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Chapter 8

Molecular Breeding for Resistance against
Pythium Root Rot (PRR) in Soybean

Adhimoolam Karthikeyan, Chandran Sarankumar, and Natesan Senthil

Abstract Soybean is an important leguminous crop because its seed is a rich source
of protein and oil. It is necessary to increase soybean production to meet the needs
of the rapidly increasing human population in the world. Pythium root rot (PRR)
caused by Pythium spp. is a major seedling disease of soybean. The breakdown of
PRR resistance is the reason for yield uncertainty in many soybean-producing
regions. Host plant resistance is the most effective, economical, and environment-
friendly method to cope with this disease. Conventional breeding strategies, which
rely solely on phenotypic selection, have not successfully produced new PRR-
resistant cultivars with long-lasting and broad spectrum of resistance. Over recent
decades, substantial progress has been made to overcome the conventional breeding
limitations through molecular breeding. Molecular breeding strategies such as
quantitative trait locus (QTL) analysis, marker-assisted selection (MAS), and
genetic transformation have helped to enhance the resistance levels and developed
new disease-resistant cultivars in different crops, including soybean in a short span
of time. So far, many QTLs and genes conferring resistance to PRR of soybean have
been identified through various molecular breeding approaches. This chapter briefly
reviews molecular breeding approaches for improving PRR resistance in soybean.
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8.1 Introduction

Soybean (Glycine max (L.) Merr.) is an important legume crop with numerous uses
for food, feed, and industrial materials. The crop is the predominant source of high-
quality vegetable protein and oil for food products. The protein content in soybean
seed is approximately 40%, and the oil content is about 20% (Clemente and Cahoon
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2009). Soybean is not only a source of food for humans but also a universally
acceptable animal feed and has numerous industrial applications (i.e., pharmaceuti-
cals, cosmetics, and biodiesel) (Song et al. 2011; Candeia et al. 2009; Ko et al.
2013). Soybeans are becoming a more popular crop plant as a result of their many
uses, which is driving up demand. The amount of soybean production is severely
threatened by various biotic and abiotic stresses, like other economically important
crops (Hartman et al. 2015). Among the biotic stresses, diseases are detrimental to
flourishing soybean production. Pythium root rot (PRR) caused by Pythium spp. is
a destructive seedling disease found in all soybean-producing regions of the world.
Therefore, addressing this issue is important to ensure soybean production profit-
ability while ensuring global food/feed security.

Management practices of PRR disease include fungicide applications and agro-
nomic practices such as crop rotation and ploughing the field for better drainage
(Dorrance et al. 2004; Broders et al. 2007; Radmer et al. 2017). However, the effect
of fungicide on seed and the emerging seedling is temporary (1-2 weeks after plant-
ing). Therefore, it cannot efficiently prevent the emerging root. Aegerter et al.
(2002) reported that extensive use of fungicides to disease control has resulted in
ineffectiveness to the targeted pathogen. On the other hand, fungicide application
has a detrimental effect on public health, farmer’s health, and the environment
(Paulsrud and Montgomery 2005). In this context, host plant resistance (HPR) is an
effective, economical, and environment-friendly method to cope with this disease
(Rupe et al. 2011; Lin et al. 2013). At the same time, due to the evolution of new
isolates, a breakdown of PRR resistance has occurred, and resistance remains non-
susceptible for a limited duration. Therefore, new methods offering long-standing
defense over extensive geographical areas must be developed to build a robust resis-
tance. Existing studies related to plant disease resistance mechanism have revealed
that more than one gene contributes to the directive of pathogen-triggered defense
responses (Gordon et al. 2007; Kou and Wang 2010; Zhang et al. 2013). Traditional
breeding, which depends solely on phenotypic selection, is not successful in devel-
oping disease-resistant cultivars due to the environmental effects, genotype x envi-
ronment interactions, and observation blunders. Therefore, researchers have shown
attention to advanced technologies that can make this procedure more effective.
Recent developments in molecular breeding have opened the door to various novel
methods to enhance breeding selection strategies.

In the last two decades, we have witnessed the success of molecular breeding
approaches to discover the genetic and molecular bases of disease resistance and
ultimately to generate genotypes enhanced for disease resistance in different crops,
including soybean (Rosso et al. 2008; Ali and Yan 2012; Li et al. 2020). Breeders
have made increasing use of molecular breeding approaches in soybean breeding
programs. For soybean molecular breeding programs, quantitative trait locus (QTL)
analysis, marker-assisted selection (MAS), and genetic transformation are the most
frequently used techniques. These techniques allow researchers to make enhance-
ments to a soybean plant’s genetic composition with a view to improving disease
resistance. To date, many QTLs and genes associated with resistance to PRR of
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soybean have been identified through various molecular breeding approaches
(Stasko et al. 2016; Clevinger et al. 2021). The present chapter discusses the molec-
ular breeding approaches for improving PRR resistance in soybean.

8.2 Pythium Root Rot: A Threat to Soybean Production

PRR caused by Pythium spp. is one of the severe seedling diseases that attack soy-
bean. Pythium is a soil-borne oomycete pathogen that belongs to the class of
Oomycota and the family Pythiaceae. Generally, the documentation of Pythium spp.
has been based on the visual examination of their morphological characteristics.
The primary criteria used by researchers to identify the species are the occurrence
of sexual reproductive structures, sporangia type, oogonial wall, and antheridia
characters (Matsumoto et al. 1999; Li et al. 2019). Saturated soil is the primary
reason for Pythium infection, and more than 50 described Pythium spp. are account-
able for PRR disease in soybean (Papa et al. 1967; Kirkpatrick et al. 2006; Rojas
et al. 2017). Experimental studies showed that Pythium sp. infection and damage
are specific to temperature. For instance, P. debaryanum, P. torulosum, and P. ulti-
mum cause infection and damage to soybean at lower temperatures (20 °C or less)
and early planted soybean. In contrast, P. aphanidermatum and P. myriotylum cause
infection to soybean at high temperatures (30 °C or higher) and prevail to damage
the late-planted soybeans (Yang 1999).

PRR is a persistent issue in places that are over-irrigated or inadequately drained
or have just had a lot of rain. PRR likely disturbs soybeans before the germination
stage and continues through the seedling stage. The primary signs of pythium infec-
tion in the field are generally pre- and post-emergence damping-off (Coffua et al.
2016; Wei et al. 2011). In the case of pre-emergence, seeds are collapsed and fail to
germinate. For post-emergence damping-off, lesions and discoloration occur in the
root, and following infection, roots will start to disintegrate and rot. The seedling
will finally collapse because of the decaying root system. In comparison to older
and larger plants, young and small plants are highly susceptible to PRR. This is due
to the fact that each plant’s root tissue thickness is different. Diseased plants are
pulled from the soil because of rotted roots (Hartman et al. 1999). Considerable
reduction and overall yield loss is a result of this disease in large soybean-producing
areas under favorable environmental conditions. The main obstacle of controlling
disease incited by several Pythium spp. is difficult to accurately identifying all the
species associated with the disease. The challenge is correctly differentiating
Pythium spp. and figuring out how many diverse Pythium spp. occur in the field,
which species more often occur in the field, and which are the most pathogenic
(Broders et al. 2007). Attempts are being made to generate soybean genotypes that
are resistant to PRR. Continuous research investigations on PRR disease are vital to
overcoming this disease issue and ensuring soybean production in the future.
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8.3 Notable PRR-Resistant Soybean Accessions Reported

There have been limited studies on resistance to individual or more than one Pythium
spp. in soybean. So far, soybean accessions with complete resistance to Pythium
spp. have been reported. Several soybean accessions may have a moderate resis-
tance to Pythium spp. (Klepadlo et al. 2019). Details on PRR-resistant soybean
accessions are summarized in Table 8.1. Earlier, Keeling (1974) described that the
soybean cultivar (cv.) ‘Semmes’ was more resistant than ‘Hood’. Grifen (1990)
reported the soybean cv ‘Dare’ had significantly higher emergence in P. ultimum-
infested soil than the cultivar ‘Essex’, suggesting a greater level of resistance in
Dare than in Essex. Soybean cultivar Archer and breeding line V81-141 were resis-
tant to P. ultimum (Kirkpatrick et al. 2006; Bates et al. 2008). Also, Archer has
exhibited a resistance to different Pythium spp. including P. aphanidermatum,
P. irregulare, and P. vexans. There were 1289 soybean accessions obtained from the
USDA soybean germplasm collection assessed by Bernard et al. (1998), for resis-
tance to P. ultimum. In this study, 60 soybean accessions with resistance to P. ulti-
mum were identified. PI 424354 showed the highest levels of partial resistance
against P. irregulare isolates (Ellis et al. 2013). Among the 298 soybean genotypes,
Dennison, Williams, Kottman, Streeter, and Wyandot expressed a moderate level of
resistance to P. ultimum (Balk et al. 2014). Researchers evaluated 90 North American
ancestral soybean genotypes and reported several genotypes, including PI 84637,
Maple Isle, Fiskeby III, and Fiskeby 840-7-3, had moderate levels of resistance to
P. ultimum, P. irregulare, and P. sylvaticum (McLachlan, 2016; Rod et al. 2018). In
another study, soybean genotypes E05226-T and E09014 from Michigan State

Table 8.1 Details of PRR-resistant soybean accessions

S.
no | Accession’s name Resistance to Pythium spp. References
1. | Semmes Pythium ultimum and Pythium Keeling (1974)
debaryanum
. |Dare Pythium ultimum Grifn 1990
3. | Archer, V81-141 Pythium ultimum Kirkpatrick et al.
(2006) and Bates et al.
(2008)
. | P1424354 Pythium irregulare Ellis et al. (2013)
5. | Dennison, Williams, Pythium ultimum Balk et al. (2014)
Kottman, Streeter and
Wyandot
6. | PI 84637, Maple Isle, Pythium ultimum, Pythium irregulare | Rod et al. (2018)
Fiskebi 11, and Fiskeby and Pythium sylvaticum
840-7-3
7. | E05226-T, E09014 Pythium sylvaticum Lin et al. (2018)
8. | P1424237A, P14242378B, | Pythium sylvaticum, Pythium Lerch-olson et al.
PI1 408097 and PI1 408029 | irregulare, Pythium oopapillum, and | (2020)
Pythium torulosum
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University were reported to be moderately resistant to P. sylvaticum (Lin et al.
2018). Primary screening results of Lerch-Olson et al. (2020) found that soybean
accessions including PI 424237A, PI 424237B, PI 408097, and PI 408029 had
higher levels of resistance to P. sylvaticum, P. irregulare, P. oopapillum, and
P. torulosum.

8.4 Breeding Soybean for PRR Control

The most desirable method of controlling PRR disease is the breeding of resistant
cultivars. It can reduce fungicide use, successively controlling agrochemical pollu-
tion in the soybean fields and decreasing production costs. Plant breeders, geneti-
cists, and farmers are continuously paying attention and seeking new techniques for
resistance breeding in soybean to reduce the damages incited by PRR. Dissecting
genetic resistance is an important strategy to manage this disease. Earlier, tradi-
tional breeding methods are successful in dissecting the genetics of resistance and
developing disease-resistant cultivars in soybean (Wilcox 1983; Ma et al. 1995;
Chen et al. 2001; Rosso et al. 2008). They can generate novel genetic variants, pre-
serving wild germplasm, and hybridization among diverse parents and mutation.
Different methods, including pedigree, backcrossing, recurrent selection, and
mutant breeding, are widely used in traditional breeding programs to develop
disease-resistant genotypes in soybean (Wilcox 1983; Poehlman 1987). However,
disease resistance breeding via traditional methods has acceptable flaws, including
prolonged breeding cycle, difficulties in the appropriate selection of genotypes, the
challenge in distant crossing resulting in a lag among the generation of novel resis-
tant cultivars, and the evolution of virulent isolates of the pathogen, and labor-
intensive task. Besides, traditional breeding is influenced by linkage drag, which
has resulted in the transferring of loci having possibly unwished agronomic traits
because of its close linkage with resistance loci (Pratap et al. 2021). Current
advances in biotechnology have offered promising techniques for plant breeders to
improve the soybean cultivars of the future that is referred to as molecular breeding.
Molecular breeding approaches are successful in tracing the resistance and intro-
ducing genes that provide resistance against diseases.

8.5 Molecular Breeding Approaches for PRR Resistance

Over recent decades, we have seen a knowledge explosion in soybean molecular
genetics. Soybean is considered a fruitful crop in biotechnological approaches lead-
ing to crop improvements. The soybean genome has been sequenced (Schmutz et al.
2010), and the whole genome sequence (WGS) has helped to know the genome
composition. Deciphering WGS has the potential to transform soybean breeding by
making polymorphism detection, gene expression, and genotyping of populations
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more convenient and achievable. Therefore, soybean research aimed to know the
function of soybean genes and pinpoint the governing mechanisms related to major
agronomic traits, including disease and insect pest resistance, and successive con-
version of genomic information into agricultural production by different molecular
breeding approaches and better agronomic practices. So far, a variety of molecular
breeding approaches (i.e., QTL analysis, MAS, and genetic transformation tech-
niques) have been implied to attain disease resistance (i.e., durable and/or broad-
spectrum resistance) in soybean (Shi et al. 2008; Gao et al. 2015; Stasko et al. 2016).
Several QTLs and genes associated with various diseases, including PRR, have
been identified and sequenced. This knowledge assists in understanding the interac-
tion between the host and disease for breeding programs. Besides, diverse genes and
mechanisms associated with soybean defense response have been identified and
discussed.

DNA markers are one of the important genomics tools assisted to soybean breed-
ing for cultivar development, evaluation, and selection of genotypes. The use of
DNA markers allows us to quickly test the existence of more than one disease resis-
tance gene without examining the progeny or relying on rough phenotype evalua-
tion. The SSR-based marker system (producing a high level of polymorphism and
repetition compared to other marker systems) based on PCR is more accurate, con-
sistent, and inexpensive. SSRs have been used to detect plants having disease resis-
tance genes in soybean (Cregan et al. 1999; Li et al. 2017; Ren et al. 2018).
Next-generation sequencing (NGS) technologies created the opportunities to
develop a set of new markers and genotyping platforms. Therefore, information
about millions of simple sequence repeats (SSR) and single nucleotide polymor-
phism (SNP) markers are available in the public domain (Hyten et al. 2010; Song
etal. 2010, 2013). Geneticists and breeding scientists effectively used these markers
to discover the QTLs and candidate genes associated with resistance to various dis-
eases, including PRR (Rosso et al. 2008; Sun et al. 2014; Karthikeyan et al. 2018).
To date, several major and minor QTLs and candidate genes responsible for PRR
resistance have been identified, and they were located on chromosomes 6, 8, 10, 13,
18, and 20 in soybean (Ellis et al. 2013; Klepadlo et al. 2019; Lin et al. 2020;
Clevinger et al. 2021). However, all of these QTLs and genes are not equally effec-
tive to different Pythium spp., which is the causal agent for PRR. The reported
QTLs and genes are specific to one or more than one Pythium spp.

As a molecular tag, MAS uses markers that are closely linked to a target gene
and can be employed for quick indirect selection of the target gene. The benefits of
MAS in soybean improvement are well-known. MAS decreases the phenotypic
selection duration and lowers the cost to choose a preferred trait. It assists in accel-
erating breeding research via permitting to choose plants based on the genotype
rather than on the phenotype (Cobb et al. 2019). MAS is a useful and more precise
strategy to introduce novel soybean cultivars having disease resistance at the early
level. One of the popular applications of MAS is gene pyramiding. By this approach,
multiple genes are pyramiding into a single genotype. Marker-aided backcross
breeding (MABC) is a popular approach used in soybean disease resistance breed-
ing to incorporate resistance genes (one or more than one genes) into widely adapted
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popular cultivars. MABC involves employing markers (tightly linked to QTL/gene)
to tag the target loci, reducing the length of the donor segment having a target locus,
and speeding up the recovery of the recurrent parent genome during backcrossing.
MABC’s main goal is to transfer the targeted gene/desired trait together with the
background of recurrent parent characters/genome/genes. MAS and MABC are
successfully used for the development of soybean disease-resistant lines. There
have been some success stories of MAS and MABC in soybean breeding programs
to improve disease resistance (i.e., Soybean mosaic virus, rust, Phytophthora sojae,
and powdery mildew) (Saghai Maroof et al. 2008; Yamanaka et al. 2015; Ramalingam
et al. 2020). However, no such attempts were made to improve the PRR resistance
in soybean. Therefore, more research is needed in the future to trace the precise
QTLs and genes and their linked markers to PRR resistance in soybean. It will assist
in introgression or pyramiding the genes via MABC or MAS.

Genetic engineering has demonstrated to be a notable advancement for soybean
breeding programs and permits to produce novel and genetically diverse plant mate-
rials. It is also a potential tool in managing plant diseases, and considerable efforts
have been done to fix disease resistance in soybean. The question over the stable
transformation handicaps the genetic transformation technique in soybean.
Compared to MAS, genetic engineering in soybean takes less time and is an effi-
cient as well as a direct approach to enhancing disease resistance. The yield losses
caused by diseases have prompted scientists to make better efforts to develop soy-
bean genotypes with improved resistance to diseases by genetic modification.
Several transgenic soybean plants, resistant to various diseases, have been reported
to date (Gao et al. 2015; Zhou et al. 2018; Yang et al. 2019). For instance, Zhou et al.
(2018) detailed that the soybean type II CHI gene (GmCHIIA) shows a positive
regulatory role in soybean resistance to P. sojae. In this study, overexpression of
GmCHIIA in soybean hairy roots increased the level of daidzein and exhibited
resistance to P. sojae. Identifying and using the transgene to engineering the disease
resistance is a successful strategy for producing PRR-resistant soybean lines, but no
such efforts to increase PRR resistance in soybean have been made. Therefore, even
more, research is vital in these areas.

8.6 A Brief Account of PRR Resistance QTLs and Genes

So far, resistance to Pythium spp. in soybean has been categorized into two types,
including Rpal (Rosso et al. 2008), a monogenic resistance gene to P. aphanider-
matum that was considered to be an R-gene type, and several QTLs that are associ-
ated with tolerance or partial resistance. Reported QTLs have contributed 4.5-17.8%
of the phenotypic variation and are detected on almost all the chromosomes of the
soybean genome. The phenotype data and linkage analysis test from Rosso et al.
(2008) suggested that P. aphanidermatum resistance in Archer was controlled by a
single dominant gene designated as Rpal. It was located 10.6 cM from Satt510 and
26.6 cM from Sattl 14. In addition, this study also confirmed that Rpal was different
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from the Rps/k gene in Archer, which is responsible for P. sojae resistance. The first
reported QTL for resistance to P. irregulare was discovered in PI 424354 by Ellis
et al. (2013). For root weights and root rot scores, resistance QTL with alleles from
PI 424354 were identified on chromosomes 1 and 6 in OHS 303x (Williams xPI
424354). Also, using Dennison x (Williams x PI 424354) population, resistance
QTLs showing 7.9 to 17.8% of the phenotypic variation for root weights and root
rot scores were mapped on chromosomes 8, 11, and 13. In another study, two QTLs
associated with resistance to P. irregulare were detected using a recombinant inbred
line (RIL) population developed from a cross between Conrad and Sloan (Stasko
et al. 2016). Two QTLs explaining 6.6 and 5.5% phenotypic variation were located
in chromosomes 14 and 19-2. Urrea et al. (2017) mapped the two unique QTLs
resistance to P. aphanidermatum from soybean cv Archer at chromosomes 4 and 7.
These QTLs explained 4.85—13.85 of phenotypic variation, but they could not pre-
cisely be mapped on the chromosomes.

Two QTLs (gRRWI1 and gRRW20) for tolerance to P. irregulare were detected
from E09088 and E05226-T. The QTL gRRW1 1 was found to account for 15.4% of
the phenotypic variation detected on chromosome 13, and its favorable allele was
from E09088. Another QTL gRRW20 explained 12.7-13.3% of phenotypic varia-
tion located at chromosome 20, and the favorable allele of this QTL was from
E05226-T (Lin et al. 2018). In another study, the same research group, by QTL
mapping and GWAS approach, identified the loci associated with partial resistance
to P. sylvaticum (Lin et al. 2020). QTL mapping revealed five QTLs, namely, g/0.1,
ql0.2, q18.1, q18.2, and q20.1 on soybean chromosomes of 10, 18, and 20. These
QTLs accounted for 9.7-16.6% of phenotypic variation. GWAS analysis unveiled
the seven SNP markers from chromosomes 10, 18, and 20 were associated with the
partial resistance to P. sylvaticum and exhibited phenotypic variations ranged from
8.1% to 10.2%. Of these, three SNP markers were linked with g/0.1 (<50 Kb). One
SNP marker from Glyma.18 g081700 was co-localized with ¢/8.2. Another one
SNP marker co-localized with the previously identified QTL gRRW20 (Lin et al.
2018), for partial resistance to P. irregulare.

Klepadlo et al. (2019) used a RIL population of a cross of Magellan and PI
438489B to map QTLs for resistance to P. ultimum. In this study, two genomic
regions (350 kbp region on chromosome 6 and 260 kbp region on chromosome 8)
which accounted for 7.5-13.5% and 6.3-16.8% of the phenotypic variance linked to
P. ultimum resistance were identified. Besides, genes associated with disease resis-
tance, such as genes encoding leucine-rich repeat (LRR) domain-containing resis-
tance protein kinases, ring/zinc-finger proteins, MYB transcription factors, and
receptor-like proteins, were proposed. In another study, six NAM RIL populations
were used to map and compare the QTLs for resistance to P. irregulare, P. ultimum,
and P. sojae. Only three of the 33 QTLs were associated with resistance to more
than one Pythium spp. The major QTL for resistance to P. ultimum var. ultimum and
P. ultimum var. sporangiiferum detected at chromosome 3, and two QTLs found on
chromosomes 13 and 17 shared a flanking marker for both P. irregulare and P. ulti-
mum var. ultimum (Scott et al. 2019). PI 424237A, P1 424237B, PI 408097, and PI
408029 expressed a high level of resistance to four prevalent Pythium spp.
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(P. sylvaticum, P. irregulare, P. oopapillum, and P. torulosum) and were used to
construct the four independent RIL populations, and several minor and large effect
QTLs were detected, including one large-effect QTL for three different Pythium
spp. on chromosome 8, and another large effect QTL for two different Pythium spp.
on chromosome 6 (Clevinger et al. 2021). Collectively, identified QTLs responsible
for resistance to different Pythium spp. might be combined into popular soybean
genotypes to build a partial resistance to Pythium spp. Table 8.2 shows the PRR-
resistant QTLs detected in the soybean genome.

8.7 Breeding Methods in the Modern Genomic Era
to Improve the PRR Resistance

Advances in biotechnological approaches are game-changers in soybean breeding,
offering innovative tools for the breeders to understand the disease resistance mech-
anism and develop disease-resistant cultivars (Li et al. 2020). Site-directed muta-
genesis of target genes to alter the gene function or silencing and the targeted
insertion or deletion into the soybean genome are among the most recent breeding
strategies. Direct transgene insertion is also a modern breeding technique that can
effectively obtain homozygous parental lines from heterozygous-type plants.
Several groundbreaking breeding technologies developed in the last decade or so
which may relate to genome editing include zinc finger nucleases, TALENs, and
CRISPR/Cas9 (Wad et al. 2020). The availability of soybean whole genome
sequence and accessibility of massive genomic resources in the public platform
make existing genome editing technologies and their new developments easier.
Also, soybean researchers would like to use a hairy-root transformation system to
assess the genome editing tool’s efficacy quickly. However, in soybean research, the
use of genome editing technologies in disease resistance studies is limited. There
are few reports on CRISPR/Cas9-mediated genome editing technology application
in soybean disease resistance (Zhang et al. 2020; Qiu et al. 2021). Increasing resis-
tance to PRR in soybean still awaits investigation by genome editing technologies.
Figure 8.1 shows the applications of molecular breeding approaches and genome
editing to generate PRR-resistant plants.

8.8 Conclusion and Perspectives

The use of resistant soybean cultivars is the best option to manage the PRR disease,
decrease fungicide use, protect the environment, and increase grower returns in the
long run. Early research done using the convention methods helps to know the
Pythium spp. and their response to soybean. The development of new molecular
techniques urges soybean breeders to find the easiness of these techniques and their
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Fig. 8.1 Graphic
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cost-effectiveness to combine them with traditional breeding. Soybean researchers
have taken considerable efforts to understand the disease resistance mechanism and
identify the genotypes and QTL and genes associated with PRR resistance.
Nevertheless, several research areas remain focused on identifying a broad spec-
trum of resistant genes, tracing these genes with DNA markers, pyramiding these
genes or QTL regions by MAS, and genetic engineering for PRR resistance.
Eventually, considering the current success of molecular breeding approaches for
combating PRR disease in soybean is encouraged because of the need for increased
production of soybean in a fast-growing population.
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