
Frontiers in Microbiology 01 frontiersin.org

Global distribution, traditional and 
modern detection, diagnostic, and 
management approaches of 
Rhizoctonia solani associated with 
legume crops
Muhammad Abdullah Akber 1,2, Mustansar Mubeen 3, 
Muhammad Aamir Sohail 4, Sher Wali Khan 5, Manoj Kumar Solanki 6, 
Rida Khalid 7, Aqleem Abbas 4,5*, Praveen Kumar Divvela 8 and 
Lei Zhou 1*
1 State Key Laboratory for Managing Biotic and Chemical Threats to the Quality and Safety of Agro-products, 
Institute of Agro-product Safety and Nutrition, Zhejiang Academy of Agricultural Sciences, Hangzhou, 
China, 2 State Key Laboratory of Grassland Agroecosystems, Key Laboratory of Grassland Livestock Industry 
Innovation, Ministry of Agriculture and Rural Affairs, College of Pastoral Agriculture Science and Technology, 
Lanzhou University, Lanzhou, China, 3 Department of Plant Pathology, College of Agriculture, University of 
Sargodha, Sargodha, Pakistan, 4 Department of Plant Pathology, College of Plant Science and Technology, 
Huazhong Agricultural University, Wuhan, China, 5 Department of Plant Science, Karakoram International 
University, Gilgit, Pakistan, 6 Plant Cytogenetics and Molecular Biology Group, Institute of Biology, 
Biotechnology and Environmental Protection, Faculty of Natural Sciences, the University of Silesia in 
Katowice, Katowice, Poland, 7 School of Biological Sciences, University of the Punjab, Lahore, Pakistan, 
8 Contec Global Agro Limited, Abuja, Nigeria

Sustainable development relies heavily on a food system that is both safe and secure. 
Several approaches may lead to sustainability and food safety. An increase in the 
cultivation of legume crops is one of the approaches for enhancing agricultural 
viability and ensuring adequate food supply. Legumes may increase daily intake of 
fiber, folate, and protein as substitutes for meat and dairy. They are also crucial in 
various intercropping systems worldwide. However, legume production has been 
hampered by Rhizoctonia solani due to its destructive lifestyle. R. solani causes blights, 
damping off, and rotting diseases in legume crops. Our knowledge of the global 
distribution of R. solani associated with legume crops (alfalfa, soybean, chickpea, pea, 
lentil, common bean, and peanut), detection, diagnosis, and management of legume 
crops diseases caused by R. solani is limited. Traditional approaches rely on the 
incubation of R. solani, visual examination of symptoms on host legume crops, and 
microscopy identification. However, these approaches are time-consuming, require 
technical expertise, fail to detect a minimal amount of inoculum, and are unreliable. 
Biochemical and molecular-based approaches have been used with great success 
recently because of their excellent sensitivity and specificity. Along with conventional 
PCR, nested PCR, multiplex PCR, real-time PCR, magnetic-capture hybridization 
PCR, and loop-mediated isothermal amplification have been widely used to detect 
and diagnose R. solani. In the future, Next-generation sequencing will likely be used 
to a greater extent to detect R. solani. This review outlines global distribution, survival, 
infection and disease cycle, traditional, biochemical, molecular, and next-generation 
sequencing detection and diagnostic approaches, and an overview of the resistant 
resources and other management strategies to cope with R. solani.
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1. Introduction

Legumes include plants in the family Fabaceae. Grain and forage 
legumes are grown on about 180 million ha of the world’s arable land. 
Grain legumes can provide 33% of human dietary protein nitrogen (N; 
Mueller-Harvey et al., 2019). More than 35% of the world’s processed 
vegetable oil comes from legumes, which are excellent dietary protein 
sources for the poultry and cattle industries. For millennia, forage 
legumes have formed the backbone of the dairy and meat industries 
(Willett et al., 2019). They may provide much protein, fiber, and calories 
if cared for correctly. Forage legumes are necessary even in intensive 
livestock and milk production when grain crops are primary feed 
sources to ensure animal health (Rehman et al., 2019). Forage legumes 
are almost indispensable to emerging nations’ meat and dairy industries. 
For sustained meat and dairy production on poor and nutrient-deficient 
soils, forage legumes such as alfalfa and clovers are essential. Food 
security issues, pressures on the land, and increasing soil degradation 
have led to increasing research interest in tree legumes in forestry. 
Livestock readily consumes legume tree fodder because of its high crude 
protein, mineral, and, in some cases, good digestibility levels. The N 
advantages of tree fallows may typically be  maximized using rock 
phosphate as a fertilizer. N may also be supplied to an intercropped crop 
by “alley cropping, “in which crops are cultivated between hedgerows 
and through tree pruning as mulch or green manure. In the majority of 
ecosystems, nitrogen is the limiting factor in plant growth (Liu et al., 
2017). Legumes may help colonize damaged habitats through their 
symbiotic qualities, especially those prone to fire (Conti et al., 2021). The 
formation of root nodules and the subsequent symbiotic N2 fixation by 
suitable rhizobia is a defining characteristic of legumes. Agriculturally 
significant legumes fix between 40 and 60 million metric tons of N2 
annually, while legumes in their natural habitats fix an additional 3 to 5 
million metric tons (Graham and Vance, 2003). Considering how little 
nitrogenase is used, this is an impressive feat of efficiency (Boqvist et al., 
2018). They also improve soil structure and reduce erosion (Mahmud 
et al., 2020). Biodegradable polymers, oils, gums, dyes, and inks are only 
some industrial uses for legumes (Abd El-Naby Zeinab et al., 2014). In 
traditional medicine, legumes are often employed. Soy isoflavones, along 
with those found in other legumes, have been lately proposed to do 
double duty by reducing cancer risks and blood cholesterol. Besides 
being utilized as food and forage, legumes may be processed into flour 
and used to bake goods, including bread, doughnuts, tortillas, chips, 
spreads, and extruded snacks (Assunção et al., 2011). Soybean candies, 
pop beans, and licorice are all creative applications of legumes (Conti 
et al., 2021). An enormous challenge for agricultural sustainability is 
posed by the rapid rise in the global population over the last decade, 
which is predicted to reach roughly 9.5 billion by 2050, with emerging 
nations accounting for the majority of this increase (United Nations, 
2017). Plant growth, productivity, and nutritional value are all adversely 
impacted by environmental pressures associated with climate change, 
compounded by the growing demand placed on arable land and natural 
resources due to rising populations. Moreover, soil and water quality 
deteriorate due to the overuse of fertilizers and pesticides. Human health 
suffers as a result of all these difficulties, with malnutrition rates rising 
not only in underdeveloped nations but even in wealthy ones, where 
food is readily accessible but of low quality (Willett et al., 2019). Animal 
products, such as meat and dairy, have far more severe environmental 
impacts than plant-based diets (Liu et  al., 2021a). Inadequate food 
supplies, wealthy or unsafe varieties, or a lack of money to buy food pose 
a threat to the world’s population (Boqvist et al., 2018). Those with less 

money to spend on food are more likely to be hungry or malnourished 
due to food insecurity. Food insecurity and famines directly result from 
social instability and conflict (Vågsholm et al., 2020). As a result, food 
insecurity is a major risk to society’s well-being and economic and 
political security (Röös et al., 2022). Safe and secure food production is 
an integral part of sustainable development. Sustainability and food 
security may be  achieved in several ways. One way to improve 
sustainability and food security is to increase the production of legume 
crops (Poore and Nemecek, 2018).

However, legume production has been difficult due to relatively low 
yields, mainly caused by phytopathogens. Phytopathogens, also known 
as plant pathogens, cause severe legume diseases, which cause the 
legumes plants to develop abnormally. Without regard for the specifics 
of the crop, the soil, or the phytopathogen, contemporary agriculture 
routinely employs heavy doses of fertilizers and pesticides to combat 
these hazardous organisms (Abd-Elmagid et  al., 2020). The end 
consequence is less fertile land, environmental deterioration from the 
overuse of chemicals, and the emergence of pathogens resistant to 
pesticides and other chemical treatments (Tilman et al., 2002; López 
Cardona and Castaño Zapata, 2012).

Rhizoctonia solani JG Kühn [Teleomorph: Thanatephorus cucumeris 
(AB Frank) Donk] is one of the crucial soil-borne necrotrophic 
phytopathogens that causes hypocotyl, crown, root, stem collar, bud, and 
fruit rots, blights, wire stem and damping-off in legume production 
regions worldwide. It has been estimated that, on average, 20% of annual 
legume yield loss is due to the R. solani, and even in some rare scenarios, 
30–60% to complete loss of the legume crops has also been observed 
(Ajayi-Oyetunde and Bradley, 2018). Furthermore, because of its 
facultative parasitic ability, it can survive as a saprotroph in the soil. 
R. solani can spread by rain-splashed sclerotia, infested soil debris, and 
mycelial bridges between plants and infected seeds. While the 
teleomorph (sexual) stage of R. solani allows airborne basidiospore 
transmission, this is not typical in the fields. The sclerotia, the asexual 
stage of R. solani can remain viable in the soil for several years. Based on 
hyphal fusion, culture morphology, pathogenicity or virulence, and 
DNA homology, R. solani is a species complex and has been divided into 
13 somatically incompatible groups, otherwise termed anastomosis 
groups (AGs; Abbas et  al., 2022a). Hyphal fusion, referred to as 
anastomosis, occurs only between different AGs isolates. AGs are further 
subdivided into subgroups based on anastomosis frequency, 
physiological and morphological characteristics, pathogenic 
characteristics, and biomolecular, biochemical, genetic, and DNA 
homology characteristics. Within an AG, isolates could have similar 
symptoms and host preferences. For example, legume blights are caused 
by some of these AGs, whereas other AGs are responsible for roots, 
stems, and seed rots (Harikrishnan and Yang, 2004). Adaptation to 
diverse ecological regions causes AGs variety, although the geographic 
dominance of certain AGs types is poorly understood. The genetic 
diversity of R. solani has allowed it to thrive in a wide variety of habitats 
and hosts (Godoy-Lutz et al., 2008; Gónzalez et al., 2016). Traditional, 
biochemical and molecular approaches are used to detect and diagnose 
R. solani (Oladzad et al., 2019). Traditional approaches include visual 
examinations of symptoms on host legume crops, isolation, and 
incubation of R. solani using an appropriate growth medium, 
morphology, and microscopy identification. The difficulty of identifying 
and classifying R. solani through traditional approaches stems from the 
fact that cultural conditions modify morphological characteristics. 
Further, traditional approaches are non-specific and less reliable and 
could not detect low inoculum and latent infections of R. solani. In 
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contrast, biochemical and molecular-based approaches detect and 
diagnose R. solani efficiently due to their high sensitivity and specificity. 
In recent years, next-generation sequencing (NGS) has been used for 
detecting and diagnosing R. solani (Das et al., 2016; Patil and Solanki, 
2016). With new knowledge of detecting and diagnosing R. solani, the 
dissemination and spread of infection of R. solani will be controlled, and 
consequently, the economy of the farming community will be improved 
(Das et al., 2016; Patil and Solanki, 2016). The following parts have been 
included in the review: (1) the global distribution of R. solani on legumes 
(alfalfa, soybean, chickpea, pea, common beans, and peanuts), (2) 
legume diseases caused by R. solani, (3) survival, infection and disease 
cycle, (4) traditional, biochemical, molecular, genomic, transcriptomic 
and NGS diagnostic approaches for R. solani, and (5) disease 
management approaches and resistance sources.

2. Global distribution of Rhizoctonia 
solani on legume crops

Rhizoctonia solani causes severe diseases such as blights (web and 
foliar), damping-off, and rots (seed, stem, root, crown, collar, and 
hypocotyl) in alfalfa, soybean, chickpea, pea, common beans, and 
peanuts (Basbagci and Dolar, 2020). The geographical distribution and 
disease severity of R. solani associated with legume crops are shown in 
Figure 1 (Abbas et al., 2022b). R. solani is causing severe yield losses and 
various diseases in legume crops in different countries, as shown in 
Table  1. Furthermore, R. solani is a species complex and has been 
classified as 13 AGs based on hyphal anastomosis reactions, morphology, 
pathogenicity/virulence, and DNA homology (Salazar et  al., 2000; 
Gonzalez et al., 2001; Bai et al., 2014; Dubey et al., 2014; Gónzalez et al., 
2016; Spedaletti et al., 2016; Basbagci and Dolar, 2020). AG 1, 2, 3, and 

4 are present worldwide, while the occurrence of remaining AGs varies 
as AG-5; Canada, Germany, Israel, and Japan, AG-7; Japan, AG-8; 
Australia, AG-9; America and Canada, AG-BI; Japan, are widely known. 
AG-6, AG-7, AG-8, AG-9, and AG-B1 have been identified recently 
(Ogoshi, 1987, 1996). Among these AGs, AG-1, AG-2, AG-3, AG-4, and 
AG-5 are frequently reported from legume crops, as shown in Figure 2 
(Hane et al., 2014).

3. Diseases of legumes caused by 
Rhizoctonia solani

Rhizoctonia solani has a destructive lifestyle with a vast host range. 
Worldwide different economically important crops are affected by this 
fungus. R. solani attacks members of Poaceae, Rubiaceae, Fabaceae, 
Solanaceae, Moraceae, Malvaceae, Linaceae, Araceae, and 
Amaranthaceae families. Disease symptoms on different hosts are stem 
rot and canker, hypocotyl rot, black scurf, pod rot, blights, root rot, 
crown rot, pre, and post-emergence damping-off (Patil and Solanki, 
2016). Among the legumes, soybean (Glycine max) is affected by 
R. solani, which causes aerial and underground diseases. R. solani can 
survive and infect soybean with a wide range of temperatures and 
moisture levels (Dorrance et  al., 2003). Moreover, seed decay and 
pre-emergence damping-off lead to missing stand, and replanting such 
fields may be  required if the attack is severe (Bradley et  al., 2002). 
Soybean yield production is affected on a small scale because it can 
tolerate decreased stands. However, the yield can be reduced with the 
age of the plant because older plants cannot handle missing stands. In 
some cases, soybean yield was reduced by up to 48% by the impact of 
seedling diseases caused by R. solani (Koenning and Wrather, 2010). 
Chickpea (Cicer arietinum) is one of the essential cool season 

FIGURE 1

Global distribution and percent disease severity of R. solani associated with leguminous crops. Star has been placed over countries where R. solani is 
present, but disease severity has not been documented.
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TABLE 1 Legume crops diseases caused by anastomosis groups of R. solani across different countries.

Legume Disease AG group Yield loss/Not 
documented

Country References

Alfalfa Damping-off R. solani 26.45% Saudi Arabia Al-Askar et al. (2013)

Damping-off R. solani 25% Egypt Abd El-Naby Zeinab et al. 

(2014)

Root rot R. solani 20–40% China Cong et al. (2016)

Seed rot R. solani Not documented USA Berg et al. (2017)

Damping-off

Root rot R. solani 0.0–60.0% Egypt El-Garhy and El-Wakil (2014)

Damping-off

Root rot R. solani Not documented Saudi Arabia El-Meleigi et al. (2017)

Damping-off

Stem rot AG-2-IIB Not documented Japan Misawa and Kurose (2019)

Root rot R. solani Not documented USA Samac et al. (2015)

Damping-off

Damping-off R. solani Not documented Italy Bonanomi et al. (2011)

Root disease R. solani Not documented Saudi Arabia Alsohim (2020)

Soybean Foliar blight AG-1-IA Not documented USA, India, Brazil Liu et al. (2017)

Root disease AG-4 Not documented Turkey Erper et al. (2011)

Seedling disease AG-2-2IIIB Not documented USA Zhao et al. (2005)

AG-4

AG-5

Seedling blight R. solani Not documented China Lu et al. (2015)

Damping-off, AG-2-2IIIB Not documented USA, Canada Ajayi-Oyetunde and Bradley 

(2017)Root rot

Hypocotyl rot

Seedling blight R. solani 52% Canada Chang et al. (2017)

Root rot

Root rot AG-2-2 AG-4 45% USA Muyolo et al. (1993)

AG-5

Damping-off R. solani 31–60% Brazil Chela Fenille et al. (2002)

Root rot

Hypocotyl rot

Foliar disease AG-1-IA Not documented Rondônia Chavarro-Mesa et al. (2020)

Aerial blight AG-2 Not documented USA Spurlock et al. (2016)

Sheath blight

Root rot R. solani Not documented Egypt Amani et al. (2017)

Chickpea Root and collar rot AG-2 50% Tunisia Youssef et al. (2010)

Damping-off AG-4 Not documented Turkey Basbagci and Dolar (2020)

Root rot AG-5

Wet root rot AG-3 Not documented India Dubey et al. (2011)

AG-5

Seedling blight AG-4 Not documented Canadian Prairies Hwang et al. (2003)

Root rot

Root rot AG-5 3.4 Eastern Anatolian region Demirci et al. (1998)

Seedling disease AG-5 Not documented Egypt Maurice et al. (2010)

(Continued)
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leguminous crops cultivated in dry areas. It is primarily grown in 
drylands. The crop is affected by severe diseases throughout its life cycle 
(Nene et al., 2012). It is reported that more than 50 plant pathogens 
attacked chickpea worldwide. However, the major fungal diseases are 
Fusarium wilt, Ascochyta blight, and root rot caused by R. solani 
(Bayraktar and Dolar, 2009). R. solani causes root rot and collar rot 
which can be seen when moisture is high at every stage of plant growth 
(Prasad et al., 2014). Pea (Pisum sativum) is a leguminous crop used as 
a vegetable or dry pea. Worldwide, several soil-borne pathogens cause 
seed rot, pea root rot, and damping-off (Heyman et al., 2013). R. solani 
causes serious pea diseases such as seedling blight, damping-off, and 
root rot (Sharma-Poudyal et al., 2015). Pea root rot is caused by various 
AGs of R. solani (Mathew et  al., 2012). However, AG-4 is mainly 
responsible for causing pea root rot worldwide (Kraft and Pfleger, 2001). 
Alfalfa (Medicago sativa) is one of the oldest forage legume crops 
cultivated worldwide. Different soil-borne pathogens attack the alfalfa 
crop, resulting in poor stand establishment, decreasing its yield, forage 
quality, and longevity. R. solani is also known to infect the crown at the 
place where new buds begin (Eken and Demirci, 2003). Lentil (Lens 
esculinta) is one of the oldest leguminous crops; its protein content 
ranges from 22 to 35 percent (Stodart et al., 2007). R. solani causes 
damping-off disease in lentils (Duarte et al., 2018). It is the main disease 
responsible for high yield reduction and sometimes total yield loss of 
lentils. It is found that damping-off caused by R. solani is decreased in 
lentils when it is planted after maize and rice and increased when 
planted after soybean and cotton (Hamdi et al., 2002). Common bean 

TABLE 1 (Continued)

Legume Disease AG group Yield loss/Not 
documented

Country References

Wet root rot R. solani Not documented India Prasad et al. (2014)

Wet root rot AG-3 50% India Ganeshamoorthi and Dubey 

(2013)AG-5

AG-1

AG-2

AG-4

Root diseases R. solani Not documented Egypt Abdel-Monaim (2011)

Root rot R. solani Not documented Ethiopia Yimer et al. (2018)

Pea Root rot AG-4 Not documented Saudi Arabia Al-Askar and Rashad (2010)

Seedling blight AG-4 Not documented Canada Hwang et al. (2007)

AG 2–1

Root Rot, AG-4 75% USA Sharma-Poudyal et al. (2015)

Stunting AG-2-1

Seedling disease AG-8

Root rot AG-4-(HG)-II Not documented USA Mathew et al. (2012)

AG-5

Root rot AG-1-IA Not documented China Yang et al. (2005)

Stem rot AG-4-HG-II Not documented USA Woodhall et al. (2019)

Damping off, AG-2-1, AG-2-2, 

AG-4,

31% Canada Woodhall et al. (2019)

Crown rot AG-5,

AG-9,

AG-11

FIGURE 2

Number of anastomosis groups (AGs) and their subgroups of R. solani 
associated with legumes crops and geographical origins.
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(Phaseolus vulgaris) is the third-largest leguminous crop after soybean 
and peanut. R. solani infects common bean plants through root rot 
(Valentín Torres et al., 2016). Moreover, R. solani can attack common 
bean at any age, and pathogens enter via wounds or by forming infection 
cushions and penetrating the epidermis (Guerrero-González et  al., 
2011). Peanut (Arachis hypogaea) is cultivated worldwide as a food and 
oilseed crop. Peanuts are affected mainly by soil-borne pathogens 
because their pods are produced below ground. Soil-borne pathogens 
such as R. solani are not easy to control because fungicides spray cannot 
disperse completely through the peanut canopy (Guerrero-González 
et al., 2011). R. solani infects peanuts and causes damping-off, seed 
decay, pod root, root rot, and limb rot (Marsalis et al., 2009). Also, AG-4 
is the most virulent isolate to cause diseases in peanuts (Thiessen and 
Woodward, 2012).

4. Survival, infection, and disease 
cycle

As aforementioned, seed decay, pre- and post-emerging damping 
off, rots (hypocotyl, crown, stem, collar, and root), stem canker, 
chlorosis, stunting, and blights (web and foliar) are well-established 
legume crop diseases. Different AGs of R. solani, have been associated 
with these diseases. These diseases’ occurrence, severity, and prevalence 
are affected by primary infection sources, management practices, 
environmental factors, and cultivars’ ability to resist diseases. Among 
the environmental factors, temperature and moisture play a significant 
role in the severity, occurrence and prevalence of legume diseases. Cool 
soil conditions slow seedling growth and emergence, making emerging 
plants susceptible to R. solani. Seed decay and pre-emergence damping 
off are more common in fields with high inoculum amounts or cool, wet 
weather. Lower inoculum pressure rots plant roots or hypocotyls. Unlike 
other legume crop pathogens, R. solani can infect legumes of varying 
temperatures and moisture levels. For example, R. solani, AG-2-2IIIB, 
can thrive and infect soybeans at temperatures as high as 35°C (Ajayi-
Oyetunde and Bradley, 2018). Similarly, severe root rotting of alfalfa, 
caused by R. solani occurred at 65% water holding capacity and less at 
45%. Likewise, each anastomosis group (AGs) of R. solani requires a 
certain temperature to cause legume disease. R. solani also infects 
legumes at cold temperatures (15–18°C), which slows down the growth 
of their seedlings (Abbas et al., 2022b). It is common for fields to need 
to be  replanted if there are missing stands due to seed decay or 
pre-emergence damping off. Once plants have emerged, they are 
susceptible to hypocotyl and root rot, which may or may not result in 
death. Plants exhibiting symptoms often have a reddish-brown 
discoloration in the cortical layer of the lateral roots or the lower part of 
the stem near the soil line. If a plant’s roots are afflicted, the plant may 
not develop as vigorously and cannot absorb as much water and 
nutrients. In addition to having a chlorotic and stunted appearance, 
plants with less access to soil water may ultimately wilt and die. 
Generally, a plant’s resistance improves as it ages, making older plants 
less vulnerable to diseases. However, older plants may be  more 
vulnerable to infection and mortality if exposed to unfavorable 
environmental conditions (Ajayi-Oyetunde and Bradley, 2018).

Rhizoctonia solani is an excellent competitor with other soil-
dwelling saprophytes despite being a facultative parasite. Long-lasting 
“nutrient-independent propagules” (sclerotia) help it persist in the 
soil. However, it is unclear whether or not basidiospores have a 
function as an inoculum source for legume diseases. Undifferentiated 

hyphae or monilioid cells give birth to sclerotia, which then germinate 
into mycelia and act as an inoculum source for infection and disease 
dissemination. Rhizoctonia infections typically begin with the 
sclerotia germinating to produce mycelia and then make their way 
toward the legume hosts. In response to legume crops exudates, the 
fungus forms a mycelium, which then gives rise to hyphal attachment, 
hyphal growth along the host’s epidermal cell walls, the formation of 
T-shaped branches with appressoria-like infection structures (Abbas 
et al., 2022a). Sclerotia can germinate and develop hyphae, invade the 
root cortex, and persistently spread inside and on the surface of roots 
under favorable environmental conditions. This causes the roots to 
develop dark streaks down their length, and eventually, the roots will 
rot and die. The top of the root head also becomes a deep shade of 
brown or perhaps black. Symptoms on the foliage might manifest as 
chlorosis, blights, stunting, or wilting of the leaves. Seeds infected with 
R. solani are unlikely to germinate; even if they do, the resulting 
seedlings will likely die shortly after or shortly after emergence. 
Recurring sclerotia arises, completing the disease cycle as shown in 
Figure 3, and may survive for years under extreme environments such 
as extreme heat or cold, prolonged periods without food or water, the 
presence of harsh chemicals, or high levels of radiation (Abbas 
et al., 2022b).

5. Detection and diagnostic 
approaches for Rhizoctonia solani in 
legumes

Various techniques for detecting fungal pathogens in their respective 
host plants are discussed in the literature (Ahmad et al., 2019). Some 
basic traditional and biochemical techniques are used to detect R. solani 
and diagnose the diseases caused by Rhizoctonia species, particularly in 
legumes are shown Table 2. In contrast, molecular, transcriptomic, next 
generation sequencing approaches are implied for some advanced 
diagnoses (Table 2). A few of these techniques are listed below.

5.1. Traditional approaches

Traditional approaches are based on evaluating fungal morphology 
for genus confirmation, which has been well-documented (Ahmad et al., 
2020). These conventional procedures are also used to determine nuclear 
status for species determination, and the use of AG tester isolates for 
AGs and AG sub-group determination in the case of R. solani in various 
legumes and microscopy identification such as right-angle branching of 
septate hyphae (Choudhary et al., 2020). The anastomosis reaction was 
used to characterize the AGs of the R. solani isolates. If isolate hyphae 
attract and fuse, the isolates belong to the same AG; other AGs do not 
exhibit this behavior. Other features that helped identify R. solani AG 
and subgroups were thiamine need, optimal growth temperature, 
sclerotium type, host origin, and symptoms (Ogoshi, 1996). Various 
detection techniques have been investigated qualitatively and 
quantitatively, including baiting with susceptible host legume crop 
(Papavizas and Davey, 1959), wet sieving and direct microscopic 
examination (Boosalis and Scharen, 1959), incubating immersion tubes 
in soil (Martinson, 1963)and plate profiling (Andersen and Huber, 
1965). These methods only require basic laboratory equipment but are 
labor-intensive, making them unsuitable for large-scale environmental  
studies.
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Hyphal anastomosis is the standard for classifying and subdividing 
strains of this sexually cryptic R. solani fungus (Sneh et  al., 1996). 
Pathogenicity, colony morphology, DNA complementarity, pectic 
zymograms, etc., may all be used to distinguish between subgroups 
within an AG. The R. solani AGs are generally thought of as genetically 
isolated, non-interbreeding populations, with just 0–30% DNA 
homologies across isolates of different AGs and 5% nucleotide homology 
between any two AGs. Sequences from the internal transcribed spacer 
(ITS) and the beta-tubulin gene revealed AG-1, AG-4, AG-6, AG-8, and 

AG-BI had monophyletic origins, whereas AG-2 has polyphyletic 
origins (Gónzalez et al., 2016). Although AG-2 and AG-3 are assumed 
to be homothallic for mating, AG-1, AG-4, and AG-8 are characterized 
as heterothallic and have outcrossing population dynamics. According 
to histopathology findings, R. solani AGs elicit various host responses, 
especially regarding pectin breakdown. The susceptibility of various 
Rhizoctonia species and AGs to fungicides may vary. For this reason, 
determining the genus, species, AGs, and AG subgroups of R. solani is 
essential for creating effective disease control strategies.

FIGURE 3

Schematic representation of the presumed disease cycle of R. solani on legume crops. (A) The fungus overwinters in the soil as sclerotia and mycelium as 
well as in plant debris and seeds in the form of mycelium. (B,C) Under favorable environmental conditions, the immature hyphae germinate and grow, 
although sexual fruiting structures like basidia and basidiospores are uncommon. (D) The mycelium penetrates roots near the soil line and is colonized in 
inter and intracellular spaces. (E) The mycelium proliferates further in the cortex ultimately resulting in necrosis finally, sclerotia are formed in and on 
infected tissues and different symptoms appear on stems and roots of different legume crops. (F) Above-ground symptoms include chlorosis, blights, 
stunting, and finally death, the fungus also infects seeds and seedlings causing seed decay, damping-off, and other symptoms. Reconstructed from Abbas 
et al. (2022b).
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TABLE 2 Advantages and disadvantages of different detection and diagnostic approaches for R. solani associated with legume crops.

Diagnostic methods Assays/Platforms Advantages Disadvantages

Traditional approaches Visual examination Symptom-based Symptoms common to many pathogens

Cheaper Not suitable for latent infection

Incubation methods Good for high-incidence fungi

Providing information about the viability

Cheaper Fungal reproductive structures are not always 

produced on agar media

Ambiguous nature of anastomosis grouping of 

isolates

Simplicity of application Time-consuming

Require mycological skills

Low sensitivity

Not always reliable

Low specificity

Microscopy Right-angle branching of septate hyphae Cannot differentiate AGs or AGs subgroups of R. 

solani

Biochemical approaches Fatty acid profiling, and Helpful in examining genetic diversity among AGs The lack of specificity of the antibody

Pectin enzyme analysis Commonly not used for direct soil or plant material 

testing

Isozyme polymorphism Also, require skilled persons

Serological methods Do not require pure isolation of the pathogen Cannot distinguish AGs subgroups of R. solani

Applicable to R. solani, which is a necrotrophic 

pathogen

Lack of species-specific antibodies

cannot distinguish between pathogenic and non-

pathogenic

Detect non-viable pathogens, which can result in 

erroneous interpretations

Matrix-assisted laser desorption/

ionization (MALDI)-time of 

flight (TOF) mass spectrometry 

(MS)

Analysis of non-volatile high-molecular

compounds (peptides, proteins, carbohydrates, 

oligonucleotides, synthetic polymers, organic 

complex

compounds, etc.) of R. solani

Required pure culture of R. solani

Polymerase chain reaction 

(PCR)-based approaches

Conventional PCR Rapidity, specificity, sensitivity, and easy 

interpretation

Compounds inhibit DNA amplification, resulting in 

false negatives

Distinguish between closely related organisms Gives only qualitative data

The presence of low levels of inoculum can be a 

problem and may result in a false negative

Cannot distinguish between viable and non-viable 

inoculum of R. solani

BIO-PCR Detect fungus at very low levels

Highly sensitive PCR technique

Elimination of PCR inhibitors

Detection of viable cells

Avoiding false positives More expensive than conventional PCR, primarily if 

selective media are used

DNA–DNA hybridization assay DNA relatedness

in AGs

Requires the entire genome of the species

Time-consuming pairwise comparison

(Continued)
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TABLE 2 (Continued)

Diagnostic methods Assays/Platforms Advantages Disadvantages

Nested PCR Detection of a target DNA at several-fold lower 

levels

More labor intensive

More costly

More prone to contamination

Real-time PCR Allows quantification of specific DNA targets

Reduces the risk of false positives due to cross-

contamination of the reaction mixtures

Less time-consuming

High sensitivity Issues with sensitivity, repeatability, and specificity

Use multiple primers to reduce costs and labor Need appropriate target DNA fragments for the 

design of the primers and probes is problematic

SCAR Approach Amplify members from the same genus

High specificity using soil or infected plant parts Need for sequence data to design the PCR primers

Quick and easy to use Require effort and expense in primers designs

They have high reproducibility and are locus-

specific

Fingerprinting Techniques Amplify random tandem repeats on genomic DNA Necessitate pure fungal cultures and are not ideal 

for directly exploring plant material, soil, or 

growing media

Detect species-specific patterns

Phylogenetic structure of different microbial species

understanding of population structure

Cross-Hybridization using UP-

PCR

A single UP-primer is used to determine the 

sequence similarity (homology) of unknown 

Rhizoctonia strains

Temperature of hybridization and salt concentration

Concentration of the denaturant in the buffer

Length and nature of the probe sequence.

Transcriptomic approaches Closely related strains of R. solani with distinct 

characteristics may be gleaned through comparative 

sequencing analysis

Need intensive work with massive sequencing data 

because of the R. solani multinucleate nature

Genomic approaches Draft genome sequence Extensive host range and virulence

Loop-mediated isothermal 

amplification (LAMP)

Simple

Cost-effective

A rapid method for specific detection of genomic 

DNA

All of the reactions can be carried out under 

isothermal conditions

It does not require expensive equipment

Fewer preparation steps Heavy reliance on indirect detection methods like 

turbidity and non-specific dyes, often leads to the 

detection of false positive results.

Highly specific

The amplification efficiency of LAMP is 

exceptionally high

Next-generation sequencing Life Sciences 454 sequencing Analysis of RNAs

Rapid identification Computational resources required for the assembly, 

annotation, and analysis of sequencing data

Mycobiome can be studied Lower per read accuracy

(Continued)
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5.1.1. Drawbacks of traditional methods
Cultural morphology, including colony color, monilioid cells, 

sclerotia, and other mycelium characteristics, and the biochemical and/
or anastomosis behavior of hyphal fusion reactions of vegetatively 
compatible isolates with tester isolates are the sole basis for the 
differentiation, grouping, and identification of R. solani strains in the 
traditional method (Rehman et al., 2019). Isolate anastomosis might 
range from entirely successful to completely ineffective. Hyphal 
anastomosis responses have been used to classify R. solani strains into 
different AGs. Differences in culture appearance, morphology, host 
range, pathogenicity, thiamine needs, and hyphal fusion frequency have 
led to the subdivision of these AGs. Some of the categories have even 
more granular subcategories. Even though there are several problems 
with using anastomosis responses to classify Rhizoctonia isolates, this 
approach has been utilized for a long time. Instability in genetics, the 
environment, or nutrition may prevent anastomosis between two 
isolates of the same AGs. Establishing a fusion reaction also takes time 
and might be hard to decipher (Oladzad et al., 2019).

Due to the availability of bridging isolates, it might be difficult to 
correctly assign an isolate to the appropriate AGs. Defining “bridging 
isolates” as the apparent hyphal fusion of specific isolates from one AG 
with isolates from another AG is straightforward. AG-2, AG-3, AG-6, 
and AG-11 isolates have shown bridging reactions, for instance, with 
AG-8 and AG-BI. Furthermore, a hyphal fusion event in which the cell 
walls of hyphae fuse without membrane contact falls into an 
incomplete category (Sneh et al., 1996). However, it is possible that 
AGs alone will not reveal the genetic diversity or taxonomic 
connections among Rhizoctonia isolates under these conditions. It’s 
also worth noting that, except AG-2-1 and AG-2-2, isolates belonging 
to various subgroups within a single AG may anastomose with one 

another; thus, this is not a reliable method for distinguishing across 
AG subgroups.

5.2. Biochemical approaches

Fatty acid profiling, pectin enzyme analysis, allozyme 
polymorphism, and serological methods are the four main approaches 
that have been developed so far (Banniza and Rutherford, 2001). Fatty 
acid profiling R. solani AGs were characterized by gas chromatography 
and analyzed with Microbial Identification System software. Several fatty 
acids, such as linoleic, palmitic, stearic, and oleic, quantities and 
presence or absence, could be used to distinguish R. solani AG. However, 
fatty acids of subgroups, for example, AG-1-IA and AG-1-IB, were very 
similar. Hence fatty acid profiling cannot distinguish AG subgroups of 
R. solani (Johnk and Jones, 2001). Therefore, there were chances of 
misidentification of AG subgroups.

Pectic enzyme analysis was also used to diagnose R. solani. 
Polygalacturonases (PG) are glycosyl hydrolases that catalyze the 
random hydrolysis of 1, 4 -D-galacturosiduronic links in pectate and 
other galacturonans. Many phytopathogenic fungi use PG as a virulence 
factor. This enzyme has been used as an R. solani grouping and detection 
marker. Pectic zymograms were utilized to characterize AGs associated 
with legumes. For example, R. solani AG-4 isolates infecting common 
beans have also been described and grouped using pectic enzyme 
analysis (O’Briert and Zamani, 2003).

In AGs and subgroups of R. solani, genetic diversity studies using 
isozyme analysis have been used as a discriminative technique, as found 
in a study reported by (Mahmoud et al., 2007). Using different enzyme 
systems, they found three groups in AG-2 isolates of R. solani. Cluster 

TABLE 2 (Continued)

Diagnostic methods Assays/Platforms Advantages Disadvantages

Taking advantage of PCR emulsion

A highly efficient in vitro DNA amplification 

method

Can produce 80–120 Mb of sequence in 200- to 

300-bp reads in a 4 h run

AB/SOLiD technology Sequencing by oligonucleotide ligation and 

detection (SOLiD).

Computational resources required for the assembly, 

annotation, and analysis of sequencing data

Employs few inputs and is based on chemistry 

involving the ligation of di-base labeled probes.

Lower per read accuracy

The typical read length for a SOLiD run is 25–35 bp, 

and the total amount of sequencing data generated 

is 3–4 Gb for 5 days

Illumina/Solexa sequencing Similar to the Sanger-based methods Computational resources required for the assembly, 

annotation, and analysis of sequencing data

Solexa terminators are reversible, permitting the 

continuation of polymerization following 

fluorophore detection and deactivation

Lower per read accuracy

Solid-phase amplification involves the 

immobilization of sheared DNA fragments on a 

solid surface (flow-cell channel)

The average run size is 40–50 Mb (read duration is 

50–300 bp)

Ogoshi (1996), Lübeck and Lübeck (2005), Lakshman et al. (2016), Xia et al. (2017), Chavarro-Mesa et al. (2020), Misawa et al. (2020), Chun et al. (2022).
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analysis and data were used from seven enzyme systems to divide 23 
R. solani AG-1 isolates into three groups. Similarly, isozyme analysis was 
utilized (Laroche et  al., 1992) to differentiate AG-3 and AG-9  in 
R. solani. Furthermore, isozyme analysis was used to distinguish AG-11 
isolates from Australia and Arkansas (Kaufman and Rothrock, 1995).

Rhizoctonia solani can be detected using antibodies that bind to 
fungal mycelium in a species-specific manner (O’Briert and Zamani, 
2003). An ELISA reaction, in which the antibody is introduced to the 
wells of a microtiter tray coated with antigen, is the most systematic 
way to detect binding. The addition of a second enzyme-linked anti-
immunoglobulin antibody that binds to the antigen–antibody 
complex detects specific binding of the antibody to the antigen. The 
quantity of enzyme activity trapped in the wells is proportional to 
the antigen concentration. Antibody detection tests for R. solani 
AG-3 have been produced (Thornton et  al., 1993). The lack of 
specificity of the antibody may be  a drawback of antibody tests. 
Antibodies are not always specific enough to distinguish pathotypes 
of the same species or even closely related ones (Paulitz and 
Schroeder, 2005).

Besides, these methods, commonly not used for direct soil or plant 
material testing, require skilled persons for proper detection. They 
appear to be particularly useful for examining genetic diversity among 
AGs but cannot differentiate AG subgroups of R. solani (Budge et al., 
2009). A fast, precise, and cost-effective approach for identifying 
pathogens like R. solani is matrix-assisted laser desorption ionization-
time of flight mass spectrometry (MALDI-TOF MS; Chun et al., 2022). 
MALDI-TOF MS is a desorption technique for “soft” ionization, in 
which the analyte is ionized in minute fragments. Matrix molecules are 
crystalline and work to shield the analyte from the harmful effects of the 
laser light while yet allowing it to ionize it. The synaptic, −cyano-4-
hydroxycinnamic, and 2,5-dihydroxybenzoic acids are utilized as a 
matrix. Non-volatile, high-molecular-weight molecules are a common 
target for MALDI-TOF mass spectrometry’s study (peptides, proteins, 
carbohydrates, oligonucleotides, synthetic polymers, complex organic 
compounds, etc.). In a study, 20 proteins associated with sclerotia of 
R. solani were found to be differentially expressed in the first round of 
1-DE using MALDI-TOF MS, and another 55 proteins were found in 
2-DE using either MALDI-TOF MS or MALDI-TOF/TOF MS (Kwon 
et al., 2014). Genetic information processing, carbohydrate metabolism, 
cell defense, amino acid metabolism, nucleotide metabolism, cellular 
processes, pathogenicity and mycotoxin production, and hypothetical 
or unknown functions are among the 10 categories into which the 
identified proteins have been placed based on their biological functions. 
The results of this study add to our knowledge of the biology of 
R. solani sclerotia.

5.3. Molecular approaches

Numerous pathogen detection techniques based on nucleic acid 
markers are generally divided into the following categories: (a) Genomic 
complementarity by DNA–DNA hybridization assays; (b) PCR analyses 
with random primers, such as Random Amplified Polymorphic DNA 
(RAPD; Duncan et  al., 1993), Amplified Fragment Length 
Polymorphism (AFLP), etc.; and (c) PCR analyses with sequence-
specific primers, such as ITS and Intergenic Spacer (IGS It has been 
reviewed how some of those methods are used to classify and phylogeny 
plant pathogenic oomycetes and true fungi. Results obtained by putting 
Rhizoctonia species in phylogenetically distinct clades supported the 

idea of AGs for Rhizoctonia species. Using these techniques, some 
R. solani AGs were found to have genetically distinct subgroups 
(Chavarro-Mesa et al., 2020; Misawa et al., 2020).

5.3.1. Polymerase chain reaction-based 
approaches

Due to high sensitivity, polymerase chain reaction (PCR)-based 
technologies have widespread applications (Bounou et al., 1999). The 
low copy number of DNA may be amplified millions of times with 
excellent sensitivity using PCR, which aids in diagnosis. DNA sequence-
specific PCR primers have been developed that may pick up on low 
concentrations of R. solani DNA in plant and soil material (Liu et al., 
1995). R. solani AGs such as AG-1-IB (Grosch et al., 2007), AG-2 and 
subgroups (Salazar et al., 2000), AG-3 in potatoes (Bounou et al., 1999), 
AG-4 and AG-8 in wheat (Brisbane et al., 1995), and AG-8 in soil have 
all been detected using PCR techniques (Whisson and Francis, 1995). 
However, a species-specific diagnostic kit for R. solani is challenging to 
create because of the heterogeneous nature of its AGs.

The detection technique developed by Bounou et al. (1999), which 
is based on PCR and uses just one restriction endonuclease (Xho I), is 
specific, reliable, and applicable to both plant tissue and soil 
(Pannecoucque and Hofte, 2009). Similar results were reported by 
Pannecoucque and Hofte (2009), who employed the enzymes Ava II 
and/or Hinc II for PCR RFLP analysis and discovered that R. solani 
isolates that are genetically distinct while belonging to the same cluster 
in a sequence-based classification. For this purpose, rRNA-encoding 
genes are analyzed. Taxonomic and phylogenetic studies using 
conserved genes with enough sequence variation are often used in 
developing PCR diagnostic tests. Ribosomal RNA gene sequences have 
been employed extensively in phylogenetic analyses of fungi (Cubeta 
et al., 1996). Depending on the kind of fungus, these genes are often 
located in the mitochondria or the nucleus (Gardes and Bruns, 1993). 
Hundreds of tandem repeats surround each fungal nuclear rRNA gene 
unit, which is bordered by three other genes: the tiny rRNA genes 18S 
and 5.8S and the great rRNA gene 28S (Capote et al., 2012). The use of 
these genes in fungal taxonomy and phylogeny is common (Vilgalys and 
Gonzalez, 1990). The sequences of the large and small subunits are 
conserved, but the portions of the internal transcribed spacer (ITS) that 
separate them are variable and may be utilized to tell closely related 
species apart (Gardes and Bruns, 1993).

R. solani AG-4, as reported by Vilgalys and Gonzalez (1990), has 
rDNA repeats of about 8.8 kb and a consistent rDNA copy number of 59 
per haploid genome. The ITS region (ITS1-5.8S-ITS2) sequencing 
database of R. solani is widely accessible in gene banks, and this ITS 
database aids in R. solani phylogenetic study. The 18S and 28S subunits 
sequencing of R. solani isolates are also publicly accessible. Genetic links 
within an AG and occasionally within AG subgroups were studied using 
the rRNA gene sequences, confirming their genetic uniqueness. DNA/
DNA hybridization, RFLP analysis, PCR fingerprinting, and other 
techniques were also used to validate their genetic identity (Capote et al., 
2012). Analysis of DNA sequence complementarity by observing the 
degree of DNA hybridization between DNA molecules of various 
isolates was one of the earliest molecular techniques used to establish 
the genetic relatedness of R. solani isolates (Kuninaga and Yokosawa, 
1985). The DNA–DNA hybridization values obtained for isolates of the 
majority of R. solani AGs, including AG-2-1, AG-3, AG-5, AG-7, AG-8, 
and AG-BI, were found to be at a very high level (90%). However, some 
AG groups’ subgroups exhibit significant variations in DNA 
hybridization values, such as the subgroups of AG-1, AG-2-2, and AG-9. 
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These subgroups within an AG have relatively low genetic relatedness 
(47–87%), which fits in well with previously established subgroups 
based on morphology, pathogenicity, and vitamin requirement. 
Additionally, DNA–DNA hybridization assisted in the discovery of 
previously undiscovered AG-4 and AG-6 subgroups. Isolates of the 
HG-I and HG-II subgroups of AG-4 hybridized at low levels of 30 to 
47%. The relatedness of isolates from subgroups HG1 and GV within 
AG-6 ranged from 47 to 62%.

The 5.8S region is entirely consistent across all datasets; however, the 
internal transcribed spacers (ITS) show a lot of diversity (Carling et al., 
2002). When comparing the ITS region to the large subunit area, 
Gonzalez et al. (2001) discovered that the ITS region was more variable 
and more difficult to align. Changes in biological properties like 
pathogenicity and habitat are correlated with variations in ITS regions 
and rDNA nucleotide sequence. All ITS sequences had the same 
components—ITS1, ITS2, and 5.8S rDNA—and the same 3′ and 5′ ends 
of 18S and 28S rDNA. It is possible to amplify ITS DNA from R. solani 
by PCR using purified fungal DNA using ITS1 and ITS4 primers (Jaaffar 
et al., 2016; Misawa et al., 2018).

5.3.2. Real-time PCR
Real-time PCR is now commonly acknowledged as one of the most 

sophisticated identification methods for plant pathogen detection. It can 
detect and amplify small quantities of DNA in the sample. Quantitative 
polymerase chain reaction (qPCR) also has been reported to use for 
taxon-specific quantification (Bass et al., 2015). In addition to providing 
quantitative data, qPCR has greater sensitivity and a fast-sampling rate 
than traditional PCR. SYBR Green, unique fluorescent-labeled probes 
like TaqMan, Molecular Beacons, or Scorpions, or dye-primer 
dependent systems such as hairpin primers or the Plexor system may all 
be opted in RT-PCR chemistry (Oliveira et al., 2018). The complexity of 
RT-PCR and issues with sensitivity, repeatability, and specificity are 
disadvantageous. Furthermore, when employed as a quantitative 
approach, it suffers from the same issues as classical PCR (Bustin, 2000).

5.3.3. SCAR approach
A PCR-based tool called ‘sequence characterized amplified region’ 

(SCAR) is designed to amplify members from the same genus. It is also 
reported that these markers work more efficiently at the genus level than 
at the species level. When intra-species evolutionary relationships are 
strong, this method can diagnose members at the genus level with high 
specificity using soil or infected plant parts. Moreover, this tool is used 
to detect disease-causing agents quickly to manage the disease. 
Identifying these SCAR markers at an AGs level is suggested for better 
results (Lübeck and Lübeck, 2005).

5.3.4. PCR fingerprinting techniques
The PCR fingerprinting methodology can amplify random tandem 

repeats on genomic DNA. It can detect species-specific patterns 
(McCartney et  al., 2003). Fingerprinting methods also find the 
phylogenetic structure of different microbial species. To estimate genetic 
variations among AGs of R. solani, PCR finger-printing protocols such 
as (randomly amplified polymorphic DNA (RAPD), DAF (DNA 
Amplification fingerprinting techniques; Patil and Solanki, 2016), 
amplified fragment length polymorphism (AFLP; Julián et al., 1999), 
restriction fragment length polymorphism (RFLP; Vilgalys and 
Gonzalez, 1990) and universally primed PCR (UP-PCR) are also used 
(Lübeck and Poulsen, 2001). These methods permit accurate and rapid 
AGs and AG sub-group identification leading to an improved 

understanding of population structure. Universally primed PCR 
(UP-PCR) allows rapid identification of AG subgroups in a cross-
hybridization assay.

Besides, these methods do not require prior knowledge about 
primer sequences; therefore, it is advantageous for poorly investigated 
genomes. The methods require short (5–20 nucleotides), arbitrary 
oligonucleotide primers to obtain discrete sequence unknown DNA 
segments of variable lengths (Lakshman et  al., 2016). The PCR 
fingerprinting techniques utilize a single primer of 10 nucleotides to 
obtain multiple copies of DNA fragments of varying sizes. Additionally, 
the UP-PCR technique has been used to assess genetic differences of AG 
subgroups of R. solani (Bulat et al., 1998). The AFLP approach is slightly 
different from the above approaches and is more effective in detecting 
inter and intra-specific genetic variation of R. solani than RFLP. The 
number of bands produced by AFLP varied between 50 and 70. This 
method has two advantages: excellent repeatability and a higher 
proportion of every reaction’s genome analyzed. However, PCR 
fingerprinting approaches necessitate pure fungal cultures and are not 
ideal for directly exploring plant material, soil, or growing media. 
Hence, the invention of PCR primers that recognize unique DNA 
sequences can now detect meagre quantities of target DNA in plant 
material and soil (Liu et al., 1995).

5.3.5. Cross-hybridization
In one application of universally primed polymerase chain reaction 

(UP-PCR), called cross-hybridization, a single UP-primer is used to 
determine the sequence similarity (homology) of unknown Rhizoctonia 
strains in comparison to UP-PCR hybridization groups (Lübeck and 
Lübeck, 2005). First, UP-PCR products from many strains are blotted 
onto a membrane; secondly, UP-PCR products from a reference strain 
are used as a hybridization probe since they can be readily labelled. This 
technology’s main benefit is its ability to simultaneously evaluate several 
strains’ sequence homology. Probe DNA may be marked with either 
radioactive phosphorous or a nonradioactive compound like 
digoxigenin (DIG). The intensity of the hybridization signal is used to 
establish the strain’s relationship to the mystery strain. After an hour, 
signals from the radioactive probe are evident on the autoradiograph, 
proving that the hybridized strains are all part of the same UP-PCR 
hybridization group. A low signal strength indicates a low degree of 
similarity, and a nonexistent signal strength indicates no relationship 
between the tested strains. Nonradioactive detection is identical to 
antigen–antibody interactions (Lübeck and Poulsen, 2001). Before the 
advent of the UP-PCR cross-hybridization assay, a single UP primer was 
needed to discover and classify 21 Rhizoctonia isolates into 11 AGs 
swiftly. Among isolates from the same AG subgroup, they found 
extensive cross-hybridization, but amongst different AGs, they found 
very little or none at all. In addition, total DNA–DNA hybridization and 
this approach were employed to identify 16 Rhizoctonia isolates that 
were determined to be comparable (Lübeck, 2004).

5.3.6. Transcriptomic approaches
New information on closely related strains of R. solani with distinct 

characteristics may be  gleaned through comparative sequencing 
analysis. The AG-1 IA strain, lettuce’s AG-1 IB, AG-7, AG-3, AG-14, 
sugar beet AG-2-2 IIIB, potato AG-3, and lupin AG-8 have all generated 
draft genome sequences for them (Wibberg et al., 2016). The intraspecific 
genomic variability of R. solani makes it challenging to compare genetic 
data, and the fragmented nature of these genome sequences does not 
help matters. So, de novo transcriptome sequencing is helpful for 
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studying R. solani’s genetic makeup and variety (Zheng et al., 2013). 
Construction of a basal transcriptome profile (without inoculation on 
host plants) of the AG-1-IA strain might provide unique insights into 
the genes implicated in the pathogenesis of rice sheath blight since host 
immunity impacts the control of gene expression in R. solani.

In addition, the AG-1-IB and AG-1-IC mycelial transcriptome 
sequences are valuable tools for studying the commonalities and 
differences in genetic, physiological, and pathogenic features within the 
AG-1 subgroup. To further understand this phytopathogen complex, 
researchers performed an integrated transcriptome analysis for the 
AG-1-IA, AG-1-IB, and AG-1-IC subgroups (Xia et  al., 2017). 
Differential sequencing indicated deep historical chasms within the 
AG-1 gene family. Similar traits were seen in AG-1 simple sequence 
repeats in transcripts, although polymorphic sites were also present. 
AG-1 showed intra-subgroup polymorphisms that were consistent with 
different levels of genic heterozygosity. There was similarity in the 
sequences of putative pathogenic factors, enzymes involved in the 
production of phytotoxins, secreted lignocellulosic enzymes, enzymes 
involved in the detoxification of reactive oxygen species, and 
apoplastic/cytoplasmic effector possibilities (Mat Razali et al., 2021). 
Differentiation of AG-1 subgroups has led to the emergence of Cys-rich 
tiny secreted proteins, as shown by a secretome subset’s dN/dS ratio. 
By identifying allergy protein homologs, oxidative phosphorylation 
and ethylene biosynthesis pathways, and diversification of 
polysaccharide monooxygenases, we  gain molecular insight into 
critical genomic components that play a role in R. solani pathogenesis 
(Yamamoto et  al., 2019). Genetic investigations of R. solani need 
intensive work with massive sequencing data because of the species’ 
multinucleate nature.

5.3.7. Genomic approaches
R. solani AG-1-IA, found in infected rice in South China, has a draft 

genome sequence of 36.94 Mbp. This sequence was assembled into 2,648 
scaffolds (with an N50 scaffold size of 474.5 Kb), and 6,156 genes were 
annotated (Zheng et  al., 2013). This work aimed to sequence four 
R. solani genomes isolated from rice infected with R. solani and perform 
comparative genomic studies among them (R. solani AG-1-IA and four 
R. solani genomes belonging to AGs other than AG-1-IA; AG-1-IB, 
AG-2, AG-3, and AG-8). In addition, analyses revealed that the genomic 
conservation of R. solani genomes among neighboring AGs was more 
diverse than among AG-1-IA isolates and that the presence of numerous 
predicted pectin modification genes in the rice-infecting R. solani 
genomes may contribute to the extensive host range and virulence of 
this necrotrophic fungal pathogen (Lee et al., 2021).

5.3.8. Loop-mediated isothermal amplification
The lack of spores, often used for identifying and classifying fungi, 

makes it challenging to identify R. solani accurately. Diagnosis times 
may be cut drastically by using techniques that can be carried out in the 
field. Loop-mediated isothermal amplification (LAMP) is one such 
technique, and it may be done in under an hour for very little money by 
employing a water bath or heating block (Tomlinson et  al., 2010). 
Although PCR generates vast quantities of DNA by temperature cycling, 
LAMP uses a constant temperature to produce DNA. The DNA 
polymerase used in LAMP is a big fragment with 5′3’ polymerase 
activity but no 5′3’ exonuclease activity. Two pairs of primers, called the 
inner (FIP, Forward Inner Primer, and BIP, Backward Inner Primer) and 
outer (F3 and B3), are often used in LAMP methods. The LAMP process 
employs all four primers initially; however, only the inner primers are 

necessary for strand displacement DNA synthesis (Notomi et al., 2000). 
Results from positive LAMP responses are evaluated visually by seeing 
the buildup of a yellowish residue. Quantitative readouts, however, are 
necessary to enhance the interpretation and field usability of LAMP 
approaches since visual evaluation might be equivocal.

To detect R. solani, a highly sensitive and easy-To-Use LFD-based 
LAMP assay were developed (Patel et al., 2015). Both R. solani and 
R. zeae were found using this approach In many plants and soil samples. 
In this investigation, The researchers determined that even trace 
amounts of R. solani and R. zeae DNA could Be identified using The 
LAMP assay. Compared To The estimated 87.1 mb diploid genome size 
of R. solani, The number of copies of The genome that Can Be identified 
using The LAMP procedure proposed In this work Is very small. This 
offers a compassionate approach To detection that may Be used On 
tissues with subclinical R. solani infection that have Yet To show Any 
clinical symptoms (Wibberg et al., 2016).

5.3.9. Next-generation sequencing technologies
Especially in the presence of members of closely related families 

such as AGs, morphological traits alone may not be sufficient for reliably 
recognizing pathogens similar to R. solani. It has been shown that 
comparing sequencing data provided by PCR amplification of a target 
gene using universal primers amplifying a conserved portion with 
reference databases is an efficient strategy for finding new fungi. 
However, there are possible limitations to employing DNA similarity-
based sequence databases, such as insufficient sequences, sequences 
linked with misidentified species, the difficulty to edit or update data 
readily, and problems with defining species boundaries, all of which may 
lead to a misunderstanding of search results (Kang et al., 2014).

The Sanger sequencing technique, which can produce several short 
sequences from a variety of species in a short period, has superseded or 
updated several “next-generation” sequencing methods. Because of the 
tremendous advances in commercial sequence throughput made possible 
by massive sequencing technology, genomic research has been profoundly 
impacted. For instance, the lupin pathogen R. solani AG-8 isolate 
WAC10335 has a high-quality genome validated by RNA-seq and a 
thoroughly curated list of 13,964 genes (Hane et al., 2014). AG-8 had a 
higher incidence of heterozygous SNP mutation within a single isolate than 
was reported in fungal populations. By comparing AG-8 to 308 proteins 
with effector-like properties, researchers could make educated guesses 
about the biological processes involving these proteins. Predicted effector-
like proteins have a larger ratio of non-synonymous to synonymous point 
mutations (dN/dS) than other proteins, suggesting that they are subject to 
several selective pressures. The public has also gained access to extensive 
genomic materials for R. solani AGs beyond the expressed sequence tags 
(ESTs) libraries of AG-1-IA and AG-4 (Lakshman et al., 2016).

5.3.10. Nanopore sequencing
When compared to other sequencing technologies, nanopore 

sequencing is more intuitive. In this experiment, we introduce a single, 
tiny hole into an insulating membrane and apply an electrical potential. 
The sequence is determined by drawing a DNA strand through the hole 
and seeing how the various base combinations affect the current flow. 
David Deamer first conceived this notion as we knew it now in 1989, but 
it required more than two decades of significant advancements to bring it 
to life (de Lannoy et  al., 2017). Since ONT’s MinION was the first 
commercially available nanopore sequencing device in 2014, and the 
MinION Access Program (MAP) began that same year, there has been 
rapid progress in the field of nanopore sequencing, with new applications 
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and improvements to existing ones being published regularly (Jain et al., 
2018). The MinION has several benefits over competing sequencing 
machines. Its $1,000 starting price is a fraction of that of rivals, and its 
compact size (about the size of a smartphone) makes it easy to transport 
and store. The cost of running the MinION is low and manageable; for 
example, a 48-h sequencing run may cost as little as $800 and produce as 
much as 5 Giga bases of raw sequenced data (Liu et al., 2021b). Further, 
unlike Sanger sequencing, second-generation sequencing, and the SMRT 
method, which all need labelling of nucleotides to distinguish between 
them, this approach does not depend on labelling techniques to identify 
distinct bases. Unlike the Sanger and SGS procedures, the MinION allows 
you  to skip the process of amplification by PCR. Simplifying sample 
preparation for MinION samples by skipping these stages helps to reduce 
mistakes and biases (e.g., the CG bias for PCR). Thus, it may be used to 
identify bases that have been altered (Simpson et al., 2016). Last but not 
least, the maximal read length generated by the MinION is far longer than 
that of next-generation and Sanger sequencing and is only matched by 
SMRT sequencing. This is particularly useful for resolving repetitive 
sequences. The MinION’s poor signal-to-noise ratio, the randomness 
imposed by its biological components, and the ensuing high mistake rate 
of base calling are its main drawbacks compared to its rivals (de Lannoy 
et al., 2017). A complex fungal genome was reconstructed from nanopore 
readings alone (Datema et al., 2016). They were able to generate a highly 
contiguous draft genome sequence from a modest sequencing depth after 
isolating ultra-pure high molecular weight (HMW) DNA from R. solani. 
They have decreased the number of contigs by order of magnitude and 
raised the N50 contig size to slightly around 200 kb, compared to earlier 
assembly. Their findings suggested that almost complete eukaryotic 
genomes of excellent quality are feasible with minimal resources.

6. Management approaches

The fungal pathogen R. solani causes several diseases in legumes and 
other hosts. Many techniques are used to control the pathogenicity of 
this fungal species, including some conventional and biotechnological 
approaches, as described below.

6.1. Conventional approaches

In the past, general or non-specific approaches, including planting 
tricks, soil fumigation, and soil moisture, were used to control 
Rhizoctonia infection. Methyl bromide and metam sodium were used 
for soil fumigation (Duniway, 2002). Seed coating was done with 
pesticides and fungicides using captafol, thiram, pencycuron, etc. 
However, these compounds were not successfully used in growing years 
because they were costly and harmful to the environment. Moreover, 
agricultural practices planting tricks, and irrigation intervals were more 
effective for controlling R. solani than the previously mentioned 
approaches, either alone or in combination (Narayanasamy, 2011).

6.2. Biological approaches

The identification and molecular characterization of microorganisms 
to control fungal diseases are highly relevant in eco-compatible 
agriculture (Spadaro and Gullino, 2014). Antibiosis, direct parasitism, 
competition, hypovirulence, suppression, induced resistance, and 
predation are some mechanisms that can be  used to control plant 

diseases biologically. Antibiosis is an antagonistic reaction caused by 
metabolites of fungal antibiotics or antibiotic-like compounds such as 
lytic enzymes, volatile compounds, siderophores, or other toxic 
substances (Kuramae et al., 2007).

Different plant cell wall degrading enzymes, such as cellulases, 
proteases, chitinases, and α-1,3-glucanases, have been shown to have 
antifungal activity in the literature (Ozbay and Newman, 2004). With 
the help of some bacterial biocontrol agents, siderophores play an 
essential role in suppressing plant diseases. These compounds inhibit 
pathogens’ growth and metabolic activity by sequestering iron (Haggag 
et al., 2007). Moreover, volatile ammonia is also reported as an inhibitory 
mechanism to control diseases caused by R. solani and other pathogens 
(Paulitz et al., 2000).

Some promising “Biological Control Agents” (BCAs) are important 
to control diseases caused by R. solani, most notably Bacillus spp., 
Rhizobium, Serratia, Streptomyces, Pseudomonas, Trichoderma, and other 
genera, have been demonstrated in recent research (Yobo et al., 2010). 
According to Montesinos (2003), patented biopesticides (biocontrol 
agents) are typically made of bacteria, followed by fungi. BCAs have many 
advantages, including long-term disease suppression, self-sustainability, 
and the ability to spread once established (Montesinos, 2003).

Besides organic amendments, e.g., animal manure, compost, and 
organic industrial products have been well addressed to suppress fungal 
pathogens (Noble and Coventry, 2005). Damping-off of flax is reduced 
by mushroom compost and manure, with the compost being more 
effective than the manure (Alabouvette et al., 2004). Compost residues 
obtained from composted cow manure and viticulture and enological 
factories significantly reduced the damping-off of cress (Lipidium 
sativum) caused by R. solani (Pane et al., 2011). Besides, soil amendments 
obtained from agricultural waste composts also reduce disease risk 
caused by several soil-borne plant pathogens such as Rhizoctonia spp. 
(Rivera et al., 2004), Pythium spp. (Pascual et al., 2000), Fusarium spp. 
(Cotxarrera et al., 2002), and Phytophthora spp. (Widmer et al., 1999). 
Nanoforms of silver, copper, silica silver, and carbon are some of the 
nanoparticles used in crop protection. According to (Park et al., 2006), 
crop protection using nanotechnology methods, such as silica-silver 
10 ppm, resulted in the most effective inhibition of R. solani growth. The 
growth and development of gram-positive and gram-negative bacteria 
can be suppressed by Nano-sized silica silver. Moreover, nano-copper is 
very effective for controlling bacterial diseases like mung bean leaf spot 
(X. campestris pv. phaseoli) and rice bacterial blight (Xanthomonas 
oryzae pv. oryzae). However, compared to biological, nanoparticle 
synthesis has physical and chemical limitations in maintaining shape, 
size, and monodispersity. Trichoderma (teleomorph: Hypocrea) is a soil 
fungus. Numerous Trichoderma spp. are used as biocontrol agents 
(BCAs) to control fungal pathogens. A researcher examined 
Trichoderma treatment to control R. solani by producing ergosterol and 
squalene in bean plants (Mayo et al., 2015). Their production levels 
differed among the Trichoderma isolates; T019 was found with a higher 
level of both compounds. Moreover, T019 increases the resistance level 
of bean plants against R. solani and promotes the expression of plant 
defense related genes (Infantino et al., 2006).

6.3. Resistant sources of legumes against  
R. solani

R. solani affects various leguminous crops around the world. 
Different methods, viz. biological, chemical, and cultural practices, are 
adopted to control fungus from the field. Some resistant sources in 
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legumes are also reported against R. solani, for example, in lentils 
(Infantino et al., 2006).

Integrated control of R. solani in leguminous crops through resistant 
genotypes cultivation is a good strategy. Still, some resistant sources 
have been reported in faba beans to cope with this pathogenic fungus 
(Infantino et al., 2006). Moreover, 304 faba bean genotypes in Canada 
were grown, but only five were resistant to R. solani (Assunção et al., 
2011). It is suggested to increase the durability of resistance against 
R. solani using complementary management strategies. These strategies 
include crop rotation, incorporating organic matter, and letting the 
sunshine on the soil before planting.

The inability of R. solani to form infection cushions and penetrate 
the hypocotyl has been reported to make mature red kidney bean plants 
resistant to R. solani -caused diseases (Keshavarz Tohid and Taheri, 
2015). Increased calcification of cell walls and increased cuticle thickness 
are two critical factors in this resistance. Furthermore, infection cushion 
formation requires exudates reduced by the thicker cuticles of older 
plants. Therefore, older bean plants can be  resistant because the 
quantities of the exudates are insufficient to stimulate the formation of 
infection cushions (Contina, 2016).

Kelly et  al. (2003) reported that the common bean has many 
resistance genes against the diseases caused by R. solani (Kelly et al., 
2003). These genes are found in groups at complex loci. The physical 
arrangement and sequence diversity of fungal disease-resistant gene 
families must be understood. Cloning of resistance gene analogs (RGAs) 
and the development of targeted region amplified polymorphisms 
(TRAP) have become essential approaches for analyzing resistant genes 
(Hu and Vick, 2003).

Another group of Rhizoctonia species is binucleate Rhizoctonia 
(BNR), classified into 16 AGs (Sharon et al., 2008). Several BNR species 
AGs have been reported that affect essential crops worldwide (Kuramae 
et al., 2007). However, numerous studies have demonstrated the ability 
of BNRs to protect leguminous crop seedlings from various causal 
agents, R. solani and Pythium spp. (Wen et al., 2005). Moreover, BNRs 
can prevent diseases of arabidopsis and soybean caused by R. solani 
(Sharon et al., 2011).

7. Conclusion and future perspectives

R. solani is an important plant pathogen that causes yield losses in 
legume crops worldwide. R. solani affects plants of different families, such 
as Araceae, Amaranthaceae, Linaceae, Moraceae, Malvaceae, Fabaceae, 
Poaceae, Rubiaceae, and Solanaceae. Among these families, legume crops 
in the Fabaceae family are severely infected by R. solani. R. solani has 
distributed in all legume-growing regions of the world. This review 
outlines traditional, biochemical, molecular, genomic, transcriptomic, 
and NGS-based detection and diagnostic approaches of R. solani 
associated with the most economically important legume crops. 
Traditional approaches are based on incubation, grow-out procedures, 
morphology and microscopy identifications, and visual examination of 
symptoms in legume crops. Although they are often employed due to 
their convenience of application, they are time-consuming, require 
mycological expertise, are sometimes not sensitive enough to low levels 
of inoculum, and are not always reliable. However, molecular approaches 
allow for more precise, practical, and reproducible identification of 
pathogens at the genus, species, AGs, and AG subgroup levels. Molecular 
approaches have trouble producing a high-quality DNA template because 
of PCR inhibitors and cannot distinguish between viable and non-viable 

inoculum of R. solani. This problem has been avoided and improved the 
detection of R. solani by developing novel PCRs. Recently, improvements 
in “omics” research will also open up new avenues for studying 
legumes-R. solani interactions, establishing disease epidemiology and 
creating cutting-edge methods for detecting and diagnosing R. solani. 
Genomic and comparative genomic (e.g., transcriptomic, proteomic, and 
metabolomic) studies on R. solani currently being conducted in 
laboratories around the world should be  able to identify genes for 
pathogenicity factors and candidate targets for interfering with the 
disease process and on critical steps of the pathogen’s survival. Insights 
into the phylogenetic diversity and relatedness among the R. solani, AGs, 
and subgroups can be gained through comparative genomics. Recently 
whole genome sequencing (WGS) of R. solani AGs has assisted us in 
pinpointing the most responsible genes for observed differences in host 
range, pathogenicity, overwintering, competitive saprophytic, aggression, 
and epidemiological fitness. Further insight into mitochondrial 
inheritance and genome plasticity should be gained from comparative 
mt-genome analysis. Moreover, new probes and markers have been 
identified for studying genetic variation in R. solani populations. Genome 
sequence data will help researchers learn about sensitivity to fungicides, 
prevent the development of fungicidal resistance, and create new 
fungicides with less impact on the environment. The mating habits, gene 
flow, and geographical distribution of R. solani genetic variants can all 
be better understood with the help of data gathered from population 
genetics studies. Unique and effective detection and diagnostic 
approaches such as NGS and WGS are increasingly emerging. So far, 
these approaches are not highly used for R. solani diagnostics, but they 
will likely become more utilized in detecting and diagnosing R. solani. 
With this newfound knowledge, we can hopefully better detect, diagnose, 
and develop novel sustainable strategies to control R. solani.
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