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Abstract

:

Three damaging soybean diseases, Sclerotinia stem rot caused by a fungus Sclerotinia sclerotiorum (Lid.) de Bary, Phytophthora root rot caused by a fungus Phytophthora sojae, and soybean cyst nematode (Heterodera glycines Ichinohe), are destructive to soybean growth and yield and cause huge economic losses. Biocontrol is an effective way to control soybean diseases with the advantage of being environmentally friendly and sustainable. To date, few reviews have reported the control of these three soybean diseases through biocontrol measures. In this review, the biological characteristics of the three pathogens and the incidence features of the three soybean diseases were first introduced. Then, biocontrol agents containing fungi and bacteria capable of controlling the three diseases, as well as their control abilities, were emphasized, followed by their mechanisms of biocontrol action. Bacillus and Streptomyces were found to possess the ability to control all three soybean diseases under greenhouse or field conditions. Finally, suggestions about screening new biocontrol species and deeply studied biocontrol molecular mechanisms are provided for further research on the biocontrol of soybean diseases.






Keywords:


Sclerotinia stem rot; Phytophthora root rot; soybean cyst nematode; biocontrol












1. Introduction


The soybean (Glycine max (L.) Merr.) is one of the most important crops in the world and has extremely high social and economic value. However, several pathogens can infect the soybean during its planting process. These diseases caused by the above pathogens can cause a substantial reduction in soybean yield and result in serious economic losses [1]. Therefore, selecting a suitable control method is an effective way to overcome soybean diseases. Currently, the commonly used control methods include chemical control, screening disease-resistant soybean varieties, and biocontrol [2,3,4].



Chemical control is the most used, effective, and extensive method for overcoming soybean diseases. However, the long-term application of chemical pesticides can cause grievous environmental pollution and is harmful to human health [5]. Moreover, pesticide resistance could be generated for pathogens after the long-term use of chemical pesticides [6]. Screening disease-resistant soybean varieties is another effective way to control soybean diseases; however, the current disease-resistant soybean varieties cannot satisfy the requirements of the market [4]. Biocontrol is also a promising way to control soybean diseases. Several mechanisms, including the production of secondary metabolites, such as toxins or antibiotics, secretion of cell wall-degrading enzymes, and induced soybean resistance, are involved in the biocontrol of soybean diseases [7]. Compared with chemical control, the advantages of biocontrol are that it is green, safe, and sustainable [8]. Studies have shown that the control efficacies of some biocontrol agents are similar to those of chemical pesticides and sometimes even higher than those of chemical controls [9]. Moreover, many biocontrol agents possess dual effects, and biocontrol and plant growth promotion. Therefore, as an environmentally friendly control method, biocontrol has drawn much attention [8]. Currently, biocontrol is one of the most important methods to control soybean diseases and is helpful for the sustainable development of agriculture; therefore, biocontrol will have extensive application prospects in the future.



This review focuses on three common and serious soybean diseases, soybean Sclerotinia stem rot, soybean Phytophthora root rot, and soybean cyst nematode, caused by Sclerotinia sclerotiorum, Phytophthora sojae, and Heterodera glycines, respectively. All three soybean diseases are destructive to soybean yield and cause huge economic losses [4,5,10]. This review summarizes and analyses the latest advances in the control of the above three soybean diseases by biocontrol methods. In this review, the characteristics of the three soybean diseases are introduced, and the biocontrol abilities of the above three soybean diseases are analyzed in detail. Finally, suggestions for future directions of soybean disease biocontrol are provided. This review provides useful information for the preferential control of soybean diseases using biocontrol.




2. General Characteristics of Soybean Diseases


2.1. Soybean Sclerotinia Stem Rot


Sclerotinia stem rot (SSR) in the soybean is a destructive fungal disease caused by Sclerotinia sclerotiorum (Lid.) de Bary. It belongs to Ascomycotina (Subphylum), Pezizomycetes (Class), Helotiales (Order), Sclerotiniaceae (Family), and Sclerotinia (Genus) [11]. The mycelia of S. sclerotiorum are tightly intertwined to form sclerotia, which are considered a hypopus structure of S. sclerotiorum with strong stress resistance [12]. Sclerotia can survive in the soil for several years, and when the temperature and humidity are suitable, sclerotia in the soil or soybean debris can germinate into the apothecium. Then, many ascospores are released from the apothecium, spread through wind or rain, and finally infect soybean plants [4]. Sometimes, sclerotia can directly germinate into mycelium to infect soybean plants [13]. After infection, sclerotia can be formed on the diseased tissues of infected soybean plants, and then the formed sclerotia drop out into the soil or are present in the soybean debris, becoming the primary source of the next infection cycle [14] (Figure 1).



Soybean SSR can occur during the whole growth and development period of soybean plants. The main infected tissues of SSR in soybeans are leaves, stems, and fruits. Humidity and temperature are two crucial factors that influence the incidence of SSR in soybeans [12]. Once the tissues of soybean plants are infected by S. sclerotiorum, water-soaked spots first appear and then develop into light brown to dark lesions. The diseased tissues finally become soft, with the surface exhibiting fluffy white mycelium and large numbers of sclerotia when the soybean plant is seriously infected, which is also the typical symptom of SSR in soybeans [15].




2.2. Phytophthora Root Rot


Phytophthora root rot (PRR) in the soybean is another damaging fungal disease that is caused by Phytophthora sojae (Kaufmann and Gerdemann) and belongs to Oomycota (Phylum), Peronosporales (Order), Peronosporaceae (Family), and Phytophthora (Genus) [16]. Oospores are sexual spores of P. sojae that can survive in soil or plant residues for a long time [17]. Oospores can germinate into mycelia when the temperature and soil moisture are favorable [18]. Then, the mycelia can generate zoosporangia through asexual propagation and then release zoospores. Finally, the zoospores can directly infect soybean tissues after germination [5]. Oospores can be formed in diseased tissues of soybean under unfavorable conditions, which can be regarded as the initiation of the next infection cycle [16] (Figure 2).



PRR can occur during all the growth and development stages of soybean plants. PRR has a great influence on the seeds, seedlings, and adult plants of soybean. Soybean seeds decay with the incidence of PRR [5]. Water-soaked lesions appear on the stems of soybean seedling plants after infection with P. sojae [19]. As the disease progresses, the leaves become yellow, the soybean plants wilt, and finally, whole soybean plants die after serious infections [5].




2.3. Soybean Cyst Nematode


Soybean cyst nematode (SCN) in the soybean is a typical soil-borne nematode that is destructive to soybean yield. SCN is Heterodera glycines Ichinohe and belongs to Nematoda (Class), Tylenchina (Suborder), Heteroderidae (Family), and Heterodera (Genus) [20]. The cysts of H. glycines have powerful environmental resistance, and eggs within the cyst can survive on soils for several years [21]. When the environmental conditions are favorable, the eggs of H. glycines develop into second-stage juveniles, which is crucial for the penetration of soybean roots [10]. After the fourth stage, the body of H. glycines expands, and the white cyst nematode body becomes exposed to the surface of soybean roots. Reproduction occurs between males and females, and cysts are formed and prepared for the next infection cycle when the environmental conditions are suitable [7,22] (Figure 3).



SCN can be found during all the growth and development stages of soybean plants. The main soybean tissue for the infection of H. glycines is the root. SCN can influence the growth and development of soybean plants. The soybean plants become stunted and chlorotic after infection with H. glycines. White spheroids can be found on the infected root surface, which is an important symptom for identifying SCN. Severe infections by H. glycines can result in the death of soybean plants and cause huge losses in soybean yield [23,24].



As an environmentally friendly and sustainable control method, biocontrol has drawn widespread attention. To date, a large number of biocontrol agents have been isolated and have exhibited excellent control efficacy against soybean diseases. In the next section, we summarize, as comprehensively as possible, the biocontrol agents, including bacteria and fungi, to control the three soybean diseases.





3. Biocontrol of Soybean Sclerotinia Stem Rot


3.1. Biocontrol Fungi against Soybean Sclerotinia Stem Rot


Several fungal and bacterial agents have been reported to exhibit promising efficacy in controlling SSR in soybeans (Table 1). Among these fungal agents, Trichoderma (Ascomycota; Sordariomycetes; Hypocreales; Hypocreaceae; Trichoderma) [25] strains are the most widely studied, and varieties of Trichoderma species have been reported to be involved in the biocontrol of SSR in soybeans in America. Spraying with T. harzianum T-22 strain could effectively suppress the growth of S. sclerotiorum, inhibited the carpogenic and myceliogenic germination of sclerotia, and reduced the disease severity index of SSR in soybeans under field conditions. Moreover, T-22 could improve the biomass of shoots and roots [26,27]. Another T. harzianum strain, BAFC 742, mixed with S. sclerotiorum in soil, showed biocontrol efficacy against SSR in soybeans under greenhouse and field conditions, increasing the survival of soybean plants after application [28]. In addition to T. harzianum, other Trichoderma species also exhibited promising biocontrol capacity for SSR in soybeans. Spraying with T. asperelloides strains T25 and T42 originated from soil reduced the disease incidence of SSR in soybeans compared with the control in the field [29]. T. asperelloides, T. atroviride, T. koningiopsis, and T. virens strains improved the germination of soybean seeds infected by S. sclerotiorum in the greenhouse [30].



Clonostachys rosea (Ascomycota, Sordariomycetes, Hypocreales, Bionectriaceae, and Clonostachys) [45] and Coniothyrium minitans (Ascomycota; Dothideomycetes; Pleosporales; Didymosphaeriaceae; Paraphaeosphaeria) [46] are two other important biocontrol fungi against SSR in hypopus structure soybean. C. rosea 67-1 was sprayed on the soybean leaves and exhibited biocontrol efficacy against SSR in soybeans, and several biocontrol-related genes encoding hsp70, transcription factors, and mitogen-activated protein kinase are involved in 67-1 controlling SSR in the soybean [31,47,48]. C. rosea strains BAFC3874 and BAFC1646 were mixed with soil prior to the addition of S. sclerotiorum, which could reduce the soybean death rate after infection with S. sclerotiorum [32,33]. Usage of C. minitans strain CON/M/91-08 reduced the sclerotia number in soil and the disease severity index of SSR in soybeans [26,27]. Pycnidiospores suspension of another C. minitans strain, N09, was sprayed into sclerotia-infected soil and had a significant impact on the viability of S. sclerotiorum sclerotia [49].



In addition to the above-mentioned biocontrol agents, other fungi still exhibit efficacy in controlling SSR in soybeans. Metabolites, such as cyclosporine A isolated from Fusarium oxysporum S6, and griseofulvins isolated from Stachybotrys levispora, could influence the growth of S. sclerotiorum [35,50]. Studies have shown that inoculating S6 into steam-pasteurized soil planted with pregerminated soybean seeds could dramatically improve the surviving plants following SSR infection in soybeans [35]. Other fungi, including Sporidesmium sclerotivorum, Phialomyces macrosporus, Volutella minima, and Myrothecium sp. also reduced the incidence of SSR in soybeans [36,51,52].




3.2. Biocontrol Bacteria against Soybean Sclerotinia Stem Rot


In addition to biocontrol fungi, numerous bacteria have been reported to be involved in the biocontrol of SSR in soybeans. Among these biocontrol bacteria, Bacillus strains are the most widely reported. Application of B. subtilis QST 713 suspension could reduce the number of apothecia and sclerotia of S. sclerotiorum [27]. Under greenhouse and field conditions, the application of the B. subtilis strains SB01, SB24, ZH-2, and B. cereus BA88R, and the B. amyloliquefaciens strains ARP23 and MEP218 significantly reduced the incidence of SSR in soybeans [34,38,39,41]. Metabolites from biocontrol bacteria play important roles in inhibiting S. sclerotiorum. Volatile organic compounds from B. velezensis VM11 and Xenorhabdus spp. affected the mycelial growth and sclerotial production of S. sclerotiorum through the culture plate method [53,54]. Mycelial growth of S. sclerotiorum was fully inhibited by the culture supernatant of Bacillus strain A5F, and then antifungal compounds were isolated from A5F [55].



Streptomyces is another group that is effective against S. sclerotiorum. Streptomyces strain NEAU-S7GS2 and S. lydicus WYEC 108 inhibited mycelial growth and sclerotial germination and reduced the numbers of apothecia and sclerotia of S. sclerotiorum, respectively [26,27,43]. Meanwhile, both Streptomyces strains could reduce the incidence of SSR in soybeans. The cell suspensions of three other Streptomyces strains, S. somaliensis SSD41 and SSD49 and S. hydrogenans SSD60 were sprayed onto the whole soybean seedling and significantly reduced the disease index in soybeans caused by S. sclerotiorum and promoted the shoot length of soybean. Streptomyces was capable of producing antifungal metabolites, and several compounds were detected from four Streptomyces strains and could significantly protect against S. sclerotiorum [44]. Other biocontrol bacteria, such as Burkholderia strains, Paenibacillus polymyxa, and Lysobacter enzymogenes C3, could effectively inhibit the growth of S. sclerotiorum [42,56,57]. Soybean seeds were bioprimed with C3, Pseudomonas putida BA15R, Enterobacter sp. BA48R, or Enterobacter asburiae BA123R, and exhibited a control effect on SSR in soybeans [38,42].





4. Biocontrol of Soybean Phytophthora Root Rot


4.1. Biocontrol Fungi against Soybean Phytophthora Root Rot


Reports of biocontrol fungi controlling PRR in soybeans are very rare (Table 2). Conidial suspension of several Trichoderma species, including T. virens, T. orientalis, T. ceramicum, T. atroviride, T. koningii, T. brevicompactum, T. spirale, T. viridescens, T. pseudokoningii, T. harzianum, T. asperellum, and T. koningiopsis were immersed with soybean seeds and significantly reduced the disease severity of PRR, of which T. brevicompactum was the most effective strain [58]. Mixing the Aspergillus effusus strain with organic fertilizer significantly decreased the incidence of PRR in soybeans caused by P. sojae and increased the biomass of soybean plants compared with the control. The activities of antioxidant enzymes in soybean leaves, including catalase, peroxidase, and superoxide dismutase, were improved after the application of the A. effusus strain [59]. Similarly, germinated soybean seeds inoculated with the arbuscular mycorrhizal fungus Glomus intraradices BGC BJ09 significantly decreased the content of hydrogen peroxide and increased jasmonic acid in soybean leaves after infection by P. sojae [60].




4.2. Biocontrol Bacteria against Soybean Phytophthora Root Rot


Biocontrol bacteria, especially Bacillus strains, are the most studied in controlling PRR in soybeans. B. altitudinis JSCX-1 and Bacillus sp. A4 inhibited spore germination and mycelial growth of P. sojae. Suspension of JSCX-1 was applied to soybean plants and exhibited excellent biocontrol efficacy of PRR in soybeans [66,67]. Moreover, other Bacillus strains, including B. subtilis BY-2 and RSS-1, B. velezensis SN337 and FZB42, B. amyloliquefaciens JDF3, and B. pumilus B048, could effectively reduce the incidence of PRR in soybeans [62,63,64,65,73]. Studies found that bacilysin is crucial against P. sojae in B. velezensis FZB42 because deficient bacilysin biosynthesis would cause FZB42 to lose its antagonistic ability against P. sojae [73]. In addition to the biocontrol ability, B. subtilis BY-2 and B. velezensis SN337 exhibited growth-promoting ability, in which the root length of soybean increased after application [62,63].



Numerous Streptomyces species have an impact on the growth of P. sojae and the incidence of PRR in soybeans. S. humidus 1-17, S. albosporeus XS1-5, S. hygroscopicus S11 and Streptomyces spp. JAX-14 inhibited the growth of P. sojae [70,74,75,76]. In addition to the inhibition ability, XS1-5 could improve the chlorophyll content, soybean growth, and root vitality of soybean plants. When soybean plants were infected by P. sojae, Streptomyces strains JAX-14, S11, 15, 93, PonSSII, GS2-21, and GS43-5 exhibited promising control ability and could reduce the incidence of PRR in soybeans [71]. Induced plant resistance has been found in some Streptomyces strains. Application of XS1-5 increased the activities of catalase, superoxide dismutase, and peroxidase in soybean leaves. Other bacterial strains, including Enterobacter cloacae DD198, Acinetobacter calcoaceticus DD161, and Pseudomonas sp. BS1 had strong inhibitory activity on P. sojae [68,76].





5. Biocontrol of Soybean Cyst Nematode


5.1. Biocontrol Fungi against Soybean Cyst Nematode


Numerous fungal and bacterial agents have exhibited excellent efficacy in controlling SCN (Table 3). Hirsutella strains were the most reported fungi for effective SCN caused by H. glycines in soybeans. H. rhossiliensis isolate OWVT-1 mixed with eggs of H. glycines were inoculated into the soil and found that OWVT-1 markedly reduced the densities of egg and second-stage juveniles (J2) of H. glycines compared with the control [77]. Another Hirsutella species, H. minesotensis, also exhibited the ability to control SCN. The application of H. minesotensis strains 1-10 and HLJ07-21-3 could significantly reduce the densities of eggs, the numbers of soil cysts, and root females of H. glycines [78,79]. Moreover, both strains promoted the fresh weight of soybean plants. Similarly, GFP-labelled H. minesotensis strain AS3G1 inhibited the population density of H. glycines, and AS3G1 increased the biomass and height of soybean plants [80].



Aspergillus and Penicillium strains also exhibited control ability against H. glycines. The A. niger isolate NBC001 originated from a cyst of Heterodera spp. And showed a strong inhibition rate of egg hatching and high lethality to J2 of H. glycines. Soybean seeds were dressed with the culture filtrate of NBC001 and the numbers of cysts of H. glycines were significantly decreased in a field experiment [103]. Studies found that the expression levels of plant defense-related genes, including GmPR1a, which is SA-responsive, and GmEREBP, which is ET-responsive, were markedly improved after the application of NBC001 in soybean plants [104]. Suspension of the other three Aspergillus strains, D1, A. fumigatus D7, and A. parasiticus A1, could effectively inhibit egg hatching and increase the mortality rates in the J2 of H. glycines [105]. Scopoletin isolated from P. janthinellum Snef1650 was coated with soybean seeds and reduced the juveniles of H. glycines in the roots and cysts in the soil in the field assay. Meanwhile, scopoletin promoted the growth and yield of soybean plants [89]. Similarly, two P. oxalicum strains, NBC008 and NBC012, reduced the cyst number and improved the height and root length of soybean plants compared with the control [85].



Application of Verticillium lecanii AaF23 significantly reduced the number of eggs in pale yellow females and yellow–brown cysts of H. glycines compared with the control [106]. Suspensions of other Verticillium species, V. chlamydosporeium V-25, together with Paecilomyces lilacinus P-E, could reduce the densities of cysts, eggs, and females of soybean roots and benefit the growth and fresh weight of soybean plants [88,107]. Fermentation filtrates of F. graminearum F-9 and Beauveria isolates B703147 and B23 had an impact on H. glycines. F-9 could significantly inhibit the egg hatching of H. glycines compared with the control and suppress J2 up to 90% after treatment for 1 h [108,109]. In the greenhouse experiment, Purpureocillium spp. isolate E could effectively control the reproduction of H. glycines compared with the control [90]. Inoculation of two Glomus species, G. mosseae, and G. etunicatum, prior to inoculation with H. glycines, could reduce the number of H. glycines in soybean roots and cysts in rhizospheric soil and roots. Meanwhile, both strains could induce the activity of plant defense enzymes such as peroxidase in soybeans [83,84,110]. Other fungi, including Piriformospora indica, Diversispora eburnean, Claroideoglomus claroideum, Rhizophagus intraradices, Dentiscutata heterogama, and Funneliformis mosseae, also had the ability to reduce the number of cysts on the roots and H. glycines of soybean compared with the control [86,111].




5.2. Biocontrol Bacteria against Soybean Cyst Nematode Disease


Biocontrol bacteria, especially Bacillus strains, have been the most reported to control SCN. The suspension of B. megaterium Sneb207, which originated from soybean nodules, was coated with soybean seeds, and could significantly decrease the numbers of eggs, juveniles, and cysts of H. glycines. The application of Sneb207 increased soybean root length and chlorophyll content. Studies found that the activities of the plant defense enzymes phenylalanine ammonia-lyase, polyphenoloxidase, and peroxidase were increased after the application of Sneb207 [94,112,113]. Other Bacillus strains, B. velezensis Bve2, B. mojavensis Bmo3 and B. aryabhattai Sneb517, reduced the number of cysts and the population of H. glycines under greenhouse and field trials [92,93]. A mixed strain group named SN101 contains B. simple, B. megaterium and Sinarhizobium fredii at a proportion of 3:1:1. Coted soybean seeds with SN101 reduced the reproduction of H. glycines and markedly promoted the growth and yield of soybean plants under greenhouse and field experiments [95]. Moreover, the application of B. thuringiensis could also effectively control H. glycines and increase the yield of soybean plants [96]. Other Bacillus strains, including B. subtilis NXXJ0624, B. aryabhattai Ba1-7, B. laterosporus BL-21, and B. subtilis HND-F2, could increase the mortality rates of H. glycines [97,114,115,116].



Sinorhizobium fredii is another important biocontrol agent against H. glycines. Suspension of isolate Sneb183 was inoculated to soybean plants and reduced the numbers of juveniles and cysts and inhibited the egg hatching of H. glycines [117,118]. Another isolate, L396, also inhibited egg hatching and improved the mortality rate of H. glycines [119]. Microbacterium maritypicum Sneb159 and Klebsiella pneumoniae SnebYK reduced the number of H. glycines [98,120]. Moreover, the application of Sneb159 could induce the expression levels of the plant defense genes PR2, PR3b, and JAZ1 [100]. S. venezuelae Snea253 could inhibit the cyst numbers of H. glycines [102], and another S. zaomyceticus strain, XFS-4, was coated with soybean seeds and showed the ability to suppress the hatching rate of soybean cysts [101]. Other biocontrol bacteria, including P. fluorescens NXXJ1225, L. enzymogenes C3, and Photorhabdus sp. NJ exhibited the ability to control H. glycines [96,116,121].





6. Biocontrol Mechanisms of Controlling Soybean Diseases


Understanding the mechanism of biocontrol agents against soybean disease is pivotal for further improving their biocontrol abilities. Several mechanisms are involved in the control of soybean diseases from two perspectives (Figure 4). One side of the mechanism is from biocontrol agents. The production of secondary metabolites or cell wall-degrading enzymes is the main mechanism that directly acts on pathogens. Secondary metabolites produced by biocontrol agents could inhibit the growth of pathogens or even kill them. An antifungal metabolite cyclosporine A was isolated from F. oxysporum S6, which could inhibit the growth of S. sclerotiorum and sclerotia formation [35]. Metabolite compounds from Streptomyces strains also exhibited remarkable effects against S. sclerotiorum [122]. Scopoletin was isolated from P. janthinellum Snef1650 and could decrease the number of cysts in the soil and juveniles in the soybean roots [89]. The L. enzymogenes C3 mutant was defective in antimicrobial secondary metabolite complex production and reduced the inhibitory effect on the reproduction of H. glycines [99]. Another bacterium, the B. velezensis FZB42 mutant, was disrupted in bacilysin biosynthesis and lost antagonistic ability against P. sojae [73].



In addition to metabolite compounds, cell wall-degrading enzymes also play crucial roles in soybean disease management. Cell wall-degrading enzymes such as chitinase, glucanase and protease secreted by biocontrol agents could hydrolyze the cell wall of pathogens. Transformation of the endochitinase gene Chi67-1 in C. rosea 67-1 increased the chitinase activity and biocontrol efficacy of SSR of soybean in a greenhouse assay [123]. An endochitinase-encoding gene chi46 was cloned from Chaetomium globosum and expressed in Pichia pastoris GS115. The expressed CHI46 enzyme had a degrading effect on the cell wall of P. sojae [124]. An extracellular alkaline protease (Hasp) was obtained from H. rhossiliensis OWVT-1. Hasp has the ability to degrade proteins of the H. glycines cuticle and is lethal to juveniles of H. glycines [125].



Moreover, some biocontrol agents can induce resistance of soybean plants to pathogens. Biocontrol agents could induce activities of defense enzymes such as peroxidase and phenyl ammonia-lyase in the plants, which had resistance to pathogen infection. The application of T. harzianum T-aloe markedly increased the activities of peroxidase and superoxide dismutase in soybean leaves after infection with S. sclerotiorum [126]. The use of S. hygroscopicus S11 increased the expression levels of the salicylic acid-dependent defense gene ICS1 and the jasmonic acid pathway defense genes LOX1 and AOC1 in soybeans after infection with P. sojae [72].



The activities of the plant defense enzymes phenyl ammonia-lyase, polyphenoloxidase, and peroxidase were increased in soybean roots after the application of B. megaterium Sneb 207 under H. glycines infection [94]. The expression levels of the plant defense genes PR2, PR3b, and JAZ1, which belong to the salicylic acid and jasmonic acid pathways in soybeans, were significantly improved by the use of M. maritypicum Sneb159 under H. glycines infection [100].




7. Conclusions and Prospects


Soybean Sclerotinia stem rot, soybean Phytophthora root rot, and soybean cyst nematode commonly occur in soybean plants and cause huge economic losses. From 1996 to 2016, the soybean economic losses caused by SSR, PRR, and SCN reached USD 4663, 8755, and 31,954 million, respectively, across 28 states in the United States [127]. Although many biocontrol agents have been studied and have been confirmed to have the ability to control the above soybean diseases, until now, few reviews have reported the control of these three soybean diseases. This review focuses on the species of biocontrol agents, as well as their control efficacies and mechanisms in soybean diseases. In particular, certain biocontrol agents, such as Bacillus and Streptomyces, possess the ability to control all three soybean diseases under greenhouse or field conditions.



The following suggestions are provided for the future better application of biocontrol agents against soybean diseases.



(1) More microorganisms that could effectively control PRR in soybeans should be screened. Compared with controlling SSR and SCN, there are few species of biocontrol agents controlling PRR, but the damage caused by PRR is not less severe than that caused by the other two soybean diseases.



(2) The microorganism species that could control all three soybean diseases should be extended. The three diseases could be incident at one time; therefore, the application of biocontrol agents with wide disease control spectra is effective and economical.



(3) The molecular mechanisms of biocontrol agents against soybean diseases should be studied in depth. Although the transcriptomes and proteomes during the process against soybean diseases have been analyzed and the expression levels of biocontrol-related genes have been detected, the molecular functions of biocontrol-related genes against soybean diseases have rarely been studied. Understanding the molecular functions of genes in biocontrol is crucial for further improving the biocontrol ability of biocontrol agents.



(4) Excellent biocontrol genes could be transformed into biocontrol agents to improve their biocontrol ability against soybean diseases. Currently, genetic modification strains used for the biocontrol of soybean diseases are rare and could be further developed.



(5) More biocontrol agent products that meet the requirements of the market should be developed. Although a number of biocontrol agents have been reported, few marketable products have been reported. The objective of the studied biocontrol agents is to solve the incidence of soybean diseases; therefore, it is necessary to develop biocontrol agent products for market applications.
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Figure 1. Infection cycle of Sclerotinia sclerotiorum. 
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Figure 2. Infection cycle of Phytophthora sojae. 
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Figure 3. Infection cycle of Heterodera glycines. 
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Figure 4. Mechanisms of biocontrol agents to suppress soybean common diseases. SSR: Sclerotinia stem rot; PRR: Phytophthora root rot; SCN: soybean cyst nematode. 
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Table 1. Overview of biocontrol agents showing control ability against SSR.
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	Biocontrol Microorganisms
	Strain Name and Reference
	Application Scale





	Fungi
	
	



	Trichoderma harzianum
	BAFC 742 [28]
	Field



	
	T-22 [26]
	Field



	Trichoderma asperelloides
	T25 [29]
	Field



	
	T42 [29]
	Field



	
	37/12 [30]
	Greenhouse



	
	91/12 [30]
	Greenhouse



	Trichoderma atroviride
	07/01 [30]
	Greenhouse



	
	30/12 [30]
	Greenhouse



	Trichoderma koningiopsis
	62/12 [30]
	Greenhouse



	
	103/12 [30]
	Greenhouse



	Clonostachys rosea
	67-1 [31]
	Greenhouse



	
	BAFC3874 [32]
	Greenhouse



	
	BAFC1646 [33]
	Greenhouse



	Coniothyrium minitans
	CON/M/91–08 [26]
	Field



	Sporidesmium sclerotivorum
	CS-5 [34]
	Field



	Fusarium oxysporum
	S6 [35]
	Greenhouse



	Myrothecium sp.
	isolate 2 [36]
	Greenhouse



	Phialomyces macrosporus
	- [36]
	Greenhouse



	Volutella minima
	- [36]
	Greenhouse



	Funneliformis mosseae
	BEG 12 [37]
	Greenhouse



	Bacteria
	
	



	Bacillus sp.
	BA122R [38]
	Greenhouse



	Bacillus amyloliquefaciens
	MEP218 [39]
	Greenhouse



	
	ARP23 [39]
	Greenhouse



	
	BNM340 [40]
	Pots



	Bacillus pumilus
	BA25R [38]
	Greenhouse



	Bacillus cereus
	BA78R [38]
	Greenhouse



	
	BA81R [38]
	Greenhouse



	
	BA88R [38]
	Greenhouse



	Bacillus subtilis
	SB01 [41]
	Field



	
	SB24 [41]
	Field



	
	QST 713 [27]
	Field



	
	ZH-2 [34]
	Field



	Lysobacter enzymogenes
	C3 [42]
	Greenhouse



	Pseudomonas fluorescens
	BNM296 [40]
	Growth chamber



	Pseudomonas putida
	BA15R [38]
	Greenhouse



	Pantoea cypripedii
	BA45R [38]
	Greenhouse



	Enterobacter sp.
	BA48R [38]
	Greenhouse



	
	BA103R [38]
	Greenhouse



	
	BA110R [38]
	Greenhouse



	
	BA80R [38]
	Greenhouse



	Enterobacter oryzae
	BA106R [38]
	Greenhouse



	Enterobacter asburiae
	BA123R [38]
	Greenhouse



	
	BA203R [38]
	Greenhouse



	Streptomyces sp.
	NEAU-S7GS2 [43]
	Greenhouse



	Streptomyces somaliensis
	SSD41 [44]
	Greenhouse



	
	SSD49 [44]
	Greenhouse



	Streptomyces hydrogenans
	SSD60 [44]
	Greenhouse



	Streptomyces lydicus
	WYEC 108 [26]
	Field
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Table 2. Overview of biocontrol agents showing control ability against PRR.
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	Biocontrol Microorganisms
	Strain Name and Reference
	Application Scale





	Fungi
	
	



	Aspergillus effusus
	- [59]
	Pot



	Glomus intraradices
	BGC BJ09 [60]
	Chamber



	Trichoderma virens
	- [58]
	Greenhouse



	Trichoderma orientalis
	- [58]
	Greenhouse



	Trichoderma ceramicum
	- [58]
	Greenhouse



	Trichoderma atroviride
	- [58]
	Greenhouse



	Trichoderma koningii
	- [58]
	Greenhouse



	Trichoderma brevicompactum
	- [58]
	Greenhouse



	Trichoderma spirale
	- [58]
	Greenhouse



	Trichoderma pseudokoningii
	- [58]
	Greenhouse



	Trichoderma viridescens
	- [58]
	Greenhouse



	Trichoderma harzianum
	- [58]
	Greenhouse



	Trichoderma asperellum
	- [58]
	Greenhouse



	Trichoderma koningiopsis
	- [58]
	Greenhouse



	Trichoderma longibrachiaum
	T115D [61]
	Pot



	Bacteria
	
	



	Bacillus subtitlis
	BY-2 [62]
	Pot



	
	SN342 [63]
	Greenhouse



	
	RSS-1 [64]
	Pot



	Bacillus cereus
	SN340 [63]
	Greenhouse



	Bacillus velezensis
	SN337 [63]
	Greenhouse



	Bacillus licheniformis
	SN338 [63]
	Greenhouse



	Bacillus pumilus
	B048 [65]
	Pot



	Bacillus altitudinis
	JSCX-1 [66]
	Greenhouse



	Bacillus amyloliquefaciens
	JDF3 [64]
	Pot



	Bacillus sp.
	A4 [67]
	Pot



	Pseudomonas sp.
	A2 [67]
	Pot



	
	BS1 [68]
	Greenhouse



	Pseudomonas aeruginosa
	SN339 [63]
	Greenhouse



	Paenibacillus polymyxa
	S1 [69]
	Pot



	Actinomycetales bacterium
	JAX-13 [70]
	Pot



	Streptomyces
	
	



	
	93 [71]
	Pot



	
	15 [71]
	Pot



	
	GS-8-1 [71]
	Pot



	
	GS-43-5 [71]
	Pot



	
	GS-2-21 [71]
	Pot



	
	PonSSII [71]
	Pot



	Streptomyces sp.
	JAX-14 [70]
	Pot



	Streptomyces hygroscopicus
	S11 [72]
	Greenhouse
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Table 3. Overview of biocontrol agents showing control ability against SCN.






Table 3. Overview of biocontrol agents showing control ability against SCN.










	Biocontrol Microorganisms
	Strain Name and Reference
	Application Scale





	Fungi
	
	



	Hirsutella rhossiliensis
	OWVT-1 [81]
	Greenhouse



	
	ATCC46487 [81]
	Greenhouse



	
	MO1-1 [81]
	Greenhouse



	
	FR6-1 [81]
	Greenhouse



	
	JA9-1 [81]
	Greenhouse



	
	LE5.1-1 [81]
	Greenhouse



	
	WT8-1 [81]
	Greenhouse



	
	MA36.4-1 [81]
	Greenhouse



	
	ST8-1 [81]
	Greenhouse



	
	MA30-1 [81]
	Greenhouse



	
	WT4-1 [81]
	Greenhouse



	
	MA37-1 [81]
	Greenhouse



	Hirsutella minnesotensis
	RW7-1 [81]
	Greenhouse



	
	AS3G1 [80]
	Pot



	
	WA23-1 [82]
	Greenhouse



	
	FA2-1 [81]
	Greenhouse



	
	1-10 [78]
	Greenhouse



	
	HLJ07-21-3 [78]
	Greenhouse



	Glomus mosseae
	- [83]
	Greenhouse



	Glomus etunicatum
	- [83]
	Greenhouse



	Glomus fasiculatum
	- [84]
	Greenhouse



	Glomus intraradices
	- [84]
	Greenhouse



	Glomus versiforme
	- [84]
	Greenhouse



	Gigaspora margarita
	- [84]
	Greenhouse



	Aspergillus niger
	NBC001 [85]
	Field



	Clairoideoglomus claroideum
	- [86]
	Greenhouse



	Dentiscutata heterogama
	- [86]
	Greenhouse



	Diversispora eburnean
	- [86]
	Greenhouse



	Funneliformis mosseae
	- [86]
	Greenhouse



	Fusarium spp.
	F-9-3 [87]
	Greenhouse



	
	F-V-1-4 [87]
	Greenhouse



	
	F-9 [88]
	Greenhouse



	Paecilomyces lilacinus
	P-V-7-2 [87]
	Greenhouse



	
	P-E-13-2 [87]
	Greenhouse



	
	P-E [88]
	Greenhouse



	Pochonia chlamydosporium
	V-25-3 [87]
	Greenhouse



	
	V-21-2 [87]
	Greenhouse



	Penicillium oxalicum
	NBC008 [85]
	Pot



	
	NBC012 [85]
	Pot



	Penicillium janthinellum
	Snef1650 [89]
	Field



	Purpureocillium sp.
	E [90]
	Greenhouse



	
	T [90]
	Greenhouse



	Purpureocillium lilacinum
	ESALQ1744 [91]
	Greenhouse



	
	ESALQ2482 [91]
	Greenhouse



	
	ESALQ2593 [91]
	Greenhouse



	Rhizophagus intraradices
	- [86]
	Greenhouse



	Verticillium chlamydosporium
	V-25 [88]
	Greenhouse



	Bacteria
	
	



	Bacillus altitudinis
	Bal13 [92]
	Field



	Bacillus subtilis
	Bsssu2 [92]
	Field



	Bacillus aryabhattai
	Sneb517 [93]
	Field



	Bacillus mojavensis
	Bmo3 [92]
	Greenhouse



	Bacillus megaterium
	Sneb207 [94]
	Field



	
	Sneb482 [95]
	Field



	Bacillus safensis
	Bsa27 [92]
	Field



	Bacillus simple
	Sneb545 [95]
	Field



	Bacillus velezensis
	Bve12 [92]
	Field



	
	Bve2 [92]
	Field



	Bacillus thuringiensis
	- [96]
	Field



	Bacillus sp.
	Snb2 [97]
	Greenhouse



	Klebsiella pneumoniae
	SnebYK [98]
	Field



	Sinorhizobium fredii
	Sneb183 [95]
	Field



	Lysobacter enzymogenes
	C3 [99]
	Pot



	Microbacterium maritypicum
	Sneb159 [100]
	Field



	Streptomyces sp.
	XFS-4 [101]
	Field



	
	XFS-5 [101]
	Field



	
	CL-4 [101]
	Field



	
	XS-3 [101]
	Field



	
	BJ-4 [101]
	Field



	
	XF-5 [101]
	Field



	Streptomyces venezuelae
	Snea253 [102]
	Field
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