughput resistance identification, identification
of SCN-resistant genes and the underlying resistance
mechanism; and also measures for integrated manage-
ment of SCN including biological control. However, to
reduce soybean production losses caused by SCN, it still
needs further study on both the virulence mechanism of
SCN and the resistance mechanism of soybean, identifi-
cation of new SCN-resistant germplasm resources and
novel SCN-resistant genes, breeding of new resistant
cultivars and improvement of integrated SCN manage-
ment level.
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