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Soybean 
 
An overview 
 

Soybean (Glycine max (L.) Merr.) is one of the most important crops grown 

worldwide. In 2009, 3.36 billion bushels of soybean were produced from 31 million ha in 

the United States, which was a record for production (101). Soybean is grown throughout 

the Central and Eastern regions of the United States. In 2009, approximately 285 million 

bushels of soybean were produced from 2.9 million ha in Minnesota, which is the third 

largest level of production by state in the United States (101). Soybeans are high in 

protein and often used for animal feed and oil, but they also are used to provide for 

human consumption in the form of products such as tofu, soy milk, tempeh, soy sauce, 

cooking oil, and miso, among other products. Soybeans are also used to develop non-food 

products such as ink for newspapers, photocopiers, and printers, plastic products for the 

interior and exterior of automobiles, and biodiesel.  

An overview of soybean diseases 

 High yields are important for soybean production and financial losses can be 

severe if yields are reduced by diseases (167). Estimated total losses attributed to diseases 

differ depending on production area and environmental conditions (53). Foliar diseases of 

soybean can cause yield reduction, but the impacts are relatively low compared to stem 

and root diseases (53, 167). Stem diseases cause yield reduction at levels greater than 

foliar diseases (167). In contrast, root diseases can have considerably greater impacts on 

soybean yields. In 2005, estimated yield losses attributed to root pathogens in Minnesota 

were nearly 85,000 tons (166). Since soilborne root rot pathogens are capable of causing 



 

 3 

major yield reductions it is important to gain a better understanding of the these 

microorganisms and the roles they play in causing root rot on soybean in order to develop 

improved disease management strategies that minimize their impact. 

Root pathogens of soybean 
 
Phytophthora 

One of the most important root pathogens of soybean is Phytophthora sojae M. J. 

Kaufmann & J. W. Gerdemann, the cause of Phytophthora rot. Phytophthora rot is a very 

damaging disease of soybean and causes severe losses worldwide (136, 164, 166). 

Phytophthora root rot of soybean was first observed in Indiana and Ohio in 1948 and 

1951, respectively (53, 136). The causal agent was identified in 1954 and the disease was 

subsequently identified throughout soybean production areas in the United States and in 

many other countries (136). Soybean is the only economically important host of P. sojae, 

although P. sojae has been shown to infect other plant species in greenhouse inoculations 

(136). P. sojae can cause seed, root, and stem rot on soybean. Symptoms include seed rot 

and damping-off in early vegetative growth stages and water-soaked to brown stem 

lesions followed by chlorosis, wilting, and plant death in later stages. P. sojae survives by 

producing oospores that persist in soil and crop debris for long periods of time (136). 

When soil temperatures rise above 15°C and soil moisture levels are high, oospores 

germinate, form sporangia, and release motile zoospores (150). Zoospores are attracted to 

roots by exudates and will encyst and produce a germ tube that penetrates root tissue. 

Factors that contribute to Phytophthora rot include poor soil drainage, minimal tillage, 

soils high in clay, and the use of susceptible cultivars (53, 136). The use of resistant 



 

 4 

cultivars is the primary method for managing Phytophthora rot on soybean; however, 

crop rotation can be used to avoid increases of inoculum.  

P. sojae is not the only soybean-infecting Phytophthora species. Hamm and 

Hansen (51) described isolates in the P. megasperma complex that were pathogenic on 

soybean and were different from P. sojae. Subsequently, isolates of a similar undescribed 

Phytophthora species were reported in Indiana as causing root rot on soybean (121). 

Recently, these isolates were described as a new Phytophthora species and named P. 

sansomeana (52, 120). P. sansomeana has also been reported as a pathogen of soybean 

and corn in Ohio (173). Additionally, Malvick and Grunden (86) examined soybean-

infecting Phytophthora populations in Illinois and detected a previously unknown 

Phytophthora species that can infect and kill soybeans. Preliminary comparisons between 

ITS DNA sequence alignments from Illinois isolates and the P. sansomeana holotype 

indicate that these isolates are very closely related to P. sansomeana.  

Pythium 

 Pythium root rot can be found in all major soybean production areas of the world 

and is caused by multiple Pythium species (53). The Pythium species that are known to 

occur on soybean are P. aphanidermatum, P. catenulatum, P. debaryanum, P. irregulare, 

P. myriotylum, P. paroecandrum, P. splendens, P. torulosum, and P. ultimum (23, 39, 

53). Optimum conditions vary for different Pythium species so a dominant species in a 

given region may differ when compared to other regions and may even shift with 

changing environmental conditions over the course of a growing season (23, 53). Pythium 

infection of soybean can occur at various growth stages causing damping-off during the 

seedling stage and root rot at more advanced growth stages. Symptoms on seedlings may 
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resemble those caused by other root pathogens such as Phytophthora and Fusarium 

species (53). Root rot symptoms may vary depending on the degree of infection. Mild 

infection will lead to small necrotic root lesions, whereas severe infection may lead to 

larger root lesions and potential disintegration of the taproot and secondary roots. Severe 

root infection may also lead to foliar chlorosis, stunting, wilting, and death of the plant. 

Pythium species inhabit the soil and can survive saprophytically in plant debris or in the 

soil as oospores for many years (53). Germination and hyphal growth of Pythium 

propagules is induced by exudates from soybean seeds and roots. Pythium sporangia 

release motile zoospores that can infect and colonize the germinating seedlings. 

Conditions that favor Pythium root rot are saturated soils, reduced tillage, and lower soil 

temperatures. Management of Pythium rot is difficult, as there is no definite genetic 

resistance available. Seed treatments, particularly metalaxyl and mefenoxam, can help 

reduce pre- and post-emergence damping-off. Rotation is often ineffective because 

Pythium species tend to have wide host ranges. Cultural controls that reduce soil 

moisture, such as tillage and the avoidance of irrigation, may help to reduce disease 

incidence. In addition, tillage to increase soil temperature and drying, along with 

avoidance of planting early in the season in cool soils, can reduce infection by Pythium 

species that infect at low temperatures. 

Rhizoctonia 

Rhizoctonia solani is one of the most common soilborne pathogens of soybean 

(53). R. solani has a worldwide distribution and can cause pre-emergence seed rot, post-

emergence damping-off, seedling blight, and root rot. Symptoms of post-emergence 

damping-off often occur before the development of the first trifoliate. Infected seedlings 
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will develop reddish-brown hypocotyl lesions at the soil line and may die, but if 

environmental conditions are not conducive for continued disease development they can 

survive (53). When plants are infected later in the season, in advanced vegetative or 

reproductive stages, they may have poorly developed root systems, which can lead to 

chlorosis, stunting, and wilting. R. solani survives in the soil saprophytically as mycelium 

or by producing sclerotia. Detection of R. solani can be difficult because isolation results 

may be negative if plant tissues have been stored for long periods of time (53). R. solani 

isolates are grouped into anastomosis groups (AGs) based on their ability to fuse hyphae 

in culture. Different AGs have different geographic distributions and host ranges, and 

isolates from multiple AGs have been reported to infect soybean, although isolates from 

AG-4 have been primarily associated with soybean root rot (53).  

Fusarium 

Multiple Fusarium species have been found associated with soybean in the United 

States and in other countries such as Argentina and Brazil (7, 89, 127). One of the most 

important root rot pathogens of soybean is Fusarium virguliforme, the cause of sudden 

death syndrome (SDS) (127). Foliar symptoms of SDS usually develop after flowering 

and include interveinal leaf chlorosis and necrosis (127). In severely infected plants leaf 

abscission may occur. Root symptoms may include necrosis of the taproot and lateral 

roots, as well as a decrease in root biomass (112, 127). Internal discoloration of the 

vascular tissue may also develop that extends from the taproot up into the stems. In some 

cases, blue sporodochia of F. virguliforme may be observed on the lower stem and 

taproot of infected plants (127). F. virguliforme can survive in soil and plant debris in the 

form of chlamydospores and infect soybean seedling roots as early as two to three weeks 
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old (127). The development of foliar symptoms is largely attributed to the production of a 

toxin by the fungus. Conditions that favor SDS development in the field include high soil 

moisture and cool temperatures early in the season (127, 133). The presence of 

Heterodera glycines, the soybean cyst nematode (SCN), has been shown to increase SDS 

severity, but is not necessary for the disease to develop (127). Management of SDS 

involves the use of resistant cultivars, delayed planting and/or the use of early maturing 

cultivars, managing SCN populations, reducing soil moisture by minimizing compaction, 

and adjusting fertilizer rates (28, 31, 81, 95, 97, 133, 152). Crop rotation has not proved 

useful and recent research has shown that F. virguliforme may be able to infect a number 

of hosts besides soybean (62-64). 

While SDS is an economically important disease of soybean, a number other 

Fusarium species have also been found associated with soybean. These species include F. 

acuminatum, F. chlamydosporum, F. compactum, F. culmorum, F. equiseti, F. 

graminearum, F. merismoides, F. oxysporum, F. proliferatum, F. pseudograminearum, 

F. semitectum, F. solani, F. subglutinans, and F. verticillioides (38, 48, 61, 65, 69, 89, 

123). F. solani and F. oxysporum have been associated most frequently with root rot of 

soybean. However, results in the literature appear to conflict regarding whether or not 

these species are soybean pathogens. Nelson et al. demonstrated that F. solani isolates 

from the Red River Valley were capable of causing severe root rot on soybean (102). 

They observed severe root rot and foliar symptoms on plants inoculated with F. solani 

(102). However, Cho et al. used F. solani isolates from soybean in Arkansas that were 

capable of causing root rot, but only did so at relatively low levels (27). Fusarium 

oxysporum has also been implicated as a soybean pathogen. Symptoms of soybean 
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infected by F. oxysporum include stunting, chlorosis, wilting, epinasty, and defoliation, 

as well as brown to black roots with cortical decay or vascular discoloration that is 

sometimes accompanied with reddening of the pith (8, 37, 42, 130). F. oxysporum has 

also been found in association with other Fusarium species, including F. solani (42). 

Killebrew et al. (61) reported that inoculations using F. oxysporum in greenhouse trials 

did not produce disease symptoms. Forbes and Davet (44) also studied microflora 

associated with soybean roots and found that F. solani could incite high levels of root 

necrosis, whereas F. oxysporum and other Fusarium species caused much lower levels of 

root necrosis by comparison. Martinelli et al. (89) collected F. graminearum isolates 

from multiple hosts in Brazil and inoculated them onto soybean and were able to produce 

root rot symptoms. Their isolates were also pathogenic on wheat and produced 

mycotoxins in soybean pods. Managing these other Fusarium species on soybean is a 

challenge because a number of the species reported likely survive saprophytically or by 

forming chlamydospores. Cultivars with resistance to SCN are desirable and cultivars 

with resistance to F. oxysporum and F. solani should be used if available. Cultivation 

practices that will minimize soil compaction and promote drainage are important, as is 

the maintenance of good soil fertility. Lastly, crop rotation with non-hosts could be used 

to reduce pathogen inoculum levels, but many Fusarium species have wide host ranges so 

this approach may not be effective. 

Corn 

An overview 

 Corn (Zea mays) is one of the world’s most important cereal crops (161). Corn is 

grown on all continents except Antarctica. It is relatively easy to cultivate, particularly in 
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regions where rainfall is adequate, and can produce large yields of grain that are high in 

starch. While corn is an important crop, it is not a complete food source because it is 

deficient in lysine, an essential amino acid consumed in animal diets that is used as a 

building block for the production of proteins such as hormones, enzymes, and antibodies. 

Many different products are made from corn, including glucose and fructose syrups, corn 

starch, and corn oil. Corn is not only grown as a major food group for humans, but also as 

a feed crop for livestock and for use as a source of ethanol. It is continuously being 

evaluated for improvement and is also an important crop used in rotation with soybeans 

in the United States. 

An overview of corn diseases 

 Corn plants are susceptible to many diseases that can affect the growth of the 

plants and may reduce yields (161). All parts of corn plants are susceptible to disease. 

Comprehensive studies to examine yield loss have not been carried out due to the 

difficulty in measuring factors such as environmental conditions, soil fertility, genetics of 

hybrids, and the effects of multiple diseases and/or insect pests with reliable precision. 

Estimates of yield loss in the United States range from 2 to 15% annually. The most 

severe disease outbreak to affect corn in the United States was the southern corn leaf 

blight epidemic in 1970. Yield losses in some areas was near 100%. Pathogens of all 

groups affect corn yields. Bacterial pathogens, such as those that cause Stewart’s Wilt 

and Goss’s Wilt can significantly decrease yields. A number of plant pathogenic 

nematode species can also impact plant health by damaging corn roots and making them 

less efficient in absorbing and transporting water and nutrients. Viruses are widespread 

and can also cause yield losses. Reduction in yield can be serious with some viruses, such 
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as Maize streak geminivirus (MSGV), while others cause minor levels of disease. Fungal 

plant pathogens are the most important microorganisms that cause disease on corn and 

reduce yields. Fungal pathogens can affect corn early in the season by causing symptoms 

of seed rot, seedling blight, and damping-off. In more mature plants fungi can affect the 

roots, crowns, stalks, and ears.  

Root pathogens of corn 
 
Pythium 

 Pythium species cause seed rot, damping-off, seedling blight, and root rot on a 

number of hosts, including corn (161). Symptoms of infected plants include lesions and 

discoloration of the root system accompanied by foliar chlorosis and stunting. The cortex 

of infected roots will be rotted and discolored and may pull away easily from the stele. 

Severe infections are often limited to young feeder roots. At least 14 different Pythium 

species have been reported to cause root rot of corn, with P. arrhenomanes as the most 

prevalent species in the Midwestern United States. Pythium species typically overwinter 

as oospores in soil and plant debris. When oospores germinate they will produce 

mycelium or sporangia that will give rise to motile zoospores. Mycelium and zoospores 

will infect corn roots. High soil moisture and low temperatures favor infection and 

disease development. The most effective method for reducing Pythium root rot is to 

improve soil drainage. Crop rotation has not been shown to be an effective control 

strategy. Some seed treatments have been reported to be effective at protecting seedlings.  

Phoma 

 Phoma terrestris is the primary pathogen that causes red root rot of corn. This 

fungus may be part of a larger complex that involves Pythium and Fusarium species 
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(161). Symptoms of red root rot usually appear on adult plants, just before they senesce. 

The primary symptom is the development of a reddish discoloration of the root system 

and the crown tissue. Root mass is reduced that is apparent when infected plants are 

compared with healthy plants. As the pigmentation of the roots darkens, the roots will 

turn necrotic. Aboveground symptoms can include premature death of the plant and 

lodging. P. terrestris occurs in many different environments and acts as a saprophyte or a 

weak pathogen on a number of plant hosts. This fungus overwinters as microsclerotia and 

can withstand a wide range of temperatures and pH levels in the soil. Information 

regarding the infection process in corn is limited, but P. terrestris appears to colonize 

corn roots late in the season when plants first start to senesce. Colonization increases as 

plants senesce. As far as controlling red root rot, resistance does exist and some corn 

hybrids with resistance have been selected for production. In addition, rotation with 

soybean appears to provide some control for this disease. 

Rhizoctonia 

 Rhizoctonia solani causes crown and root rot of corn (161). This pathogen can 

cause severe losses and reduce grain yield up to 30%. Symptoms of Rhizoctonia infection 

usually manifest as lesions on the developing mesocotyl, primary, and lateral roots of 

young plants. As the plants mature, distinct symptoms of reddish-brown cankers may 

form on brace roots and adventitious crown roots. Eventually, roots will decay and if 

infection is severe the plants may lean or lodge. Foliar symptoms may be apparent as 

chlorosis and/or stunting. R. solani likely survives in soil as sclerotia or associated with 

plant debris. The infection process is not well understood, but once the fungus invades 

the root tissue it grows throughout the tissue and produces pectolytic and cellulolytic 
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enzymes. There are some management practices that may help to reduce disease. 

Rotation is one option, but it must be done with non-host crops. This can be difficult 

because R. solani also infects beans, soybean, cowpea, rye, sorghum, and other hosts, 

which limits the number of options. Good weed control is also important because some 

weedy plant species can support R. solani populations. Resistance does not appear to be 

an option, as corn hybrids are susceptible to this pathogen. Tillage is not effective in 

reducing disease severity, but high soil moisture appears to lead to higher levels of 

disease. Management of plant pathogenic nematodes may also help to reduce disease 

severity.  

Fusarium 

Multiple Fusarium species can be associated with corn roots (161). Some are also 

pathogens of stalks and ears, while others may be secondary invaders. Symptoms range 

from slight browning of roots to dark black discoloration. In severe cases, the roots will 

be entirely rotted. Roots infected by F. graminearum may appear red or pink in color. 

Multiple Fusarium species have been recovered from roots that are asymptomatic. The 

most commonly recovered species are F. acuminatum, F. equiseti, F. graminearum, F. 

oxysporum, F. proliferatum, F. solani, F. subglutinans, and F. verticillioides. It is 

possible that other Fusarium species have been recovered, but due to ongoing changes in 

the taxonomy and nomenclature they may have been identified as one of the above 

species. Fusarium species likely survive in the soil or crop residue and may infect plants 

at the seedling stage. Susceptibility increases if plants are stressed, injured from 

herbicides, or if root injury occurs due to insect feeding or field cultivation. As plants 

mature, the root systems become more susceptible and root rot may increase (161). If 
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roots are infected with Fusarium species, then the infection may spread to crowns and/or 

stalks. Yield losses from Fusarium typically occur when soil moisture is too high or too 

low, along with stresses that predispose plants to infection. Managing Fusarium root rot 

in corn is challenging. Resistance is not an option and seed treatments can reduce disease 

at the seedling stage (161). Tillage has not been shown to reduce disease levels, but 

rotation appears to have some value (161). 

Fusarium as a legume pathogen 

 Many Fusarium species have been documented as pathogens on a wide range of 

legumes (12, 21, 39, 53, 70, 88, 104, 105, 114). Some of these include clovers, lentil, 

lupine, vetches, and a range of ornamental species belonging to the Fabaceae (39). In 

addition to these plant species, the three most economically important legume crops that 

are hosts to Fusarium species are alfalfa, (Medicago sativa), bean (Phaseolus vulgaris) 

and pea (Pisum sativum). Fusarium species occur as pathogens on these crops in most 

production areas in the United States, as well as other areas around the world. 

On alfalfa, one of the most important Fusarium species that can cause disease is 

F. oxysporum f. sp. medicaginis, the cause of Fusarium wilt (144). The first symptoms to 

develop are wilted shoots during the day that regain their turgidity at night. As the disease 

progresses the stems and leaves will sometimes appear bleached and leaves may develop 

a reddish tinge. Examination of the vascular tissue will reveal dark reddish-brown 

streaks. Initially, symptoms will only manifest on one side of the plant, but as the 

infection spreads the entire plant will be affected and die. This disease is favored by high 

soil temperatures and is typically more severe in the southern United States. Since this 

fungus can persist for several years in the soil as chlamydospores, the only practical 
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control measure is to use resistant cultivars. Reduction of wounds from root-knot 

nematode may also help to reduce yield loss if both pathogens are present. 

Alfalfa is also susceptible to crown and root rot caused by multiple Fusarium 

species that may be part of a larger complex that involves other fungi, nematodes, and 

bacteria. Symptoms include brown necrotic areas that are restricted to the crown or root 

cortex. As the disease progresses, rot may extend to the vascular tissues. Plants that 

develop advanced symptoms will wilt and die. The Fusarium species isolated most 

frequently from root and crown tissue are F. oxysporum f. sp. medicaginis, F. solani, and 

isolates identified as F. roseum, which is now an obsolete taxonomic group (144); 

although, other species that have been isolated from alfalfa include F. acuminatum, F. 

avenaceum, F. graminearum, F. subglutinans, and F. verticillioides (39, 129). These 

species can persist in the soil as chlamydospores or plant debris so cultivar selection is 

important. In addition, stresses from soil fertility, low soil pH, frost damage, and 

untimely harvests are all known to enhance disease symptoms. Maintaining a proper 

cutting schedule, adequate soil fertility, and minimizing insect feeding can help to reduce 

losses.  

 As a bean pathogen, Fusarium species can cause significant yield losses by 

causing root rot and wilt. Fusarium root rot is more of a problem when plants are stressed 

from drought, soil compaction, soil saturation, or oxygen stress. It is also common to 

isolate Rhizoctonia and/or Pythium species from rotted bean roots in addition to 

Fusarium. Symptoms of Fusarium root rot first appear as longitudinal reddish-brown 

streaks on seedling hypocotyls and taproots. The cortex progressively becomes more 

streaked and necrotic as the plants age. Diseased plants often produce a large number of 
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adventitious roots between the crown and hypocotyl in response to the infection. If 

disease is severe the plants may appear stunted, but they may not die and survive with the 

adventitious roots. The primary pathogen that causes Fusarium root rot it F. solani f. sp. 

phaseoli, but more recently F. acuminatum and F. redolens were identified as root rot 

pathogens of kidney bean (45, 138).  The F. solani f. sp. phaseoli survives in the soil as 

chlamydospores that can survive as long as 30 years (138). Various chemical treatments, 

including seed treatments, have been used to manage root rot with little to no success. 

The use of biological organisms, such as root-nodulating bacteria and mycorrhizal fungi 

has shown more promise in reducing disease severity and improving nutrient and plant 

growth (138). Since soil conditions affect Fusarium root rot, maintaining good soil 

fertility, minimizing soil compaction, addition of organic matter, using green manure 

crops, and mounding soil around plants can minimize the effects of the disease on plant 

productivity (138). In addition, using genotypes that produce vigorous root systems and 

withstand stressors may lead to less disease since highly resistant cultivars are not 

available. 

As indicated above, beans are also susceptible to Fusarium wilt, which is common 

in many production areas around the world (138). Initial symptoms are yellowing and 

senescence of lower leaves. As disease worsens, the chlorosis will progress up the entire 

plant followed by wilting and browning of the foliage and the vascular tissue of infected 

plants will appear reddish-brown. The primary causal agent of Fusarium wilt is F. 

oxysporum f. sp. phaseoli and multiple races of this pathogen have been identified. This 

fungus can also survive long-term in the soil as chlamydospores. F. oxysporum f. sp. 

phaseoli only causes symptoms on Phaseolus species, but can colonize the roots of other 
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plants, particularly legumes. High levels of soil moisture are not necessary for disease to 

occur, but do appear to increase disease severity. Fusarium wilt is best managed by using 

tolerant or resistant varieties. Resistance exists that is effective against multiple races of 

the pathogen. Aside from resistance, crop rotation with non-reservoir hosts may help to 

reduce inoculum levels and minimizing soil compaction with improving soil drainage 

may helpful with reducing disease. 

Similar to beans, peas are susceptible to Fusarium root rot and Fusarium wilt (66). 

Root rot of pea is caused primarily by F. solani f. sp. pisi, but F. equiseti, F. oxysporum, 

and F. redolens have also been associated with root rot of pea (39, 45, 66). Initial 

infection by F. solani f. sp. pisi occurs around the upper taproot to hypocotyl region and 

expands down toward the root system and up toward the soil line. Infected roots will 

appear reddish-brown to black in color and the vascular tissue may turn red. The 

infection doesn’t usually progress above the soil line, but aboveground symptoms will 

manifest as stunting, chlorosis, and necrosis of foliage. Interestingly, F. solani f. sp. pisi 

has also been shown to cause branch blight on mulberry and root rot of ginseng. The 

primary means of survival for this fungus is in the form of chlamydospores. For 

management, resistance has not been effective for controlling Fusarium root rot of pea. 

Good tillage practices that reduce soil compaction used in conjunction with high-quality 

seed may help to reduce disease. Maintaining good soil fertility and crop rotation may 

also help to reduce plant disease. Use of root-nodulating bacteria has not proven effective 

as has been observed with beans. No seed treatments, including biological organisms, 

have been shown to decrease Fusarium root rot when tested under field conditions. 
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Wilt of pea is primarily caused by F. oxysporum f. sp. pisi, but F. acuminatum 

and F. equiseti have also been isolated from wilted plants (39, 66). Fusarium wilt of pea 

has been reported from all pea production areas around the world. Multiple races of F. 

oxysporum f. sp. pisi exist in different production regions. Symptoms can vary depending 

on the race of the pathogen. Early symptoms include downward curling of the leaves, 

thickening of basal internodes, and leaves and stems may become brittle compared to 

healthy plants. Roots of infected plants may appear normal, but if dissected longitudinally 

will appear yellowish-orange to red in the vascular tissue. As the disease progresses, the 

leaves turn chlorotic from the bottom of the plant and move upward. Foliar symptoms 

may also appear grayish-green in color. F. oxysporum f. sp. pisi can survive in the soil as 

chlamydospores, a saprophyte, or colonize roots of non-hosts. The only economical 

method of control is to use resistant cultivars. Cultivars should be selected based on 

geographical region and the predominant race of the pathogen in that region. Crop 

rotation away from pea for five years or longer and cultural practices that minimize 

wounding of plants may help to reduce disease. 

The genus Fusarium 

The fungal genus, Fusarium, is in the Class Hyphomycetes and is a member of 

the imperfect fungi. The genus is characterized by hyaline, septate, phialidic 

(enteroblastic), asexual spores whose foot cells bear a heel. Many species of Fusarium 

are capable of producing a perithecial state (21). Fusarium has a widespread distribution, 

occurring in most regions of the world. Within the genus Fusarium are species that are 

pathogenic and possess the capability of causing an assortment of plant diseases such as 

root rot, vascular wilt, ear rot, head blight, cankers, seed rot, damping-off, and pre- or 
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post-harvest decay (104). This genus also contains human and animal pathogens (19). 

Mycotoxins produced by Fusarium species can be harmful to humans and other animals 

if consumed in food products. Some Fusarium species can directly parasitize animals, 

including humans, causing infections of nails and eyes, particularly in tropical regions of 

the world (113). Systemic Fusarium infections have been found in immuno-suppressed 

individuals (94).   

Fusarium Taxonomy 

The first major work of Fusarium taxonomy was published by Wollenweber and 

Reinking in 1935. In their book, Die Fusarien¸ the genus Fusarium was organized from 

approximately 1000 species into 65 species. Morphological characteristics used to 

differentiate the genus into species, varieties, and forms included characteristics such as 

number of septa in macroconidia, as well as length and width of macroconidia, which 

vary by culture substrate and environmental conditions (3, 57, 117, 162, 172). Observed 

differences due to media or environment resulted in the addition of new species to the 

genus. Also, Wollenweber and Reinking based their work on cultures that had not been 

genetically isolated (single-spored or hyphal-tipped) and described new species based 

upon one or two isolates. Some taxonomists argue that Wollenweber and Reinking 

should have included the full range of natural variation as a species instead of splitting 

out variants as new species (103, 105). The immense variation due to the use of different 

media and environments for incubation made it difficult for scientists working with the 

genus Fusarium to utilize Wollenweber and Reinking’s taxonomic system (141). 

Following Wollenweber and Reinking, Gerlach (103, 105) continued to use similar 

taxonomic techniques and described more than 90 new species.   
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Snyder and Hansen developed a system in the 1940’s where they essentially 

reduced Wollenweber and Reinking’s system to approximately nine species, but added 

cultivar names to differentiate strains (105, 142). Some of the revisions Snyder and 

Hansen made were not accepted and there was a lack of structure for naming cultivars. 

Reducing the genus to nine species was considered “drastic” and this taxonomic system 

was not widely adapted (74, 103, 105).   

Raillo (103, 105) studied cultures which had been single-spored and classified 

species based on less variable characteristics. These were reported in 1950. In 1955, Bilai 

(17, 103, 105) examined the effects of substrate and environmental conditions on single-

spored cultures of Fusarium species. Bilai examined the variability of isolates grown at 

different temperature and moisture regimes, media, and the length of time that cultures 

were incubated.   

Joffe (58), Gordon (47), and Booth (21) reported their own respective taxonomic 

systems. Joffe’s system was similar to the Wollenweber and Reinking system (reported in 

1974) in that it utilized characteristics with inherent variation, such as number of septa, to 

distinguish 33 species. Gordon’s system, published in 1960, consists of 26 species and 

was an adaptation of Wollenweber and Reinking’s system. It included species from the 

Wollenweber and Reinking system, species from Snyder and Hansen’s system, and 

original species described by Gordon. Booth modified Gordon’s taxonomic system in 

1971 and added information, including that on the perithecial forms. He also made a 

major contribution to Fusarium taxonomy by classifying conidiophores and 

conidiogenous cells. 
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Nelson, Toussoun, and Marasas (69) developed a taxonomic system for the genus 

Fusarium that has been widely adopted and contained 75 species when originally 

reported in 1983 (74, 145). Taxonomic characters used for identification of Fusarium to 

species include macroconidia, microconidia, conidiophores, and chlamydospores. Their 

system utilizes components from each of the existing systems, along with results from 

their own research. They used F. oxysporum and F. solani as described in Snyder and 

Hansen’s system. They also used information pertaining to microconidiophores as 

described by Booth (105). 

The most recent publication addressing the taxonomy of the genus Fusarium was 

published in 2006 by Leslie and Summerell (70). The authors describe a collection of 

Fusarium species based on morphological characteristics, the use of tester strains and 

cross-fertility for development of sexual structures, and variations in DNA sequences. 

The authors also suggest guidelines for a species concept in Fusarium, as well as future 

needs that need to be addressed to aid in the classification and organization of species in 

this genus. 

In addition to using morphological characteristics, other tools have been 

developed that can complement morphological techniques of Fusarium identification. 

Klittich and Leslie (145) developed methods where crosses are performed using tester 

strains of identified Fusarium species for use in cross-fertility experiments to produce 

teleomorphs and confirm species identification. There are primarily three teleomorph 

genera associated with Fusarium species, Gibberella, Haematonectria, and Albonectria. 

The genus Gibberella is the most common and includes some of the most important 

pathogens. Haematonectria includes H. haematococca, formally known as Nectria 
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haematococca, the teleomorph of F. solani. The third genus, Albonectria, was formerly 

included in Calonectria and is associated with a relatively small number of Fusarium 

species. Positive crosses are definitive, but negative crosses may only be useful for 

indicating a particular strain is not a particular species or is infertile. However, when 

teleomorphs are formed from crosses, they can be identified based on morphological 

characteristics. 

When morphological characteristics are limiting and tester strains for cross-

fertility tests are unavailable or do not produce positive results, molecular tools can be 

used to assist in identification (70). DNA studies are more demanding in terms of 

equipment, reagents, and expertise, but answers can be obtained more quickly compared 

to other techniques. The use of DNA sequencing based characters is most common, but 

researchers also use amplified fragment length polymorphisms (AFLPs) and other 

fingerprinting types of techniques. Direct sequencing of one or more genes can be used to 

assign a species designation to an unknown isolate. There are a number of loci that can be 

used to assist with identification, but the translocation elongation factor 1-! (TEF) and 

RNA polymerase II second largest subunit (RPB2) have become commonly used to 

differentiate species. Sequencing an individual gene may be enough to obtain the 

identification of an isolate, but ideally multiple genes or loci should be sequenced for 

confirmation. Additionally, AFLPSs can be used to construct genetic maps and further 

group isolates based on the genetic variation within a population. By running unknown 

strains with known strains of Fusarium, one should be able to determine species identity 

with a relative amount of certainty. Ultimately, molecular tools can aid in Fusarium 

identification, as well as the description of new species (145).    
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Pathogenic Fusarium  

Fusarium species are often associated with the soil and may cause diseases on 

plant parts associated with soil. However, plant pathogenic species of Fusarium can also 

affect aerial plant parts. There are a multiple species within the genus Fusarium that can 

behave as plant pathogens, but the focus of this review will be on species isolated from 

soybean and corn root samples in Minnesota and their potential roles as root pathogens. 

Fusarium acuminatum 

Fusarium acuminatum Ellis & Everhart is cosmopolitan and has been reported as 

a soil saprophyte or in association with roots and crowns of plants (21, 39, 70, 88, 105). 

F. acuminatum is known to cause root, foot, and crown diseases on a variety of hosts (21, 

39, 70, 88). Legume hosts affected by F. acuminatum include alfalfa, pea, and soybean 

(39, 70, 88). F. acuminatum has also been reported as a root rot pathogen of multiple 

grass species, as well as agronomically important cereal crops such as corn, wheat, 

sorghum, and barley (39, 70). In addition, F. acuminatum has been reported as a root rot 

pathogen on carnation, flax, and ginseng (39).  

F. acuminatum has not been directly associated with any known human or animal 

toxicoses, but has been reported to produce mycotoxins (70, 88). These mycotoxins 

include deoxynivalenol, diacetoxyscirpenol, enniatin B, HT-2 toxin, moniliformin, 

neosolaniol, T-2 toxin, and other trichothecenes (70, 88). 

Fusarium equiseti 

 Fusarium equiseti (Corda) Saccardo is cosmopolitan and has been reported 

primarily as a soil saprophyte or in association with dead or dying plant tissue (70, 88, 
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105). However, F. equiseti’s pathogenic capabilities have possibly been underestimated 

(21). F. equiseti has been recovered from soybean and has been reported as a root rot 

pathogen of pea (39). F. equiseti has also been reported as a root rot pathogen of many 

grass species, as well as corn, barley, oat, and wheat (21, 39). F. equiseti has also been 

reported as a root rot pathogen of beet, carnation, euonymus, flax, and ginseng (39).  

F. equiseti has been associated with human and/or animal diseases (88). F. 

equiseti is one of a few Fusarium species that have been linked with Degnala disease, 

which affects buffalo and cattle that have ingested Fusarium-colonized rice straw (88). 

Symptoms of Degnala disease include swelling of legs, necrosis, gangrene, and sloughing 

of the extremities (88). Degnala disease is thought to be caused by mycotoxins (88). F. 

equiseti has also been linked with equine leukoencephalomalacia from ingestion of 

infected bean hulls, poultry tibial dyschondroplasia (bone lesions) from ingestion of 

contaminated barley grain, and leukemia in humans, possibly from the 

immunosuppressive effects of mycotoxins produced by this species (88). F. equiseti has 

also been reported to produce multiple mycotoxins including acetoxyscirpenediol, 

butenolide, diacetoxyscirpenol, equisetin, neosolaniol, nivalenol, T-2 toxin, zearalenol, 

and zearalenone (70, 88, 105).  

Fusarium graminearum 

 Fusarium graminearum Schwabe is cosmopolitan and is primarily known as a 

cereal pathogen, but also occurs on a number of other annual and perennial plants (21, 39, 

70). F. graminearum has been studied extensively. F. graminearum was comprised of 

two groups within the species based on ecological and pathological differences, but those 

have been split into two species, F. graminearum and F. pseudograminearum (70). 
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Additional subdivisions have been proposed within this species. One set of proposed 

changes is based on differences in pathogenicity, culture morphology, and toxin 

production. However, the genetic characteristics have not been examined to substantiate 

the taxonomic changes. Nine phylogenetic lineages in F. graminearum have been 

identified that can be resolved through sequencing (70). Interestingly, there is no 

indication that these nine lineages are belong to more than one biological species based 

on cross-fertility data with the same strains. Numerous studies using corn, wheat, and 

barley have been conducted to investigate host susceptibility to populations of F. 

graminearum, and a number of physiological studies have also been made. Significant 

genetic work has been carried out using F. graminearum, including work to make this the 

first Fusarium species to have its entire genome sequenced (30). As a plant pathogen, F. 

graminearum is best known for causing head blight of cereals such as wheat and barley, 

as well as ear and stalk rot of corn. 

 F. graminearum is not typically associated with humans or animals as a direct 

pathogen; however, studies have shown that it is resistant to a wide range of antifungal 

drugs (70, 88). F. graminearum produces three important mycotoxins zearalenone, 

nivalenol, and deoxynivalenol. This fungus has also been reported to produce mycotoxins 

such as aurofusarin, culmorins, fusarin C, and fusarochromanone, but not moniliformin. 

The genetics of trichothecene production in F. graminearum is also well understood. 

Toxicity to humans and animals has been associated with F. graminearum. Toxicity has 

been reported in cattle, chickens, ducklings, geese, guinea pigs, hamsters, insects, mice, 

pigeons, pigs, rabbits, rats, and turkeys. 
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Fusarium oxysporum 

 Fusarium oxysporum Schlechtendahl emend. Snyder & Hansen is cosmopolitan, 

as the Fusarium species with the greatest distribution worldwide. F. oxysporum is a 

common soil saprophyte and is the most economically important species within the genus 

Fusarium (70). This species is a heterogeneous species complex and composed of dozens 

of species that need to be defined and separated. F. oxysporum is one of four Fusarium 

species where the entire genome has been sequenced (82). A tomato pathogen, F. 

oxysporum f. sp. lycopersici, was used for comparative genomics analyses to compare 

with other sequenced Fusarium species. Plant pathogenic representatives of the F. 

oxysporum species complex (FOSC) are most often associated with vascular wilt, 

damping-off, and crown and root rots. However, many isolates within the FOSC are host 

specific and have been subdivided into formae speciales and races. F. oxysporum causes 

root rot and/or wilt on legumes such as alfalfa, beans, peas, and soybean (39). This 

fungus can also cause root rot on a number of cereals and stalk rot on corn. Other 

economically important hosts include banana, carnation, cotton, cucurbits, onion, palms, 

peanut, peppers, radish, spinach, tomato, and a wide range of ornamental plant species. 

Aside from causing plant diseases, isolates of F. oxysporum have been used for 

biocontrol of other Fusarium diseases, as well as controlling weeds and other undesirable 

plants.  

 F. oxysporum  has been associated with a variety of human infections that include 

corneal infections, dermatitis, burn wounds, as well as localized and systemic infections 

(70, 88). Patients with leukemia and organ donor recipients are especially at risk for 

infection with F. oxysporum. Resistance to many antifungal compounds exists in the 
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FOSC, but certain antimycotic drugs are effective in treating immunocompromised 

patients who have F. oxysporum infections. F. oxysporum is generally considered as non-

toxigenic, but isolates have been shown to produce various secondary metabolites that 

can cause toxic responses. Strains of F. oxysporum have been linked to toxicosis in cattle 

that ingested moldy sweet potato, but the effects could also have been attributable to F. 

solani contamination. F. oxysporum has been reported to produce beauvericin, bikaverin, 

enniatins, fusaric acid, fusarin C, isoverrucarol, moniliformin, naphthoquinone pigments, 

sambutoxin, and wortmannin. Toxigenic isolates have had adverse effects on brine 

shrimp, chickens, mice, pigeons, rabbits, and rats. 

Fusarium proliferatum 

 Fusarium proliferatum (Matsushima) Nirenberg has a worldwide distribution and 

occurs on a wide variety of substrates (70, 105). This fungus causes root rot of pine 

seedlings, root and crown rot of asparagus, date palm decline, as well as stalk and ear rot 

of corn (39). In addition, F. proliferatum causes diseases of sorghum, garlic, onion, and 

mango. F. proliferatum has also been reported as a mycoparasite of Plasmopara viticola, 

the causal agent of grape powdery mildew, and is being evaluated for use as biocontrol.  

 F. proliferatum has been linked to infections in healthy and immunocompromised 

humans (70, 88). This fungus is resistant to the majority of antifungal compounds used in 

medicine. Toxicity has been observed in brine shrimp, ducklings, and rats. F. 

proliferatum  isolates can produce beauvericin, fusaproliferin, fusaric acid, fusarins, and 

moniliformin. Fumonosins are often produced at high levels and have been detected in 

infected asparagus and onions. 
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Fusarium redolens 

 Fusarium redolens Wollenweber is a fairly common soilborne fungus found in 

temperate regions (70, 105). This fungus has been reported as a root rot pathogen of a 

variety of hosts, which include asparagus, beans, carnation, peas, roses, and spinach (39, 

70, 105). F. redolens has changed taxonomic status with different authorities who have 

treated the genus and has been grouped with F. oxysporum.  Therefore, it is possible that 

F. redolens has been recovered from additional hosts, but was identified as F. oxysporum. 

Additionally, toxin studies are difficult to find since F. redolens isolates were identified 

as F. oxysporum. F. redolens has been associated with human disease and has been 

reported as producing fumonosins and fusaric acid (70, 88).  

Fusarium solani 

Fusarium solani (Marius) Appel & Wollenweber emend. Snyder & Hansen is 

cosmopolitan and occurs on a range of substrates (70, 105). This fungus is a species 

complex, based on phylogenetic analyses and the number of mating populations, and 

contains strains that need to be described as separate species. Some researchers have 

estimated that the F. solani species complex (FSSC) contains as many as 45 phylogenetic 

and/or biological species (176). Extensive work has been done to investigate the genetics 

of this species complex, as well as pathogenicity. This fungus is a pathogen of a diverse 

range of plant species and is well documented as a pathogen of a number of legumes. 

Some of the economically important legumes include alfalfa, bean, pea, and soybean (39, 

70, 105). In addition to these crops, F. solani is a pathogen of many other economically 

important plants such as avocado, citrus, conifer seedlings, cucurbits, orchids, passion 

fruit, peppers, potato, spinach, walnut, and a wide range of ornamentals (39, 70, 105). F. 
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solani has also been recovered from corn exhibiting symptoms of stalk rot and root rot, 

but it is not known if this species played a role in causing disease. F. solani has also been 

proposed as a biocontrol agent for controlling weeds, parasitic plants, other Fusarium 

pathogens, and has potential as a mycoparasite. 

F. solani can cause human and/or animal diseases. In humans, F. solani has been 

recovered from eyes, nails, skin, bone, nasal cavities, infected wounds, as well as from 

patients with cancer and HIV (70, 88). F. solani has also been shown to cause lung 

disease and has allergenic properties. Treatment of F. solani in humans is difficult 

because the fungus is resistant to most clinical antifungal compounds. In animals, F. 

solani is toxic and/or pathogenic to cattle, crayfish, dogs, insects, leeches, mice, penaeid 

shrimp, rabbits, rats, sharks, snakes, and turtles. Corneal infections in rabbits have been 

used as a model for studying keratitis caused by F. solani. Isolates of this fungus can 

produce enniatin, fusalanipyrone, fusaric acid, and moniliformin. In addition to these 

compounds, there are unconfirmed reports of trichothecene and zearalenone production 

in F. solani. There are also a number of chemically unidentified compounds produced by 

F. solani isolates that have toxic properties. 

Fusarium sporotrichioides 

 Fusarium sporotrichioides Sherbakoff has a widespread distribution and is found 

in temperate parts of the world in association with a wide variety of hosts (70, 105). F. 

sporotrichioides is generally considered a weak pathogen, but it has been shown to cause 

root and culm rot on a number of grasses, seedling blight on pine, tuber and seedpiece rot 

of potato, as well as root rot and head mold of barley and wheat (39, 70, 105). F. 

sporotrichioides has been isolated from cereals after overwintering under snow in the 
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United States, Canada, and the former Soviet Union, which indicates this species can 

survive at very low temperatures.  

 F. sporotrichioides has been associated with human and/or animal diseases (70, 

88). F. sporotrichioides-colonized cereal grains have been linked to the deaths of 

hundreds of thousands of people in the former USSR at the end of World War II. The 

deaths were attributed to alimentary toxic aleukia (ATA). Cultures of F. sporotrichioides 

isolated from grains have been shown to be highly toxic to a variety of experimental 

animals. This species has been well studied as a producer of the T-2 toxin and 

diacetoxyscirpenol mycotoxins and trichothecene biosynthesis has been studied 

extensively. F. sporotrichioides can produce other mycotoxins such as butenolide, fusarin 

C, moniliformin, scipertirol, steroids, and zearalenone.  

Fusarium subglutinans 

 Fusarium subglutinans (Wollenweber & Reinking) Nelson, Toussoun, & Marasas 

is primarily considered a corn pathogen and is found in cooler regions of the world (70, 

105). Information regarding the incidence and distribution of F. subglutinans is 

somewhat limited due to morphological similarities to other Fusarium species, including 

F. verticillioides. F. subglutinans causes root rot and ear rot on corn, but can also cause 

shoot dieback and pitch canker on pine seedlings, crown rot of asparagus, and fruit rot of 

banana, pineapple, and melon (70, 88). F. subglutinans has also been recovered from 

native grasses across North America, cowpea, millet, orchids, peppers, sorghum, teosinte, 

and wild rice.  

 F. subglutinans has been associated with esophageal cancer in humans, likely 

from ingestion of contaminated corn. F. subglutinans has also been shown to have toxic 
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effects on ducklings, rabbits, and rats (70, 88). Isolates of F. subglutinans have been 

show to produce large quantities of moniliformin and fusaproliferin, but little to no 

fumonisins, beauvericin, or fusaric acid. Trichothecene production by F. subglutinans has 

not been confirmed. 

Fusarium verticillioides 

 Fusarium verticillioides (Saccardo) Nirenberg occurs worldwide and is one of the 

most prevalent fungi associated with corn (70, 105). There has been some controversy 

regarding the name of this taxon, which was named F. moniliforme until recently. 

However, F. verticillioides is the name that should be used for this species because F. 

moniliforme included strains from species other than F. verticillioides. The genetics of 

vegetative compatibility of F. verticillioides has been studied extensively and the genome 

of this species has also been sequenced. F. verticillioides is largely associated with stalk 

rot and ear rot of corn where it causes significant yield losses and reductions in grain 

quality. F. verticillioides has been recovered from teosinte, finger millet, sorghum, and 

multiple native North American grass species. This fungus has been associated with 

diseases of a broad range of other hosts, but due to confusion with the nomenclature and 

a lack of understanding that there were potentially multiple species in the older species 

definitions it is difficult to determine the cause. F. verticillioides has been reported to 

cause crown rot of asparagus, root rot of rice, and top rot of sugarcane. F. monilforme 

also causes root rot of a number of legumes including soybean, as well as root rot on a 

number of graminoid agronomic crops, seedling diseases on pine and fir seedlings, and a 

wide range of symptoms on various vegetables, ornamentals, and trees. Many of these 
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pathogenic associations will likely need to be reevaluated to determine if F. 

verticillioides caused the symptoms. 

 F. verticillioides is known to be allergenic in humans and capable of infecting 

people with compromised immune systems, which is difficult to ameliorate due to its 

resistance to many clinical antifungals. F. verticillioides is also known to cause disease in 

alligators and freshwater fish. The most important toxins produced by this fungus are 

fumonisins, and some strains are known to produce high levels. Other toxins produced by 

F. verticillioides include fusaric acid, beauvericin, and trichothecenes. These toxins likely 

contribute to toxicoses observed in baboons, cattle, chickens, donkeys, ducklings, horses, 

mice, rabbits, rats, sheep and monkeys.  

Fusarium virguliforme 

Fusarium virguliforme O’Donnell & T. Aoki was recently described in 2003 (6). 

This fungus was previously considered a member of the FSSC and was named F. solani 

f. sp. glycines. F. virguliforme is an economically important pathogen of soybean and 

causes the disease sudden death syndrome (SDS) in the United States. Additional 

Fusarium species have been described that can cause SDS symptoms, but these species 

have only been found in South America (6, 7). As indicated above, hosts of F. 

virguliforme also appear to include other important plant species (62-64). 

It is unknown if F. virguliforme can act a human and/or animal pathogen. Since it 

was previously grouped with F. solani, it is possible that some of the strains associated 

with various afflictions may have actually been F. virguliforme. However, strains that 

have now been identified as F. virguliforme will need to be tested to determine if this is 

true. The same is true for mycotoxins production. There are no reports of F. virguliforme 
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producing known toxins in the literature, but confirmed isolates should be tested to 

determine if this is a potential concern. 

Factors That Influence Fusarium Root Rot 

Host Resistance 

 Host resistance to Fusarium root rot is not readily available for soybean production 

(53, 157). However, resistance is available for F. virguliforme and appears to be an 

effective method for managing SDS. Resistance to SDS is not found in most of the 

ancestral cultivars that represent the genetics of majority of North American soybeans. 

Even though more than 2000 cultivars and experimental lines have been tested for 

resistance to SDS, less than 2% have been found to have resistance (97). Many of these 

resistant lines have not been integrated into breeding programs because they have 

undesirable phenotypic traits (97). Additional research with resistance to SDS has led to 

the discovery of genomic regions that have been used in breeding programs to reduce 

SDS symptoms and associated yield losses, but further research is necessary to find 

additional sources of resistance to SDS, as well as other Fusarium species (106). 

 One approach to obtaining soybean with resistance to Fusarium root rot is to 

evaluate cultivars with resistance to other pathogens to see if they are also resistant to 

Fusarium species. Bilgi et al. (18) discovered a kidney bean variety with resistance to 

bacterial blight also had resistance to root rot caused by F. solani f. sp. phaseoli. 

However, the authors observed differences when plants were grown under field 

conditions that could have been caused by the presence of high populations of F. 

oxysporum. This suggests that even though the cultivar was resistant to F. solani f. sp. 

phaseoli, it was still susceptible to F. oxysporum. Another factor that needs to be taken 
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into consideration is how environmental conditions may affect levels of resistance. Cichy 

et al. (29) investigated expression of resistance to Fusarium root rot in beans. They found 

that their results changed if the plants were grown in compacted soil, suggesting that 

environment may affect host resistance. Additionally, certain stresses could influence 

resistance to root rot. Miklas et al. (92) described studies with common bean where 

cultivars selected for drought stress tolerance also had lower levels of root rot. Since it is 

known that certain environmental stresses are associated with increased levels of root rot, 

it may be important to consider them in a breeding program. 

Crop Rotation 

 Crop rotation is one of the oldest existing plant disease management strategies (80). 

Crop rotation may be used to maintain soil structure, reduce soil erosion, and increase the 

input of carbon to the soil through root exudates and residues (156). Rotations including 

legumes increase the amount of nitrogen in soil, which can also increase crop production. 

Different crop rotations can increase microbial biomass and activity, as well as shift soil 

microbial community structure (158). Changes in soil microbial communities can affect 

soil productivity and sustainability (91). The productivity and health of agricultural 

systems depend greatly upon the processes carried out by soil microorganisms. These 

processes range from nutrient cycling and residue decomposition to the structural 

components of soil. Changes that affect these processes can affect plant growth and crop 

quality. Increases in yields following crop rotation can be sometimes be attributed to the 

reduction of pathogen populations and/or increased populations of organisms antagonistic 

to plant pathogens (80, 91). Short rotations using two or three crops can be used to reduce 
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the incidence of diseases, pests, or weeds that are difficult to control with pesticides. 

Most corn in the Midwestern United States is grown on a two-year rotation with soybean. 

 Continuous cropping with the same susceptible host plant will usually result in the 

establishment of a soil population of pathogenic microbes, while rotations often reduce 

diseases caused by soilborne pathogens (156). Using non-host or less susceptible crop 

plants for the rotation can lead to a decline in the populations of plant pathogens in the 

soil (156). Therefore, crop rotation can be useful for management of soilborne plant 

pathogens, but it is not always effective. Some soilborne pathogens, particularly those 

with narrow host ranges, biotrophs, or those with low saprophytic ability, can be 

managed by planting non-host crops (1, 156). However, crop rotation may not be 

effective as a tool to manage soilborne pathogens that have broad host ranges, persist as 

saprophytes, and/or produce overwintering structures that last for multiple years (1, 80, 

156). Even if crop rotation is successful for a problematic disease, the number and 

species of crops farmers can include in rotation are limited by public food demands, 

infrastructure, and profitability (119). This provides greater incentives for monocultures 

and short-term cropping sequences consisting of two to three years. Modern advances in 

fertilizers, pesticides, and fungicides also promote monocultures by providing products 

that can increase crop yields and reduce pathogen populations and damage (64). 

Monoculture of soybeans has become more common in parts of China, and researchers 

there have observed a steady decline in yield as soybean has been continuously planted 

(72). 

 Although crop rotation has not been extensively studied with Fusarium root rot of 

soybean, there are examples in the literature where rotation has been studied in relation to 
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SDS. Crop rotation does not appear to reduce SDS on a consistent basis. Some research 

has shown that a three-year wheat-corn-soybean rotation could significantly reduce yield 

losses to SDS compared to continuous cropping of soybean (127, 155). Rupe et al. (128) 

found that rotation of soybean with a cereal crop such as sorghum or wheat would reduce 

F. virguliforme populations compared to continuous cropping with soybean. However, 

they also noted that rotations with fescue did not reduce populations of F. virguliforme. 

Additional studies have demonstrated that crop rotation with a crop away from soybean 

had limited effects on SDS disease severity, and this has been supported by information 

in extension reports and observations made by growers (54-56, 127, 170).  

 In part, the difficulty with managing Fusarium species is due to the multiple 

strategies these fungi can use for survival. Many of Fusarium species are capable of 

producing chlamydospores that allow them to survive harsh conditions for long periods 

of time (53, 70, 105). They are also capable of surviving in association with plant debris. 

This introduces another level of complexity because the Fusarium species described 

above have a wide host range and/or have been shown to survive associated with non-

host crops used in rotation so rotation alone may not be enough to manage root rot. 

Tillage and Residue Management 

 For decades, it was considered good practice for farmers to incorporate all plant 

residue into the soil. Despite the advantages, one important drawback to reduced and no 

tillage systems is that they profoundly impact the environment in which crops are grown. 

This can greatly affect the types of plant pathogens that proliferate in the newly 

developed environment. Plant pathogen populations can increase to damaging levels 

under reduced tillage conditions and become yield limiting. Reduced and no tillage 
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systems alter a number of environmental factors. Crop residues on the soil surface reduce 

soil temperature, which can slow crop growth and reduce yields. Surface residues also 

reduce wind speed at the soil surface, catch snow, and increase water infiltration and the 

amount of moisture deeper in the soil profile. This will increase soil moisture overall. In 

conservation tillage, nutrients are often applied to the surface with little or no soil mixing. 

This is problematic because nutrients such as phosphorus accumulate at the surface and 

may be lost with runoff. Furthermore, under dry conditions the soil surface may become 

too dry for nutrient uptake by plants. Crop plants may suffer from drought stress and 

nutrient deficiencies because of the lack of root mass and nutrients available further 

below the soil surface. Additionally, increased microbial activity on the soil surface 

associated with crop residues causes nitrogen to become immobilized when nitrogen 

fertilizers are applied to the surface (20). This can result in nitrogen deficiencies and 

yield reduction. The tradeoff is that after several years of conservation tillage, soil 

organic matter will increase and provide a reservoir of organic nitrogen. Also, in no-

tillage systems, the length of fungal hyphae and the ratio between fungal and bacterial 

biomass is greater than that in conventional tillage soil. This is likely due to reduced soil 

disturbance, increased water content of soil, surface layer residues, and nutrient supply 

from plant residue and root exudates. Fungal species are more numerous in no tillage 

systems compared to conventional tillage (158).  

 In terms of managing plant pathogens, there are disadvantages to using 

conservation or no tillage practices. Leaving large amounts of crop residue on the soil 

surface may favor pathogens that survive in infested residue. These pathogens colonize 

the plant tissue during the growing season and the residue provides protection and 
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nutrients over the winter. The pathogens can then grow from the residue and potentially 

infect the succeeding crop. Conventional tillage leads to burial of residue and exposure to 

rapid microbial degradation in the soil. When residue is degraded the pathogens may die. 

However, leaving crop residue on the soil surface lengthens the time that the pathogens 

occupy it delays decomposition of the residue. Increased use of conservation tillage has 

been shown to increase populations of soilborne pathogens such as Fusarium 

graminearum and Rhizoctonia solani, both wheat pathogens, because both fungi were 

able to survive in residue (20). Tillage appears to be important for survival of other 

Fusarium species, as well as other soybean pathogens (5, 10, 127). 

 In one study, F. proliferatum, F. subglutinans, and F. verticillioides were shown to 

survive for 100 days longer in association with surface residue of corn compared to 

residue that had been buried (99). The additional 100 days would potentially allow these 

pathogens to persist across multiple seasons such that rotation with another crop might 

not be effective. In terms of using tillage for management of Fusarium on soybean, there 

have been a number of studies that have looked at the effects of tillage on SDS.  Tillage 

has been shown to affect SDS, but results vary depending on the study. In some studies, 

different tillage practices reduced foliar severity compared to no tillage (151, 155). In 

studies where soil moisture was high, the type of tillage used did not significantly reduce 

SDS levels; however, when soil moisture was lower disk tillage significantly reduced 

SDS compared to no tillage (151). It’s likely that under conditions where soil moisture 

was high that tillage may not make a difference because of soil compaction, which is 

known to increased SDS (127, 151). However, results from some field studies indicate 

that subsoiling to a depth of 40 to 45 cm can reduce the severity of SDS foliar symptoms 
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(152). These results suggest that using conventional tillage practices would aid in 

reduction of SDS. However, a recent study involved the use of a long term no tillage 

system and the results showed a reduction in SCN populations and SDS incidence (160). 

These conflicting results do not provide clarity that is needed for making decisions 

regarding the management of SDS. However, the results do indicate that factors other 

than tillage must be considered when devising management strategies for soilborne 

pathogens, including other Fusarium species. 

Soybean cyst nematode 

 Heterodera glycines Ichinohe, the soybean cyst nematode (SCN), causes greater 

reduction of soybean yield in the United States than any other pests or diseases (164, 166, 

167). The presence of SCN is not required for disease development with soilborne fungi. 

However, SCN may increase disease levels by providing wounds as an entry point for 

Fusarium species, as well as other root pathogens, to infect roots (126, 134). Managing 

nematode populations has also been shown to help reduce fungal root diseases of corn 

(161). Therefore, management of SCN may reduce Fusarium root rot.  

 Studies of SCN interactions with Fusarium species have primarily been focused on 

F. virguliforme. Generally, soybeans resistant to SCN tend to be less susceptible to SDS 

(108, 127). Host resistance has been used as one strategy to manage SCN and reduce 

SDS (127). However, efficacy of resistance for managing SCN was variable. Under 

certain environmental conditions resistance to particular races of SCN broke down and 

host susceptibility to SDS increased; although, the authors do not specifically indicate 

what environmental conditions may have contributed to this observation. Alternatively, 

resistance to other races of SCN appeared to improve the soybean resistance to SDS (108, 
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127). The use of host resistance to SCN has been effective at reducing SDS in fields with 

high numbers of cysts (106, 108).  

Seed treatments 

 Soybean seed costs have increased and more interest has developed for seed 

treatments to help protect this valuable crop. In crops such as corn, seed treatments have 

been widely adopted. Nearly 100% of corn seed is treated compared to 50-60% of 

soybean seed treated in the United States (33). This has increased interest in the potential 

value of soybean seed treatments. Currently, seed companies apply most of the soybean 

treatments, while other seed is treated directly by growers. There are a number of 

different types of chemistries available to manage fungal root rots. Some fungicides have 

a broad-spectrum mode of action, while others have a site-specific mode of action. Many 

of these chemistries were designed to improve the efficacy of seed treatments against a 

range of soilborne pathogens that include Fusarium species (22). 

Thiabendazole (TBZ) is a benzamidazole fungicide that moves systemically in the 

plant. The mode of action of TBZ is that it binds to the fungal "-tubulin molecule, which 

will disrupt microtubule assembly and interfere with cell division (135). TBZ has been 

used for controlling post-harvest diseases, including those caused by Fusarium species. 

However, extensive use of TBZ has resulted in the selection of pathogen populations that 

are insensitive to TBZ. Dry rot of potato, caused by multiple Fusarium species, has 

become difficult to manage due to the development of TBZ-resistant strains of F. 

sambucinum and F. solani (111). Additionally, TBZ-resistant strains of Penicillium 

digitatum have been detected in California (135). TBZ is also labeled for Fusarium root 

rot of soybean. 
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Fludioxonil, a phenylpyrrole fungicide, is a non-systemic analog of the antibiotic 

pyrrolnitrin that is used to control a broad spectrum of plant pathogenic fungi (60). The 

mode of action is not well understood. It is thought that it stimulates biosynthesis 

pathways that produce polyols such as glycerol and mannitol in fungal cells. These 

compounds can induce germ tube distortions, abnormal hyphal swelling, and cell lysis. 

There is little data available in the literature on sensitivity of Fusarium species to 

fludioxonil, but it has been shown to be effective against Sclerotinia sclerotiorum on 

infected soybean seed (96). In addition, fludioxonil helped increase soybean yields in 

some trials in North Dakota (22). Resistance to fludioxonil has been detected in multiple 

fungi, which is a concern for managing fungal pathogens (34).  

Strobilurins are a class of fungicides originating from the compound strobilurin A, 

which is a secondary metabolite produced by the Basidiomycete Strobilurus tenacellus 

(25). Strobilurins inhibit electron transport between cytochrome b and cytochrome c1 in 

the mitochondrial respiratory chain, which disrupts the production of ATP. Strobilurins 

have a broad spectrum of activity against fungal species belonging to Oomycetes, 

Ascomycetes, and Basidiomycetes (25, 49). It was thought that the development of 

pathogen strains resistant to standard fungicides would be delayed by introducing 

fungicides with a new mode of action. However, there are reports of Fusarium and 

Alternaria species with decreased sensitivity to different strobilurin fungicides; therefore, 

there is a risk of fungicide resistance developing due to widespread use of fungicides with 

site-specific modes of action (24). It also appears that some pathogens constitutively 

express cytochrome and alternative oxidase respiratory pathways enabling them to 

continue ATP production, which makes them resistant to strobilurin fungicides. 
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In 2004, soybean diseases cost farmers in Ohio an estimated 150 million dollars. 

Results from a study by Beuerlein (11) indicated that fungicidal seed treatments increased 

soybean yield in Ohio by more than three times the treatment cost 75% of the time. Based 

on this outcome, researchers in this region recommend the use of seed treatments to 

improve plant health. Additionally, Poag et al. (116) found that differences in financial 

return varied over $300 per hectare across trials when they compared fungicide 

treatments and untreated treatments, indicating large variability in treatment success. 

As an alternative to using chemicals to control root rot, there is also the possibility 

of using antagonistic microorganisms as a control strategy. The use of microorganisms to 

control plant diseases has shown promise and has potential for managing Fusarium rot 

root of soybean. Compared to chemical control measures, the use of microbial agents to 

control plant pathogens can be considered more of an eco-friendly and cost-effective 

component of an integrated management program (174). Biocontrol agents are usually 

indigenous in fields where they are isolated so the risk of environmental contamination is 

limited. In addition, the microbes isolated from crop roots or rhizosphere soil may 

colonize the root system and persist in these rhizosphere communities. This would 

potentially provide long-lasting effects in reducing root rot and increasing healthy growth 

crops. Using rhizobia inoculant is one treatment option. These bacteria are necessary for 

nitrogen fixation to occur. Products may also contain the bacterium Bacillus subtilis, 

which can inhibit soilborne pathogens such as Fusarium and Rhizoctonia species (9). In a 

study by Zhang et al. (174) they discovered that when they used strains of B. subtilis 

isolated from soybean and corn roots as soil treatments, they reduced Fusarium root rot 

severity on soybean by 68 to 74%. In addition, application of the bacteria increased 
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emergence by 14 to 18%, plant height by 11 to 23%, and root dry weight by 16 to 24%. 

These results suggest that B. subtilis could be an effective alternative to fungicides in 

managing Fusarium root rot of soybean. 

Glyphosate 

Glyphosate [N-(phosphomonomethyl)glycine] is a water-soluble, non-selective 

herbicide applied to foliage resulting in death of most herbaceous plants (67). It is a 

broad-spectrum, strong metal chelating herbicide that inhibits an enzyme that is necessary 

for the shikimic acid pathway in plants. The shikimic acid pathway is responsible for 

synthesis of aromatic amino acids and precursors of other critical aromatic compounds 

including plant growth regulators and phytoalexins. Glyphosate is such an effective 

herbicide because it remains intact in the plant with little degradation and is systemically 

transported throughout the plant before inducing symptoms. Different cations will chelate 

with glyphosate and reduce its herbicidal efficacy. Plants with a compromised shikimate 

metabolism are predisposed to various plant pathogens, and glyphosate is patented to 

enhance the virulence and pathogenicity of organisms used for biological control of 

weeds. The synergistic activity of glyphosate in predisposing plants to infectious 

organisms has been observed for many diseases, and the extensive use of glyphosate in 

agriculture may be a significant factor in the increased severity and/or reemergence of 

diseases that had once been efficiently managed. 

The adoption of Roundup Ready® (RR) crops such as soybean, corn, canola, and 

cotton, has led to application of glyphosate in these production systems. When glyphosate 

is applied, it is translocated to roots and released into the rhizosphere with root exudates 

of plants (59, 67, 177). The toxic effects of glyphosate on the microbial community are 
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cumulative such that Mn deficiency is observed in areas because of reduced populations 

of Mn-reducing soil microorganisms (59). The presence of the glyphosate-resistance gene 

in corn and soybeans also reduces Mn uptake and physiological efficiency (59). Along 

with glyphosate-induced Mn deficiency, there has been a gradual recognition of increased 

disease severity (59). 

The use of glyphosate with Roundup-ready (RR) cultivars of soybean has been 

associated with increased levels of Fusarium populations, as well as increased levels of 

disease symptoms (68, 131, 132). Sanogo et al. (132) found that greenhouse-grown 

soybeans treated with glyphosate had greater disease severity and F. virguliforme was 

isolated at higher frequencies relative to control plants. Sanogo et al. (131) followed up 

their greenhouse studies by conducting field trials where increased levels of SDS were 

observed when plants were treated with glyphosate. Additional field data from Canada 

suggests that when glyphosate was applied in fields prior to planting and environmental 

conditions were conducive, the result was higher levels of Fusarium head blight (FHB) of 

spring wheat compared to fields where no glyphosate had been used (41). Furthermore, 

Levesque et al. (71) observed that glyphosate applied to a variety of weedy plant species 

enhanced field populations of Fusarium species.  

Despite these findings, some experimental results suggest that glyphosate may not 

have a significant effect on Fusarium populations and disease levels (26, 107). It is 

possible that other factors also played a role in changes observed with pathogen 

populations and/or disease levels. However, it does appear that enough evidences exists 

to warrant additional research to determine if glyphosate is playing a role in the 

development of diseases caused by Fusarium species. 
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Diagnosis and detection of Fusarium 

Classical approaches 

Traditional cultural methods using semi-selective media have been used for 

diagnosing Fusarium infections in soybean tissue, as well as detecting propagules from 

soil (46, 127, 136). However, the use of semi-selective media can be time consuming and 

putative colonies may be confused with related fungi that are similar in morphology. In 

addition, the media will support the growth of other fungi, so it is common to recover 

other microorganisms that may be difficult to separate in culture. Extensive subculturing 

is often necessary to separate putative Fusarium colonies in order to obtain a pure culture 

for identification. As indicated above, many Fusarium species also exist as saprophytes; 

therefore, recovering Fusarium in culture doesn’t confirm that it is the cause of the 

observed disease symptoms. In some cases, obtaining the identification of Fusarium 

recovered in culture may be necessary to determine if it is a known pathogen or a newly 

discovered association. Identification of Fusarium to the species level based on 

morphological characteristics requires many years of experience and may not be possible 

since some species share such similar characteristics. 

Molecular approaches  

Standard PCR and quantitative real-time PCR methods have been developed for 

detection of multiple Fusarium species in plant tissue and soil (70, 73). Both methods 

appear to be rapid and sensitive for detecting the respective pathogens. Li and Hartman 

reported that their method was sensitive enough to detect F. virguliforme levels as low as 

103 macroconidia per gram of artificially infested soil (73). Methods have been published 
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for detecting F. solani and F. oxysporum, as well as other Fusarium species. However, 

these methods have been developed to detect strains from individual forma specialis and 

may exclude other populations in these species complexes (79). Other studies have been 

published where PCR assays were designed to detect Fusarium species from patients 

with keratitis infections, but their assays were not specific and amplified other Fusarium 

species and/or they did not amplify all of the strains used in their experiments to test the 

specificity of the assays (4). As described above, additional Fusarium species may be 

involved in a root rot complex on soybean and additional research is necessary to develop 

tools that can be used for detection of these fungi. 

In addition to using PCR for detecting pathogenic Fusarium species, there is the 

potential for development and use of macroarrays. Macroarrays are basically a DNA 

array where oligonucleotides are attached to a porous membrane. The oligonucleotides 

are complimentary to short DNA sequences found in representative strains from 

populations of plant pathogens. Macroarrays have been developed for detecting Fusarium 

species, as well as other plant pathogens, from plant material, soil, and water samples 

(75-78, 147, 175). Specifically, a macroarray has previously been developed for detecting 

F. solani and F. oxysporum from tomato (76). Macroarrays could potentially be a useful 

tool for detection of Fusarium species in soybean, as well as other microorganisms that 

may be involved in root rot complexes (139, 147).  

Conclusion 

Soybean is an important agronomic crop in Minnesota, as well as other areas of 

the United States. There are a number of fungal soilborne pathogens that can potentially 

cause root rot, but little is known about their distribution, etiology, and how they may 
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interact in causing disease. Fusarium root rot is consistently reported as one of the top 

causes of yield losses in soybean even though there is little data available that clearly 

demonstrates pathogenic associations between Fusarium species and soybean. It is 

important to improve our knowledge and gain a clearer understanding of this complex 

system in order to provide growers with management practices that will reduce the 

impact of root rot on soybean yields. The goals of this research were to identify important 

fungal root pathogens of soybean, develop molecular assays to aid in early detection of 

root pathogens, and to investigate the effects of fungicide seed treatments as a potential 

means of controlling root rot. 
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Root diseases of soybean cause substantial yield reduction in the United States. 

Fusarium root rot is one of the most common diseases affecting soybean, but information 

regarding the pathogenicity and distribution of Fusarium species that cause root rot of 

soybean is limited. In 2007 and 2008, soybean and corn samples were collected from 15 

fields in 10 counties representing major soybean production areas in Minnesota. Root 

tissue was plated onto four different media. Multiple fungal genera and species were 

isolated; however, Fusarium was the most frequently isolated genus in all locations. 

Seven hundred isolates representing 10 different Fusarium species were identified using 

morphological characteristics and sequences of the translation elongation factor 1-# 

locus. Among these, F. oxysporum, F. solani, F. acuminatum, and F. proliferatum were 

most prevalent. Isolates of each Fusarium species incited root rot symptoms on soybean 

seedlings, as well as corn seedlings, in a greenhouse. Fusarium isolates that incited 

severe root rot were also tested in field plots where damping-off and root rot were 

observed. Results indicated that F. acuminatum, F. equiseti, F. graminearum, F. 

oxysporum, F. proliferatum, F. redolens, F. solani, F. sporotrichioides, F. subglutinans, 

and F. verticillioides are associated with soybean roots in the early reproductive stages in 

Minnesota and can incite root rot on seedlings. These findings also suggest the 

involvement of multiple Fusarium species in the development of root rot on soybean in 

MN fields. This study is the first to demonstrate a pathogenic association between 

soybean and multiple Fusarium species. 
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INTRODUCTION 

In 2009, approximately 285 million bushels of soybean (Glycine max) were 

produced from 2.9 million ha in Minnesota (101). High yields are important for soybean 

production and financial losses can be severe if yields are reduced by disease. While 

estimated total losses attributed to disease may differ depending on production area and 

environmental conditions, soilborne pathogens of soybean, particularly root diseases, 

have the greatest impact on soybean yields (53, 166). In 2005, estimated yield losses 

attributed to soilborne pathogens in Minnesota were nearly 85,000 tons (166). 

Fusarium root rot is one of the most damaging diseases of soybean in the United 

States (166). Fusarium species have been found in association with soybean roots in the 

United States, as well as in other countries such as Argentina and Brazil (7, 89, 125). At 

least 15 Fusarium species have been isolated from soybean roots (38, 48, 61, 65, 69, 89, 

102, 123). Fusarium virguliforme, the cause of sudden death syndrome (SDS), has been 

recognized as an important root rot pathogen of soybean that causes significant yield 

losses (127). While F. virguliforme is an economically important pathogen of soybean, 

other Fusarium species have also been found associated with root rot of soybean. 

Members of the F. solani species complex (FSSC) and F. oxysporum species complex 

(FOSC) have been associated most frequently with soybean (8, 37, 42, 102, 130). 

However, few studies have been conducted to understand the distribution and status of 

different Fusarium species in the etiology of root rot on soybean.  

Nelson et al. (102) demonstrated that isolates of F. solani from the Red River 

Valley were capable of causing severe root rot on soybean. However, Cho et al. (27) 

studied F. solani isolates from soybean in Arkansas that caused root rot at relatively low 
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levels. Isolates of the F. oxysporum complex have also been implicated as soybean 

pathogens that cause a range of symptoms including stunting, chlorosis, wilting, epinasty, 

defoliation, and root rot accompanied by cortical decay or vascular discoloration (8, 37, 

42, 130). F. oxysporum has also been isolated from soybean in association with other 

Fusarium species, including F. solani (42). Killebrew et al. (61) reported that F. 

oxysporum did not produce disease symptoms in greenhouse inoculations. Forbes and 

Davet (44) found that F. solani could cause higher levels of soybean root necrosis 

compared to F. oxysporum and other Fusarium species tested. Additionally, Martinelli et 

al. (89) collected F. graminearum isolates from multiple hosts in Brazil and inoculated 

them onto soybean to produce root rot symptoms. Despite the abundance of Fusarium 

species associated with soybean roots, the conflicting data in the literature has made the 

status of these fungi as root rot pathogens of soybean somewhat unclear. The objective of 

this study was to characterize and identify Fusarium species associated with soybean 

roots in Minnesota and to assess the pathogenicity characteristics of soybean-derived 

Fusarium isolates.  

 
MATERIALS AND METHODS 

Field sampling. Each of fifteen fields were sampled in Minnesota during the 2007 and 

2008 growing seasons. Soybean fields from 10 counties (Fig. 1, Table 1) with a history of 

rotation with corn were selected based on reports from growers who had previously 

experienced poor yields or disease problems with soybean. For fields 1 through 10, 4 

adjacent plants were dug up from each of 5 arbitrarily selected locations in each field.   

The leaves and stems appeared healthy in most sample locations, but in some locations 
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the plants were chlorotic and stunted.  For fields 11 through 13, samples were collected 

as part of a statewide soybean disease survey and consisted of 4 plants taken from each of 

3 arbitrarily selected locations in each field. For fields 14 and 15, 4 adjacent plants from 

each of 6 locations along each of 6 transects were collected from previously established 

soil fertility research plots.  All plants were collected at approximately the R3 growth 

stage. For fields 1, 2, 4, 5, 7, and 9, samples were also collected from adjacent corn fields 

in 2007. This allowed sampling from the same fields in two consecutive years and 

isolations from both crops. Corn was sampled by digging up three adjacent plants from 

each of 5 arbitrarily selected locations in each field. GPS coordinates were recorded for 

sampling locations in each field (Table 1). 

 
Fungal isolations. Root systems were washed to remove soil, surface sterilized in a 0.5% 

NaOCl solution for 3 min, rinsed in deionized water, and blotted dry. Roots were 

examined for symptoms and sections were made from the margins of necrotic roots and 

root lesions. Root segments were embedded in Nash-Snyder medium supplemented with 

120 !g/ml aureomycin for recovery of Fusarium species (2). Isolations were also made 

using 2% water agar, acidified half-strength potato dextrose agar (PDA) (Difco), and 

PARP (35) for recovery of other fungal and oomycete genera. Nash-Snyder plates were 

incubated at 22°C and received ambient fluorescent light. Plates were examined at 7, 14, 

and 21 days and putative Fusarium colonies were transferred to PDA and carnation leaf 

agar (CLA) (43). 

 
Isolate identification. All Fusarium isolates were identified using DNA sequencing and 

morphological characteristics. For sequencing, genomic DNA was extracted from 
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mycelium of 700 isolates of Fusarium (Table 2). All isolates were grown in potato 

dextrose broth (PDB) on a rotary shaker at 200 rpm for 7 days at 22°C under ambient 

fluorescent light. The mycelia were harvested by vacuum filtration, homogenized in a 

FastPrep instrument (QBiogene, Irvine, CA), DNA was extracted using a FastPrep 

FastDNA kit, and DNA was stored at -20°C. The translation elongation factor 1-# (TEF) 

locus was amplified and sequenced using the primers EF-1H and EF-2T (110). 

Amplicons were sequenced using ABI Big Dye version 3.1 terminator chemistry at the 

University of Minnesota BioMedical Genomics Center. Sequences were edited using 

Editseq (DNA Star, Inc., WI) and submitted for BLAST searches for comparison to 

known DNA sequences in the NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and 

FUSARIUM-ID (http://isolate.fusariumdb.org/index.php) databases. DNA sequencing 

results were verified by growing all cultures on PDA and CLA for examination of 

morphological characteristics (70, 105). 

 
Soybean greenhouse pathogenicity experiments. Seven hundred Fusarium isolates 

indentified to species were used in greenhouse pathogenicity experiments. Inoculum was 

increased by infesting sterile sorghum grain using methods described by Mueller et al. 

(97), with modifications. Fifty-cm3 of sorghum was measured into 250-ml Erlenmeyer 

flasks, soaked in deionized water for 18-24 h, drained, and autoclaved for one hr on each 

of two consecutive days. Sterile sorghum was inoculated with three 5-mm plugs from 10-

day-old PDA cultures. Inoculum was incubated at 22°C under ambient fluorescent light 

and shaken daily for 2 weeks. Sterile sorghum was used for control plants. For 

inoculations, soybean seeds of the commercial variety AG2107 (Monsanto, St. Louis, 
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MO) were planted in 11.4-cm square pots approximately 1-cm above a 25-cm3 layer of 

Fusarium-infested sorghum or sterile sorghum. Two replicate pots containing 4 plants 

each were used per isolate. Sunshine LC-8 potting medium (Sun Gro Horticulture, 

Bellevue, WA) was used for greenhouse inoculations. Pots were maintained in a 

greenhouse with 25°C day and 22°C night temperatures and a 14-h day length for 28 

days. Plants were watered daily as needed. Twenty-eight days after planting the root 

system of each plant was washed and root rot incidence was assessed. Pathogenicity was 

assessed for each isolate in at least two separate experiments.  

 Three isolates each of nine Fusarium species that incited severe root rot 

symptoms in pathogenicity experiments described above were selected for use in 

additional greenhouse experiments (Table 3). F. verticillioides was not included in these 

experiments as it had not been identified or tested for pathogenicity. Pathogenicity 

experiments were carried out as described above; however, emergence, root biomass, 

foliar biomass, whole plant biomass, and dried root biomass were measured. For dried 

root biomass, each root system was placed in a paper bag and incubated in an oven at 

35°C for 48 hours prior to being weighed. Isolations were made from symptomatic 

soybean roots in these experiments. Isolations were carried out using Nash-Snyder 

medium as described above and putative Fusarium colonies were transferred to CLA and 

PDA. Isolates were identified using DNA sequencing and morphological characteristics 

as described above. The experiment was repeated once. 

 
Corn greenhouse pathogenicity experiments. Corn seedlings were inoculated with 

same 27 Fusarium isolates used to inoculate soybeans to determine if they incite root rot 
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and reduce plant growth. Inoculum was increased as described above for soybean 

inoculations, except 100-cm3 of sorghum was used per pot. Sterile sorghum was used for 

control plants. Corn seeds of the hybrid 0996344RW/GT/CB/LL (Syngenta Seeds, Inc., 

Minnetonka, MN) were planted in 13.7-cm square pots approximately 1 cm above 

Fusarium-infested sorghum or sterile sorghum. Two replicate pots containing two plants 

each were used per isolate. Sunshine LC-8 potting medium (Sun Gro Horticulture, 

Bellevue, WA) was used for greenhouse inoculations. Growth conditions in the 

greenhouse were the same as described above. Plants fertilized daily with Peter’s 

Professional 20-10-20 Peat-Lite Special (Scotts-Sierra Horticultural Products Company, 

Marysville, OH) at a rate of 3.9-cm3 per liter of water. Twenty-eight days after planting 

each root system was washed, root rot incidence was assessed, and emergence, root 

biomass, foliar biomass, whole plant biomass, and dried root biomass were measured. 

The experiment was carried out once. 

 
Field pathogenicity experiments. For field experiments in 2008, inoculum was prepared 

similar to methods described for greenhouse pathogenicity experiments. However, 1500-

cm3 of sorghum was added to each of 20 63.5-cm x 88.9-cm autoclave bags (VWR 

International, LLC, West Chester, PA). Two isolates each of F. proliferatum and F. 

solani, as well as five isolates of F. oxysporum (Table 4), were grown on PDA for three 

weeks at 22°C under ambient fluorescent light before they were used to inoculate sterile 

sorghum. Each isolate was used to inoculate two bags. Inoculum bags were incubated at 

22°C under ambient fluorescent light and mixed daily for 4 weeks. Sterile sorghum was 

used for control plants.  



 

 55 

Plots consisted of 30.5-cm diameter x 30.5-cm long pots constructed from 30.5-

cm diameter x 122-cm long cardboard concrete forming tubes. Pots were arranged in four 

blocks using a complete randomized block design. Soil was collected from the field 

where the plots were established and steam pasteurized for 2 h at 74°C. Inoculum for 

each isolate was mixed at a rate of 25 g per 1000-cm3 pasteurized soil for each pot. 

Sterile sorghum was used for control plants. The soil-inoculum mix was placed in each 

pot and a buffer layer of 2.5-cm pasteurized soil was added above the inoculum-soil mix. 

Twenty-five seeds of the soybean variety McCall were treated with Royal Peat inoculant 

(Becker Underwood, St. Joseph, MO) according to the label and sown in each pot 

followed by the addition of a 2.5-cm layer of pasteurized soil. Pots were watered with 

1900-cm3 of water once each week over the course of the experiment. Emergence was 

measured at 14 days after planting. At the VC growth stage, each pot was thinned to four 

plants. At the R4 growth stage, two plants were arbitrarily collected from each pot to 

measure height, root biomass, foliar biomass, and whole plant biomass. The remaining 

two plants in each pot were dug up at the R8 growth stage to measure the number of 

pods, number of seeds, and seed weight per plant.  

 For field experiments in 2009, inoculum was prepared as described for the 2008 

experiments. However, one isolate each of F. oxysporum, F. proliferatum, and F. solani 

was used for inoculations (Table 4). Inoculum rates were also increased to 50 g per 1000-

cm3 pasteurized soil for each pot. In addition, 3500-cm3 of coarse sand and 2250-cm3 of 

perlite were added to the inoculum-soil mix for each pot. Sterile sorghum was used for 

control plants. Pots were arranged in 10 blocks using a complete randomized block 

design. Twenty seeds of the soybean variety AG2107 were coated with inoculants as 
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described above and sown in each pot followed by the addition of a 2.5-cm layer of 

sterile soil. Emergence was measured at 10, 15, and 20 days after planting. At the VC 

growth stage, each pot was thinned to seven plants. At the V4 growth stage, four plants 

were arbitrarily collected from each pot to measure height, root nodulation, fresh root 

biomass, foliar biomass, whole plant biomass, and dried root biomass. The remaining 

three plants in each pot were used to measure plant height at the R5 growth stage and 

were subsequently dug up at the R8 growth stage to measure the number of pods, number 

of seeds, and seed weight. 

 
Statistical analyses. Data from greenhouse pathogenicity experiments with soybean and 

corn, as well as from field pathogenicity experiments, were analyzed using the general 

linear model (PROC GLM) of SAS (version 9.2; SAS Institute, Inc., Cary, NC). Means 

from inoculations were compared to those of the control treatments with Dunnett’s t test 

and among each other with Tukey’s HSD, where ! = 0.05. 

 
RESULTS 

Field sampling and isolate identification. Chlorotic plants and reduced stand were often 

observed in areas of fields sampled in this study (Fig. 2). Root necrosis was often 

apparent on the adult plants sampled from the fields (Fig. 3). Isolations yielded cultures 

of multiple fungal and oomycete genera. Fusarium was the focus in this study because it 

was the predominant genus recovered (data not shown). However, other important 

soybean pathogens such as Phytophthora, Pythium, and Rhizoctonia were also isolated.   

Sequencing of the TEF locus for 700 isolates of Fusarium revealed that at least 10 

Fusarium species can be recovered from soybean roots in Minnesota (Table 2). F. 
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oxysporum was the species most frequently recovered from the fields sampled, followed 

by F. solani and F. acuminatum (Table 2). The remaining Fusarium species were less 

prevalent (Table 2).  

 
Soybean greenhouse pathogenicity experiments. Each of the 10 Fusarium species used 

in greenhouse inoculations incited root rot on soybean under the conditions used for the 

pathogenicity assays (Fig. 4B to J, Table 2). Disease symptoms included, but were not 

limited to, taproot necrosis, lateral root necrosis, and stunting. Control plants did not 

develop symptoms of root rot (Fig. 4A). The majority of isolates for each Fusarium 

species incited root rot on soybean, but not all isolates incited root rot symptoms for some 

species (Fig. 5). The proportion of pathogenic to nonpathogenic isolates ranged from 

46% to 100% among the species tested.  

 Three isolates of each of nine Fusarium species were used for additional 

greenhouse assays to investigate effects on biomass. There were no significant 

differences between inoculated and control treatments for any isolate (# = 0.05) when 

whole plant and foliar biomass were measured (Figs. 6 & 7). One isolate each of F. 

acuminatum and F. sporotrichioides caused a significant reduction (P < 0.05) in fresh 

root biomass compared to the control (Fig. 8). Mean dried root biomass was not 

significantly different for the Fusarium isolates tested compared to the control (Fig. 9). 

Isolations from three plants of each treatment yielded cultures of Fusarium with 

morphological characteristics that were consistent with the Fusarium species that were 

used for inoculations. Sequencing of the TEF locus confirmed the identity of these 

isolates was the same as the isolates used for inoculations. 



 

 58 

  
Corn greenhouse pathogenicity experiments. Results from pathogenicity assays 

suggest that isolates of each of the nine Fusarium species used in soybean greenhouse 

inoculations also can incite root rot on corn under the conditions tested. Disease 

symptoms included hypocotyl necrosis, primary root necrosis, and lateral root necrosis 

(Fig. 10A to D). Control plants did not develop symptoms of root rot (data not shown). 

One isolate each of F. graminearum and F. subglutinans significantly reduced (P < 0.05) 

mean whole plant biomass and mean foliar biomass, respectively, compared to the 

control (Figs. 11 & 12). The Fusarium isolates tested did not cause a significant reduction 

in mean fresh root or mean dried root biomass compared to the control treatment (Figs. 

13 & 14). Isolations were not carried out from corn inoculation experiments. 

 
Field pathogenicity experiments. In 2008, symptoms of root rot and damping-off were 

observed following seedling emergence (Fig. 15), while control plants appeared healthy 

(Fig. 16). Isolations were made from a subset of inoculated plants and the same Fusarium 

species used for inoculations was recovered (data not shown). None of the Fusarium 

isolates tested caused a significant reduction in emergence compared to the nonioculated 

control (Fig. 17). Plants inoculated with F. proliferatum isolate Fpro-160 had a 

significant reduction in plant height (P < 0.05) at the R4 growth stage, whereas plants 

inoculated with isolates Foxy-71, Foxy-75, Foxy-246, or Fsol-100 had a significant 

increase in plant height relative to the control (Fig. 18). Soybeans inoculated with 

Fusarium isolates did not have a significant reduction in whole plant, foliar, or root 

biomass compared to control plants (Figs. 19-21). When plants reached the R8 growth 
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stage, no significant differences were detected in pod number, number of seeds, or seed 

weight of inoculated plants compared to controls (Figs. 22-24).  

 In the 2009 field experiments, root rot symptoms were observed on seedlings 

growing in pots infested with Fusarium, as was a reduction in emergence. Control plants 

did not have symptoms. Ten days after planting, the mean number of seedlings that had 

emerged in the control pots was significantly greater than that of seedlings in the 

Fusarium infested pots (Fig. 25). The mean number of seedlings emerged in control pots 

at 15 and 20 days after planting was greater, but was not significantly greater, than that in 

Fusarium infested pots (Fig. 25). When plants reached the V4 growth stage, there were 

no significant differences between inoculated plants and controls (Figs. 26 & 27). Control 

plants had significantly greater whole plant, foliar, fresh root, and dried root biomass 

measurements compared to the Fusarium-inoculated plants (Figs. 28-31). At the R4 to R5 

growth stage, some plants developed symptoms of wilting, as well as root and crown rot 

(Figs. 32 & 33). Height of Fusarium-inoculated plants was significantly greater than that 

of control plants (Fig. 34). At harvest, Fusarium-inoculated plants had greater mean pod 

number, seed number, and seed weight measurements compared to control plants (Figs. 

35-37).  

 
DISCUSSION 

Fusarium root rot of soybean is considered one of the most important diseases 

impacting soybean yields in the United States (118, 163-169). Despite the importance of 

this disease, the association between root rot of soybean and the array of Fusarium 

species isolated from rotted roots has been demonstrated for only a few species (37, 38, 
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53, 102). In addition, yield loss estimates have been attributed to Fusarium root rot and 

this disease is diagnosed despite the lack of data that clearly demonstrates Fusarium 

species incite root rot on soybean. The objectives of this study were to characterize 

Fusarium species found in Minnesota soybean fields and assess their pathogenicity on 

soybean to increase our understanding of Fusarium root rot. 

The occurrence of Fusarium species on soybean roots has raised questions 

regarding their role in causing root rot and yield losses. One of the challenges in 

answering these questions lies in obtaining accurate identification of Fusarium isolates. 

The identification of Fusarium species has traditionally been conducted based on 

morphological characteristics on CLA and PDA following isolation from necrotic tissues. 

However, identifying Fusarium based on morphology is difficult due to similarities 

among species and ongoing changes in Fusarium taxonomy. Therefore, it was necessary 

to use a combination of DNA sequencing and morphological characteristics to accurately 

identify the Fusarium species we isolated. In this study, 10 species of Fusarium were 

isolated and identified from the roots of soybean plants in Minnesota. In general, our 

results agree with previous reports of Fusarium species associated with soybean in the 

United States (53, 69, 102). However, prior to this study one of these Fusarium species, 

F. redolens, had not been reported in association with soybean and we recovered it from 

three different locations. It is possible that F. redolens has been isolated previously from 

soybean, but identified as F. oxysporum. It is also possible that other Fusarium species 

previously reported in association with soybean and identified based solely on 

morphological characteristics could have been misidentified (145). Despite the 

complexity of Fusarium identification, we were able to identify 10 Fusarium species 
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associated with soybean in Minnesota. F. oxysporum and F. solani were recovered most 

frequently, which corresponds with reports in the literature (53). We recovered 

pathogenic and nonpathogenic isolates of F. oxysporum and F. solani, as well as other 

species, which may explain conflicting results reported in the literature. One Fusarium 

species that was not recovered was F. virguliforme, the causal agent of SDS. F. 

virguliforme has been found in five of the counties sampled in this study (85), but may 

not have been present in the fields we sampled. While it was significant to determine the 

Fusarium species associated with soybean in Minnesota, we were also able to determine 

the pathogenicity of these Fusarium species on soybean.  

Greenhouse pathogenicity experiments indicate 10 Fusarium species can incite 

root rot on soybean. Results using isolates of F. graminearum, F. oxysporum and F. 

solani agree with those from previous studies (8, 53, 102, 115). However, pathogenicity 

on soybean does not appear to have been previously demonstrated for the other seven 

Fusarium species isolated in this study (53). Isolates of each of the other Fusarium 

species incited root rot on soybean; although, the proportion of pathogenic to 

nonpathogenic isolates varied with each Fusarium species. As a result of recovering F. 

redolens and demonstrating pathogenicity with this species we recently reported F. 

redolens as a new pathogen of soybean (13). Some Fusarium species such as F. redolens, 

F. subglutinans, and F. verticillioides were recovered at relatively low frequencies; 

therefore, it is difficult to assess the frequency of pathogenic isolates in Minnesota 

soybean fields. Future studies should include surveys of additional fields in counties that 

were not sampled to investigate the prevalence of Fusarium species in soybean fields, 
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and assess their pathogenicity on soybean to obtain data that is more representative of 

those populations in Minnesota. 

Fusarium isolates used for soybean inoculations did not significantly reduce plant 

growth compared to control plants although there was variability among isolates within 

species used for inoculations. Isolates of F. acuminatum, F. oxysporum, F. proliferatum, 

and F. sporotrichioides consistently reduced root biomass on inoculated soybeans. When 

soybean taproots developed necrosis, the plants compensated by producing lateral roots 

above the infected tissue near the crown, similarly to what has been observed in 

production fields. The abundance of lateral roots may have cofounded the root biomass 

measurements. If plants had been harvested earlier than four weeks, then there might 

have been less lateral root growth and significant differences may have been present. 

However, sampling earlier might not allow the Fusarium to colonize the roots and incite 

symptoms. Conversely, if the plants had been grown for a longer period of time, then 

traits such as flowering, number of pods, number of seeds, or seed weight could have 

been assessed. Future experiments should be conducted to examine the length of 

incubation to characterize symptom development at different growth stages and potential 

yield loss. If inoculated plants are sampled at different growth stages, then plant health 

can be measured to determine if significant differences arise depending on the maturity of 

the plant. Greenhouse inoculations were conducted using individual Fusarium isolates, 

but future experiments should investigate disease expression using multiple Fusarium 

species to inoculate soybean. 

Corn is an important crop used in rotation with soybean in Minnesota, as well as 

other production areas in the Unites States. When Fusarium isolates were used to 
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inoculate corn, corn seedlings developed root rot. The majority of isolates tested not only 

incited root rot, but also reduced plant growth compared to control plants. The nine 

Fusarium species used in this experiment have been previously reported in association 

with various parts of corn plants, but it does not appear that pathogenicity has been 

assessed for all of them (40). Many reports are from contaminated grain, which does not 

necessarily indicate that the Fusarium species infected the corn prior to harvest. Many of 

the Fusarium species used in this study that have been recovered from contaminated 

grain are known to produce mycotoxins that are harmful to humans and other animals 

(36). If corn is a host for the same Fusarium species that incite root rot on soybean, then 

the possibility of those Fusarium species producing mycotoxins in corn should be 

investigated. Additionally, since we were able to demonstrate that these isolates were 

pathogenic on corn, it would suggest that rotation with corn might not be effective as a 

management tool for Fusarium root rot. The role of corn as a host could allow inoculum 

levels to increase over time and yield losses could potentially occur for both crops. In 

addition, maintaining a soybean-corn rotation could also place selective pressure on 

Fusarium populations and select for pathogenic strains in production fields. Future 

experiments should further investigate the effects of these Fusarium species on corn.  

Inoculations were also conducted under field conditions to test the pathogenicity 

of Fusarium species on soybean and confirm results from greenhouse assays. Results in 

2008 indicate that each Fusarium species tested could incite root rot. When Fusarium-

inoculated seedlings were harvested at the VC stage many of them exhibited taproot 

necrosis. However, the remaining plants in the microplots did not show symptoms of root 

rot at the V4 growth stage. Despite the lack of root rot late in the season, one isolate each 
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of F. proliferatum and F. solani consistently reduced plant growth compared to control 

plants, although the differences were not significant. There are a number of possible 

explanations as to why root rot symptoms did not develop further. The environmental 

conditions may not have been conducive for infection or symptom development. If soil 

moisture content had been higher then it is possible that Fusarium isolates may have 

incited more severe root rot symptoms. In addition, the isolates selected for the 

microplots incited severe root rot in greenhouse assays under conditions where high soil 

moisture was maintained and temperatures did not fluctuate as much, but they may not 

have acted as pathogens under field conditions where soil moisture was likely lower and 

temperatures fluctuated more compared to the greenhouse. It’s also possible that the 

inoculum levels were not high enough to obtain severe root rot.  

For these reasons, one isolate each of F. oxysporum, F. proliferatum, and F. 

solani were selected and inoculum levels were increased for the 2009 field study. During 

the 2009 field study, each isolate significantly reduced seedling emergence and plant 

biomass during the vegetative growth stages. Each isolate also incited symptoms of root 

and crown rot such that girdling occurred at the soil line and plants lodged. Interestingly, 

this pattern was not consistent when plants were sampled later in the reproductive growth 

stages. This suggests something different is occurring in the interaction between the 

plants and the Fusarium isolates, especially as the plants mature from vegetative growth 

to reproduction. It’s possible that the Fusarium isolates triggered a stress response in the 

inoculated plants, which caused growth as control plants were consistently shorter, had 

fewer pods and seeds, and had reduced seed weight compared to Fusarium-inoculated 

plants. It’s possible that the Fusarium-inoculated plants were not diseased during the 
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reproductive stages because they were inoculated with individual isolates of Fusarium. 

Multiple Fusarium species and various populations representing these species likely 

coexist in the same fields and may interact with each other in a number of ways. They 

may compete with each other for nutrients and when colonizing soybean roots, but they 

could also infect soybeans simultaneously or in succession and enhance disease. They 

also likely interact with other soil microflora and microfauna. However, the design of 

these experiments is not necessarily representative of the soil community and what 

soybean plants would potentially encounter in a grower’s field. Future studies should 

investigate the use of multiple isolates as inoculum, as well as combinations of Fusarium 

and other soilborne pathogens, to determine if there might be synergistic effects. 

In addition to future studies already suggested, one other area to investigate is to 

determine if certain Fusarium isolates might be beneficial to soybean. Plants inoculated 

in the 2008 field studies with two isolates of F. oxysporum had increased levels of plant 

health compared to the control plants. Instead of causing disease, these F. oxysporum 

isolates appeared to improve plant health. Nonpathogenic strains of F. oxysporum have 

been used as biocontrol for managing Fusarium diseases (2). Fusarium wilt of tomato has 

been extensively studied and nonpathogenic strains of F. oxysporum have been used to 

manage this disease (2). While the mechanisms for biocontrol efficacy are not well 

understood, additional research should be conducted to determine if there is potential to 

use soybean-derived isolates of F. oxysporum to manage Fusarium root rot of soybean. 

The role of Fusarium species in Minnesota soybean production has been unclear, 

yet some species have been regarded as pathogens and others as saprobes. While there 

does not appear to be a clear pattern, isolates of each Fusarium species affected various 
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aspects of plant growth when used in inoculations. Our experiments have demonstrated 

that 10 Fusarium species can colonize soybean roots, incite root rot, and potentially 

reduce plant growth. The importance of these fungi in reducing yields is still uncertain. 

Additional work is needed to understand the significance of Fusarium species in the soil 

community and in the overall complex of root diseases affecting soybeans. The Fusarium 

species in this study are relatively ubiquitous and their occurrence in other soybean 

growing areas should be investigated (24, 32, 102). It is possible that with additional 

studies other Fusarium species will be associated with soybean roots and pathogens of 

soybean. It is also possible that as more data becomes available certain species or certain 

populations within particular species may be more important than others in causing root 

rot of soybean. For example, isolates of F. equiseti incited root rot in greenhouse 

inoculations, but symptoms were not as severe as those incited by other Fusarium 

species. In addition, many of the Fusarium species we are reporting as pathogens on 

soybean are cosmopolitan and also can survive in soil. These characteristics, combined 

with the shared host range with corn indicate that Fusarium root rot of soybean cannot be 

managed with crop rotation. Additional studies investigating other potential rotational 

crops, host resistance, fungicide seed treatments, and improving soil quality may aid in 

the development of management strategies to reduce yield loss in soybean. 
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TABLE 2.1. Location of 15 soybean fields sampled in Minnesota in 2007 and 2008. 

Field County Latitude Longitude 

1 Olmstead 43.92996 -92.51382 

2 Olmstead 44.06787 -92.34386 

3 Nicollet 44.41658 -93.99120 

4 Sibley 44.52185 -94.27710 

5 Redwood 44.48569 -95.15775 

6 Redwood 44.52953 -95.10541 

7 Redwood 44.49995 -95.04874 

8 Otter Tail 46.29959 -96.17490 

9 Otter Tail 46.29704 -96.19990 

10 Kandiyohi 45.15377 -94.79165 

11 Clay 47.06318 -96.64670 

12 Marshall 48.36887 -96.66841 

13 Polk 47.60704 -96.70842 

14 Nicollet 44.38477 -94.13446 

15 Redwood 44.14171 -94.68975 
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TABLE 2.2. Occurrence of Fusarium species associated with soybean roots in 15 
Minnesota fields. 

Number of fields yielding 
different Fusarium species 

Total number of  
 isolates recovered Fusarium species 

2007 2008 2007 2008 

F. acuminatum  5 7 27 40 

F. equiseti  2 1 7 5 

F. graminearum  4 8 5 31 

F. oxysporum  13 13 184 203 

F. proliferatum  4 5 12 29 

F. redolens  2 1 2 1 

F. solani  12 9 62 39 

F. sporotrichioides  2 4 4 22 

F. subglutinans 1 4 1 11 

F. verticillioides 0 1 0 1 
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TABLE 2.3. Isolates of Fusarium species obtained from Minnesota-grown soybean roots 
used to inoculate soybean and corn in greenhouse experiments 
Fusarium species Isolate 

F. acuminatum  Fa-337 

 Fa-353 

 Fa-354 

F. equiseti  Feq-29 

 Feq-348 

 Feq-465 

F. graminearum  Fgram-351 

 Fgram-61 

 Fgram-79 

F. oxysporum  Foxy-55 

 Foxy-70 

 Foxy-78 

F. proliferatum  Fpro-262 

 Fpro-75 

 Fpro-92 

F. redolens  Fred-313 

 Fred-350 

 Fred-108 

F. solani  Fsol-154 

 Fsol-62 

 Fsol-64 

F. sporotrichioides  Fspo-200 

 Fspo-356 

 Fspo-361 

F. subglutinans Fsub-299 

 Fsub-69 

 Fsub-73 
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TABLE 2.4. Minnesota soybean-derived Fusarium isolates used for field inoculations 
Fusarium species Isolatea 

F. oxysporum  Foxy-71* 

F. oxysporum Foxy-75* 

F. oxysporum Foxy-242* 

F. oxysporum Foxy-246* 

F. oxysporum Foxy-271* 

F. proliferatum  Fpro-160* 

F. proliferatum Fpro-262* 

F. solani Fsol-100* 

F. solani Fsol-154* 
a Isolate numbers followed by an asterisk indicate isolates used for 2008 and 2009 
inoculation experiments. 
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Fig. 2.1. Location of Minnesota soybean fields sampled in 2007 and 2008. Circles 
represent the approximate locations of fields sampled. 
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Fig. 2.2. Symptomatic soybean plants infected with one or more Fusarium species in a 
Minnesota field. 
 
 

 
Fig. 2.3. Symptomatic soybean roots from field-grown plants infected with Fusarium. 
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Fig. 2.4. Fusarium root rot symptoms on plants inoculated in greenhouse pathogenicity tests. Results for 9 different Fusarium species: 
Noninoculated control (A); F. acuminatum (B); F. equiseti (C); F. graminearum (D); F. oxysporum (E); F. proliferatum (F); F. 
redolens (G); F. solani (H); F. sporotrichioides (I); F. subglutinans (J).  
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Fig. 2.5. Frequency of recovery and proportion of isolates that were pathogenic on soybean in greenhouse experiments for ten 
Fusarium species found in Minnesota soybean fields.  
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Fig. 2.6. Mean fresh whole plant biomass of 28-day-old soybean plants inoculated with 
27 different Fusarium isolates in greenhouse pathogenicity experiments. Whole plant 
biomass was not significantly different (P = 0.05) from the sterile sorghum control 
according to Dunnett’s t test or Tukey’s W statistic. 
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Fig. 2.7. Mean fresh foliar biomass of 28-day-old soybean plants inoculated with 27 
different Fusarium isolates in greenhouse pathogenicity experiments. Foliar biomass was 
not significantly different (P = 0.05) from the sterile sorghum control according to 
Dunnett’s t test or Tukey’s W statistic. 
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Fig. 2.8. Mean fresh root biomass of 28-day-old soybean plants inoculated with 27 
different Fusarium isolates in greenhouse pathogenicity experiments. Means with 
standard error bars labeled with the same letter are not significantly different (P = 0.05) 
according to Tukey’s W statistic. * Root biomass was significantly different from the 
sterile sorghum control according to Dunnett’s t test. 
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Fig. 2.9. Mean dry root biomass of 28-day-old soybean plants inoculated with 27 
different Fusarium isolates in greenhouse pathogenicity experiments. Means with 
standard error bars labeled with the same letter are not significantly different (P = 0.05) 
according to Tukey’s W statistic. Dried root biomass for inoculated plants was not 
significantly different from the sterile sorghum control according to Dunnett’s t test. 
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Fig. 2.10. Symptoms of Fusarium root rot on corn roots inoculated with four different 
Fusarium species in greenhouse pathogenicity experiments. Results for Fusarium species 
tested: F. graminearum (A); F. acuminatum (B); F. redolens (C); F. subglutinans (D). 
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Fig. 2.11. Mean fresh whole plant biomass of 28-day-old corn plants inoculated with 27 
different Fusarium isolates in greenhouse pathogenicity experiment. Means with standard 
error bars labeled with the same letter are not significantly different (P = 0.05) according 
to Tukey’s W statistic. * Whole plant biomass was significantly different from the sterile 
sorghum control according to Dunnett’s t test. 
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Fig. 2.12. Mean fresh foliar biomass of 28-day-old corn plants inoculated with 27 
different Fusarium isolates in greenhouse pathogenicity experiment. Means with standard 
error bars labeled with the same letter are not significantly different (P = 0.05) according 
to Tukey’s W statistic. * Foliar biomass was significantly different from the sterile 
sorghum control according to Dunnett’s t test. 
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Fig. 2.13. Mean fresh root biomass of 28-day-old corn plants inoculated with 27 different 
Fusarium isolates in greenhouse pathogenicity experiment. Means with standard error 
bars labeled with the same letter are not significantly different (P = 0.05) according to 
Tukey’s W statistic. Root biomass was not significantly different from the sterile 
sorghum control according to Dunnett’s t test. 
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Fig. 2.14. Mean dry root biomass of 28-day-old corn plants inoculated with 27 different 
Fusarium isolates in greenhouse pathogenicity experiment. Means with standard error 
bars labeled with the same letter are not significantly different (P = 0.05) according to 
Tukey’s W statistic. Dried root biomass was not significantly different from the sterile 
sorghum control according to Dunnett’s t test. 
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Fig. 2.15. Healthy and diseased soybean seedlings in a pot inoculated with Fusarium 
solani from 2008 field pathogenicity experiment. 
 
 
 
 
 

 
Fig. 2.16. Soybean seedlings exhibiting root rot from 2008 field pathogenicity 
experiment dug up at the VC growth stage. A, F. oxysporum. B, F. proliferatum. C, F. 
solani.  
 
 

A B C 
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Fig. 2.17. Mean number of seedlings emerged 14 days after planting 2008 field pathogenicity experiment. Means with standard error 
bars labeled with the same letter are not significantly different (P = 0.05) according to Tukey’s W statistic. * Number of seedlings 
emerged was significantly different from the sterile sorghum control according to Dunnet’s t test. 
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Fig. 2.18. Mean height of V4 growth stage plants in 2008 field pathogenicity experiment. Means with standard error bars labeled with 
the same letter are not significantly different (P = 0.05) according to Tukey’s W statistic. * Height of plants was significantly different 
from the sterile sorghum control according to Dunnett’s t test. 
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Fig. 2.19. Mean fresh whole plant biomass of V4 growth stage plants in 2008 field pathogenicity experiment. Whole plant biomass 
was not significantly different (P = 0.05) from the sterile sorghum control according to Dunnett’s t test or Tukey’s W statistic. 
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Fig. 2.20. Mean fresh foliar biomass of V4 growth stage plants in 2008 field pathogenicity experiment. Means with standard error bars 
labeled with the same letter are not significantly different (P = 0.05) according to Tukey’s W statistic. Foliar biomass was not 
significantly different from the sterile sorghum control according to Dunnett’s t test. 
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Fig. 2.21. Mean fresh root biomass of V4 growth stage plants in 2008 field pathogenicity experiment. Means with standard error bars 
labeled with the same letter are not significantly different (P = 0.05) according to Tukey’s W statistic. Root biomass was not 
significantly different from the sterile sorghum control according to Dunnett’s t test. 
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Fig. 2.22. Mean pod number of R8 growth stage plants in 2008 field pathogenicity experiment. Pod number was not significantly 
different (P = 0.05) from the sterile sorghum control according to Dunnett’s t test or Tukey’s W statistic. 
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Fig. 2.23. Mean seed number of R8 growth stage plants in 2008 field pathogenicity experiment. Seed number was not significantly 
different (P = 0.05) from the sterile sorghum control according to Dunnett’s t test or Tukey’s W statistic. 
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Fig. 2.24. Mean seed weight of R8 growth stage plants in 2008 field pathogenicity experiment. Means with standard error bars labeled 
with the same letter are not significantly different (P = 0.05) according to Tukey’s W statistic. Seed weight was not significantly 
different from the sterile sorghum control according to Dunnett’s t test. 
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Fig. 2.25. Mean number of seedlings emerged in Fusarium-inoculated pots in 2009 field 
pathogenicity experiment 10 days after planting (A); 15 days after planting (B); 20 days 
after planting (C). Means with standard error bars labeled with the same letter are not 
significantly different (P = 0.05) according to Tukey’s W statistic. * Emergence was 
significantly different from the sterile sorghum control according to Dunnett’s t test. 
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Fig. 2.26. Mean plant height of V4 growth stage plants in 2009 field pathogenicity 
experiment. Plant height was not significantly different (P = 0.05) from the sterile 
sorghum control according to Dunnett’s t test or Tukey’s W statistic. 

 
 
 
 
 

 
 

Fig. 2.27. Mean nodule number of V4 growth stage plants in 2009 field pathogenicity 
experiment. Nodule number was not significantly different (P = 0.05) from the sterile 
sorghum control according to Dunnett’s t test or Tukey’s W statistic. 



 

 95 

 
 

Fig. 2.28. Mean fresh whole plant biomass of V4 growth stage plants in 2009 field 
pathogenicity experiment. Means with standard error bars labeled with the same letter are 
not significantly different (P = 0.05) according to Tukey’s W statistic. * Whole plant 
biomass was significantly different from the sterile sorghum control according to 
Dunnett’s t test. 
 
 

 

 
 

Fig. 2.29. Mean fresh foliar biomass of V4 growth stage plants in 2009 field 
pathogenicity experiment. Means with standard error bars labeled with the same letter are 
not significantly different (P = 0.05) according to Tukey’s W statistic. * Foliar biomass 
was significantly different from the sterile sorghum control according to Dunnett’s t test. 
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Fig. 2.30. Mean fresh root biomass of V4 growth stage plants in 2009 field pathogenicity 
experiment. Means with standard error bars labeled with the same letter are not 
significantly different (P = 0.05) according to Tukey’s W statistic. * Root biomass was 
significantly different from the sterile sorghum control according to Dunnett’s t test. 
 
 
 

 

 
 
Fig. 2.31. Mean dry root biomass of V4 growth stage plants in 2009 field pathogenicity 
experiment. Means with standard error bars labeled with the same letter are not 
significantly different (P = 0.05) according to Tukey’s W statistic. * Dried root biomass 
was significantly different from the sterile sorghum control according to Dunnett’s t test. 
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Fig. 2.32. Aboveground tissue from a soybean plant inoculated in 2009 field 
pathogenicity experiment with Fusarium oxysporum showing wilt symptoms. 
 

 
Fig. 2.33. Close up photograph of a rotted soybean crown from a plant inoculated with F. 
oxysporum in a 2009 field pathogenicity experiment. 
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Fig. 2.34. Mean plant height of R5 growth stage plants in 2009 field pathogenicity 
experiment. Means with standard error bars labeled with the same letter are not 
significantly different (P = 0.05) according to Tukey’s W statistic. * Plant height was 
significantly different from the sterile sorghum control according to Dunnett’s t test. 
 
 
 

 

 
 

Fig. 2.35. Mean pod number of R8 growth stage plants in 2009 field pathogenicity 
experiment. Means with standard error bars labeled with the same letter are not 
significantly different (P = 0.05) according to Tukey’s W statistic. * Pod number was 
significantly different from the sterile sorghum control according to Dunnett’s t test. 
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Fig. 2.36. Mean seed number of R8 growth stage plants in 2009 field pathogenicity 
experiment. Means with standard error bars labeled with the same letter are not 
significantly different (P = 0.05) according to Tukey’s W statistic. * Seed number was 
significantly different from the sterile sorghum control according to Dunnett’s t test. 
 
 
 

 

 
 

Fig. 2.37. Mean seed weight of R8 growth stage plants in 2009 field pathogenicity 
experiment. Means with standard error bars labeled with the same letter are not 
significantly different (P = 0.05) according to Tukey’s W statistic. * Seed weight was 
significantly different from the sterile sorghum control according to Dunnett’s t test. 
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 Evaluation of Fungicide Seed Treatments for Control of Fusarium Root 
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Root diseases of soybean (Glycine max) caused by Fusarium species are common 

and lead to substantial yield reduction in the United States. Root rot of soybean in 

Minnesota can be caused by Fusarium acuminatum, F. equiseti, F. graminearum, F. 

oxysporum, F. proliferatum, F. redolens, F. solani, F. sporotrichioides, F. subglutinans, 

F. verticillioides, and F. virguliforme. Fungicidal seed treatments are widely used in the 

attempt to reduce root rot diseases of soybean, but information regarding the efficacy of 

fungicides for management of the Fusarium species that incite root rot is limited. Two in 

vitro assays were used to measure sensitivity of 11 Fusarium species and 31 isolates to 

the fungicides fludioxonil, pyraclostrobin, thiabendazole, trifloxystrobin, and an 

experimental compound. Soybean seed was also treated with each fungicide to determine 

their efficacy in reducing root rot of seedlings and improving plant growth in greenhouse 

inoculation experiments. Differences in sensitivity to each fungicide were observed 

depending on the concentrations used in the assays, but pyraclostrobin was the most 

effective fungicide at reducing fungal growth in the in vitro assays. All isolates of 

Fusarium incited root rot in greenhouse assays, but none of the fungicides significantly 

reduced root rot levels or increased plant growth. These findings suggest that the 

fungicide seed treatments evaluated in this study may not be effective for controlling 

Fusarium root rot of soybean. 

 
INTRODUCTION 

Soybean (Glycine max (L.) Merr.) is one of the most important crops grown 

worldwide. In 2009, 3.36 billion bushels of soybean were produced from 31 million ha in 

the United States, which was a record for production (101). In 2009, approximately 285 
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million bushels of soybean were produced from 2.9 million ha in Minnesota, which is the 

third largest level of production in the United States (101). High yields are important for 

soybean production and financial losses can be severe if yields are reduced by diseases 

(167). Estimated total losses attributed to diseases differ depending on production area 

and environmental conditions (53). In 2005, estimated yield losses attributed to Fusarium 

root rot in the United States was approximately 140,000 tons (166). 

Recently, several Fusarium species have recently been shown to incite root rot of 

soybean in Minnesota. A total of 11 Fusarium species, which include F. acuminatum, F. 

equiseti, F. graminearum, F. oxysporum, F. proliferatum, F. redolens, F. solani, F. 

sporotrichioides, F. subglutinans, F. verticillioides, and F. virguliforme can incite root 

rot of soybean. Most of these Fusarium species are fairly ubiquitous and can be found in 

multiple agricultural fields in Minnesota, as well as other areas of the United States (12, 

15, 16, 70). Soybean yield losses attributed to Fusarium root rot in Minnesota for 2005 

were 85,000 tons (166). Resistant cultivars are the most economical and long-lasting 

approach for controlling root rot, but cultivars with high levels of resistance to Fusarium 

species are not available (53, 157, 174).  

Fungicide seed treatments are commonly used in the attempt to manage soilborne 

pathogens, especially seed and seedling pathogens (24). This includes Fusarium species, 

but fungicidal efficacy has been poor or uncertain, perhaps due in part to the diversity of 

species that infect soybean. Some fungicide seed treatments, such as thiabendazole, have 

been available for many years while other compounds such as fludioxonil, 

pyraclostrobin, and trifloxystrobin have been introduced more recently (24). 

Agrichemical and seed companies are continuously evaluating new materials for efficacy 
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against soilborne pathogens such as Fusarium species. Thiabendazole and fludioxonil 

have modes of action that are different from each other and from that of the two 

strobilurins listed above, but all of them have site-specific modes of action. Despite their 

use as seed treatments, little is known regarding their efficacy for controlling root rot of 

soybean caused by the spectrum of Fusarium species known to be involved. The 

objectives of this study were to: (i) assess the efficacy of five fungicides to inhibit the 

growth of Fusarium isolates representing the 11 species known to incite root rot of 

soybean in Minnesota, and (ii) evaluate the efficacy of fungicide seed treatments for 

reducing root rot of Fusarium-inoculated soybean seedlings. 

 
MATERIALS AND METHODS 

Isolate selection. Thirty-one isolates, representing 11 Fusarium species, isolated from 

roots of soybean plants grown in Minnesota production fields were used for all 

experiments in this study (Table 1). All isolates were previously identified to species 

based on sequencing of the translation elongation factor 1-! (TEF) locus and 

morphological characteristics. Isolates were selected based on results from previous 

pathogenicity experiments where each isolate incited severe root rot on soybean seedlings 

in greenhouse assays (12, 15, 16, 84).  

 
Radial growth assays. Each of five fungicides was used for in vitro assays to test the 

sensitivity of 31 Fusarium isolates (Tables 1 & 2). All fungicides were dissolved in 

deionized water to achieve the proper concentration of active ingredients and added to 

potato dextrose agar (PDA) (Difco) after autoclaving, when the media had cooled to 

approximately 50°C. Each fungicide was evaluated at 0.1, 1, 10, and 100 µg a.i./ml, and 
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nonamended PDA was used for the control. For the strobilurin fungicides, each 

concentration was also amended with salicylhydroxamic acid (SHAM) at 100 µg/ml to 

inhibit the action of the alternative oxidase respiratory pathway. SHAM was dissolved in 

methanol and added to the media after it had been autoclaved and cooled. For each 

isolate, a 5-mm colonized plug from the edge of a 10-day-old colony was transferred to 

the center of each of three plates for each concentration of all fungicides. Plates were 

incubated at 22°C and received ambient fluorescent light. The colony diameter was 

measured in two places at right angles after five days. The percent growth-inhibition was 

calculated by dividing the average colony diameter minus 5 mm for the agar plug by the 

average colony diameter on the nonamended media, multiplied by 100, for each isolate at 

each concentration. The screening was repeated once, for a total of two replications of the 

study. Variation in sensitivity among isolates to each fungicide and the effect of fungicide 

concentration on the efficacy of each fungicide was analyzed using Dunnett’s t test of 

SAS (SAS Institute, Cary, NC). 

 
Fungal biomass assays. For the second set of assays, all fungicides were dissolved in 

deionized water to achieve the proper concentration of active ingredients and added to 50 

ml of potato dextrose broth (PDB) in 125 ml flasks after autoclaving, when the broth had 

cooled to 22°C. Each fungicide was evaluated at 0.1, 1, and 10 a.i./ml, and nonamended 

PDB was used for the control (Table 2). For the strobilurin fungicides, SHAM was added 

as described above. A 5-mm colonized plug from the edge of a 10-day-old colony of each 

of the 31 Fusarium isolates was transferred to a flask for each concentration of the 

fungicide evaluated. All isolates were grown on a rotary shaker at 200 rpm for 7 days at 
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22°C and received ambient fluorescent light. Each isolate was evaluated at all fungicide 

concentrations and each isolate-concentration was considered a replication. Two 

replications were separated over time. The mycelia and conidia were harvested by 

vacuum filtration and the filter paper with the fungal material was placed in a paper bag 

before drying in an oven at 32°C for 48 h. After the fungal material had dried the mass 

was measured for each isolate at each concentration. The percent growth-inhibition was 

calculated by dividing the average fungal biomass produced in the broth containing 

fungicides by the average fungal biomass produced in the nonamended broth, multiplied 

by 100. Variation in sensitivity among isolates to each fungicide and the effect of 

fungicide concentration on the efficacy of each fungicide was analyzed using Dunnett’s t 

test of SAS. 

 
Greenhouse fungicide efficacy experiments. Fusarium inoculum was increased by 

infesting sterile sorghum grain using methods described by Mueller et al. (97) with 

modifications. Sorghum (225-cm3) was measured into each of thirty-one 500-ml 

Erlenmeyer flasks. Sorghum in each flask was soaked in 250-ml deionized water for 18-

24 h, drained, and transferred to a 30.5-cm x 61-cm autoclave bag (VWR International, 

LLC, West Chester, PA). To allow oxygen exchange, the opening of each bag was 

wrapped around a 28-mm x 95-mm polypropylene tube and cinched down with a 20.3-cm 

cable tie (Gardner Bender, Milwaukee, WI). A plastic foam stopper (Fisher Scientific, 

Pittsburgh, PA) was placed in each tube before the tube opening was covered with 

aluminum foil and autoclaved for one hr on each of two consecutive days. Sterile 

sorghum was inoculated with five 10-mm plugs from 10-day-old cultures grown on PDA. 
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Inoculum was incubated at 22°C under ambient fluorescent light and mixed daily for 2 

weeks. Sterile sorghum was used for controls. For inoculations, soybean seeds of the 

commercial variety AG2107 (Monsanto, St. Louis, MO) were planted in 11.4-cm square 

pots approximately 1-cm above a 25-cm3 layer of Fusarium-infested sorghum or sterile 

sorghum. Sunshine LC-8 potting medium (Sun Gro Horticulture, Bellevue, WA) was 

used for greenhouse inoculations. Fungicide seed treatments are listed in Table 2. The 

experiment was a randomized complete block design with four replicate pots per isolate. 

There were two pots containing four plants for each isolate in each block where one 

contained untreated seed and the other contained fungicide-treated seed. Pots were 

maintained in a greenhouse with 25°C day and 22°C night temperatures and a 14-h day 

length for 28 days. Plants were watered daily as needed. Twenty-eight days after planting 

the root system of each plant was washed and root rot severity was assessed. Each root 

system was scored for severity based on the following scale: 0 = no root rot, 1 = trace of 

discoloration; 2 = root rot on 1 to 25% of root system; 3 = root rot on 25 to 49% of root 

system; 4 = root rot on 50 to 75% of root system; 5 = root rot on over 75% of root 

system. Emergence, root biomass, foliar biomass, and whole plant biomass were also 

measured. Each fungicide seed treatment was tested in two separate experiments. 

Pathogenicity ratings were analyzed using PROC MIXED of SAS (version 9.2; SAS 

Institute Inc., Cary, NC) and all other variables were analyzed using Dunnett’s t test to 

compare means of fungicide-treated seed against untreated seed. 
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RESULTS 

Radial growth assays. The analysis of the five fungicide seed treatments showed 

significant (P < 0.001) effects among isolates within species on the efficacy of each 

fungicide based on the relative mycelial growth on media amended with fungicides (Fig. 

1). The experimental BASF compound caused a significant decrease in mycelial growth 

for 25 out of 31 isolates at the lowest concentration, 0.1 µg/ml, and significantly reduced 

(P < 0.001) growth of all Fusarium isolates at the three other concentrations (Figs. 2 & 

3). Fludioxonil reduced the growth of seven and 13 isolates grown on media amended 

with the fungicide at 0.1 µg/ml and 1 µg/ml, respectively (Fig. 4A & B). At the two 

higher concentrations fludioxonil inhibited additional isolates compared to lower 

concentrations, but did not significantly reduce the growth of the isolate of F. 

verticillioides (Figs. 4 & 5).  

Pyraclostrobin provided the greatest level of inhibition of mycelial growth by 

significantly reducing (P < 0.001) growth of all isolates at all concentrations (Figs. 6 & 

7). Pyraclostrobin reduced the growth of the majority of isolates by 50% at 0.1 µg/ml, 1 

µg/ml, and 10 µg/ml and at 100 µg/ml reduced the growth of all isolates my more than 

50% (Figs. 6 & 7). Pyraclostrobin inhibited isolates of F. solani and F. virguliforme less 

than the other species.  

Thiabendazole caused little to no inhibition of isolates grown at 0.1 µg/ml or 1 

µg/ml (Fig. 8). However, when thiabendazole was increased to 10 µg/ml, mycelial 

growth was significantly inhibited (P < 0.001) on 20 out of 31 isolates (Fig. 9A). When 

thiabendazole was increased to 100 µg/ml, growth of all isolates was significantly 
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inhibited and growth of 23 out of 31 isolates was reduced to less than 10% of the control 

(Fig. 9B).  

Similar to pyraclostrobin, trifloxystrobin also significantly reduced mycelial 

growth of all isolates at all concentrations tested (Figs. 10 & 11). At 100 µg/ml, the 

mycelial growth of all isolates was reduced by more than 50% compared to the control 

(Fig. 11B). As was observed with pyraclostrobin, growth inhibition caused by 

trifloxystrobin varied by Fusarium species, but isolates of F. solani were collectively 

inhibited the least compared to other Fusarium species tested (Fig. 11).  

 
Fungal biomass assays. In the broth assays, each of the five fungicides tested caused 

significant (P < 0.001) reductions in fungal biomass. The BASF compound inhibited 

growth of Fusarium isolates at varying levels among isolates, but inhibition increased 

with fungicide concentration. When the BASF compound was evaluated at 0.1 µg/ml, the 

biomass of 27 out of 31 Fusarium isolates was significantly reduced (P < 0.001) 

compared to unamended broth (Fig. 12A). As the concentration of this fungicide was 

increased, fungal biomass was slightly reduced for all isolates (Fig. 12B & C). The 

reduction in fungal biomass varied among isolates of individual Fusarium species. 

Biomass was reduced slightly for two isolates each of F. oxysporum and F. solani with 

increasing concentration of the fungicide (Fig. 12A-C.).  

Fludioxonil inhibited growth of the Fusarium isolates to varying degrees 

depending on concentration and isolate. Inhibition of fungal growth by fludioxonil at 0.1 

µg/ml was observed with 12 isolates (Fig. 13A). Only one Fusarium species, F. redolens, 

was consistently inhibited among isolates. None of the F. virguliforme isolates or the F. 
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verticillioides showed a reduction in biomass at 0.1 µg/ml (Fig. 13A). As the 

concentration of fludioxonil was increased, the level of inhibition also increased such that 

the biomass of 26 out of 31 isolates was significantly reduced (P < 0.001) compared to 

the control at 10 µg/ml (Fig. 13B & C). However, one isolate each of F. equiseti, F. 

proliferatum, and F. sporotrichioides, as well as two isolates of F. oxysporum did not 

show significant reductions in fungal biomass at any concentration of fludioxonil.  

Fungal biomass of Fusarium isolates was reduced by pyraclostrobin and growth 

inhibition increased with fungicide concentration. Pyraclostrobin significantly reduced (P 

< 0.001) the biomass of 28 out of the 31 isolates tested at 0.1 µg/ml (Fig. 14A). When 

pyraclostrobin was increased to 1 µg/ml or 10 µg/ml, the biomass of all isolates was 

significantly reduced (P < 0.001) compared to the control (Fig. 14B & C). At the highest 

pyraclostrobin concentration, the growth of one isolate each of F. graminearum, F. 

redolens, and F. virguliforme was completely inhibited (Fig. 14C). 

Growth inhibition from thiabendazole varied considerably depending on fungicide 

concentration. Thiabendazole significantly reduced (P < 0.001) the fungal biomass of 20 

out of 31 isolates at 0.1 µg/ml (Fig. 15A). As thiabendazole concentration in broth was 

increased, the number of isolates showing a reduction in biomass also increased (Fig. 

15B & C). At 10 µg/ml, 28 out of 31 isolates tested had a significant reduction (P < 

0.001) in biomass (Fig. 15C). However, the biomass of one isolate of F. graminearum 

and two isolates of F. oxysporum was not significantly reduced at any concentration of 

thiabendazole.  

Fungal growth was inhibited to varying degrees by trifloxystrobin, but inhibition 

increased with fungicide concentration. Trifloxystrobin inhibited growth and reduced 
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fungal biomass in 22 out of 31 isolates tested at 0.1 µg/ml (Fig. 16A). Biomass of one 

isolate each of F. redolens and F. sporotrichioides, as well as two isolates each of F. 

acuminatum, F. graminearum, and F. oxysporum was greater than that of the control 

(Fig. 16A). When the concentration of trifloxystrobin was increased to 1 µg/ml, 26 out of 

31 isolates showed a significant reduction (P < 0.001) in biomass (Fig. 16B). At 10 

µg/ml, trifloxystrobin significantly reduced (P < 0.001) fungal biomass for 29 out of 31 

isolates and growth of most of the isolates was reduced by more than 50% (Fig. 16C).  

 
Greenhouse fungicide efficacy experiments. When the five fungicide seed treatments 

were tested and compared in greenhouse pathogenicity assays, no significant differences 

were observed in emergence (Table 3). All seedlings emerged in each pot for each 

experiment (Table 3). There were also no significant differences observed among root rot 

ratings for plants grown from treated seed for any of the fungicides when compared to 

controls (Table 3). Root rot ratings for seedlings inoculated with F. virguliforme averaged 

between a 3 and a 4, whereas ratings for seedlings inoculated with each of the other 

Fusarium isolates ranged from 1 to 3 (Table 3). 

The BASF compound improved various aspects of plant growth, but results varied 

depending on the Fusarium isolate used for inoculation. The BASF compound did not 

significantly influence plant height of 28-day-old seedlings grown from fungicide-treated 

seed compared to the untreated controls (Fig. 17). Plants grown from seed treated with 

the BASF compound inoculated with the isolate of F. verticillioides and with the Wa1-

ss1 isolate of F. virguliforme had significantly greater root biomass compared to controls 

(Fig. 18). Plants grown from seed treated with the BASF compound did not have greater 
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root biomass compared to controls for any Fusarium species (Fig. 18). Seedlings grown 

from fungicide-treated seed inoculated with F. verticillioides had significantly different 

shoot biomass compared to controls (Fig. 19). Differences were not statistically 

significant for fungicide-treated seedlings inoculated with three different isolates of F. 

virguliforme (Fig. 19). Whole plant biomass of F. verticillioides-inoculated seedlings 

grown from seed treated with the BASF compound was also significantly greater than 

controls (Fig. 20). Whole plant biomass of seedlings grown from seed treated with the 

BASF compound was not increased for seedlings inoculated with the other isolates of 

Fusarium (Fig. 20). 

 Fludioxonil did improve plant growth in some instances, but results varied among 

Fusarium isolates. Fludioxonil did not significantly influence plant height (Fig. 21). 

Plants grown from fludioxonil-treated seed did not have greater root biomass compared 

to controls (Fig. 22). Controls inoculated with F. redolens isolate Fred-313 and F. 

virguliforme isolate Re1-ss1 had significantly greater root biomass compared to plants 

grown from fludioxonil-treated seed. Shoot biomass and whole plant biomass for 

seedlings grown from fludioxonil-treated seed were not greater when compared to 

controls (Figs. 23 & 24). 

 Plant health of seedlings grown from pyraclostrobin-treated seed was affected 

differently compared to controls depending on the isolate used for inoculation. When 

seed was treated with pyraclostrobin, plant height of 28-day-old seedlings was not 

significantly greater for the Fusarium inoculation treatments compared to controls (Fig. 

25). The root biomass of seedlings grown from pyraclostrobin-treated seed was not 

greater for the different Fusarium inoculations compare to controls (Fig. 26). Root 
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biomass was significantly greater for controls inoculated with one isolate each of F. 

equiseti, F. redolens, and F. solani compared to seedlings grown from fungicide-treated 

seed (Fig 26). Shoot biomass was not significantly greater for seedlings grown from 

pyraclostrobin-treated seed inoculated different Fusarium compared to controls (Fig. 27). 

However, shoot biomass was significantly greater for controls inoculated with one isolate 

of F. graminearum and two isolates of F. virguliforme compared to seedlings grown from 

treated seed. Whole plant biomass for seedlings grown from pyraclostrobin-treated seed 

was not greater for Fusarium treatments compared to controls (Fig. 28). Whole plant 

biomass was significantly greater for controls inoculated with one isolate each of F. 

oxysporum and F. subglutinans (Fig. 28). 

 Thiabendazole did not significantly improve plant growth for any of the Fusarium 

isolates used. Height of plants grown from thiabendazole-treated seed was not 

significantly greater compared controls (Fig. 29). No significant differences were 

detected between plants grown from thiabendazole-treated seed and controls for root 

biomass, shoot biomass, or whole plant biomass (Figs. 30-32).  

 Trifloxystrobin improved plant growth for inoculated seedlings at varying degrees 

depending on the Fusarium isolate. Height for seedlings grown from trifloxystrobin-

treated seed was not greater for the Fusarium treatments compared to controls (Fig. 33). 

The only significant difference detected was for one F. equiseti isolate where controls 

were taller than seedlings grown from treated seed (Fig. 33). Root biomass was 

significantly increased only for plants grown from treated seed inoculated with one 

isolate each of F. graminearum, F. sporotrichioides, and F. verticillioides when 

compared to controls (Fig. 34). Shoot biomass was significantly greater for one F. 
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oxysporum isolate compared to controls, but not for any other Fusarium isolates (Fig. 

35). Controls inoculated with one isolate each of F. redolens and F. subglutinans were 

significantly greater than plants grown from treated seed (Fig. 35). Whole plant biomass 

was not significantly greater for plants grown from trifloxystrobin-treated seed inoculated 

with Fusarium compared to controls (Fig. 36).  

 
DISCUSSION 

In major soybean production areas of Minnesota, as well as other soybean 

production areas of the United States, several Fusarium species have been implicated in 

causing root rot of soybean (38, 39, 69, 99, 102, 127). Our studies demonstrated that 

there are 10 species of Fusarium in Minnesota soybean and corn fields that are capable of 

causing root rot of soybean, in addition to F. virguliforme, which causes sudden death 

syndrome (12, 15, 16, 127). Since most soybean seed is treated with fungicides for 

protection against soilborne pathogens, it is important to understand if fungicide seed 

treatments are effective in reducing growth of Fusarium species and protecting soybean 

seedlings from Fusarium root rot. 

This study demonstrated that five different fungicides were capable of inhibiting 

in vitro growth of 31 isolates representing 11 Fusarium species. Currently, fludioxonil, 

pyraclostrobin, thiabendazole, and trifloxystrobin are labeled for use on soybean seed. 

The fifth fungicide is an experimental compound developed by BASF that may be 

available for use in the near future. In general, the two strobilurin fungicides were more 

effective than the other fungicides for inhibiting growth of Fusarium isolates when tested 

in radial growth assays, and pyraclostrobin reduced growth of all Fusarium isolates the 
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greatest. Fludioxonil, thiabendazole and the BASF compound did not inhibit growth 

effectively at lower concentrations, but reduced growth when concentrations were 

increased.  The effective concentration is very important because it’s possible to calculate 

the approximate quantity of each fungicide applied to an individual seed based on the 

recommended label rates. When compared to the concentrations of fungicides necessary 

to observe significant reduction in mycelial growth or fungal biomass, the concentrations 

of fungicides necessary range from 10 to 200 times the maximum rate listed on the 

fungicide labels for seed application. Based on the data generated from the in vitro 

assays, it appears that pyraclostrobin and trifloxystrobin may be the only ones that can 

significantly reduce fungal growth by 50% or more when used at labeled application 

rates. 

In greenhouse assays, one rate of each fungicide was tested against a range of 

Fusarium species and isolates. We used the highest rate specified on each product label. 

This allowed us to evaluate efficacy of realistic maximum rates of each fungicide that 

would be used to commercially treat soybean seed in the United States. The Fusarium 

isolates used were previously shown to be pathogenic on soybean and incite severe root 

rot (15, 16) so we had a representative collection of pathogenic Fusarium isolates for 

greenhouse inoculations. The primary objective for screening the fungicides in the 

greenhouse was to compare plants grown from fungicide-treated seed with those grown 

from untreated seed and not to compare the fungicides themselves.  

When we screened the five fungicides in the greenhouse, little to no reduction in 

root rot was detected when any fungicide treatments were compared to untreated 

controls. Ideally, we would expect to observe reduced root rot and an increase in plant 
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growth when fungicides were used, but this was not the case. Generally, seeds treated 

with pyraclostrobin led to taller plants with greater shoot biomass, but this did not 

correspond to an increase in root biomass. Fludioxonil treated seed tended to produce 

plants with the greatest root biomass. We did not detect an increase in plant growth from 

the application of fungicides. However, future studies could include similar greenhouse 

experiments where the plants are allowed to grow longer and reproduce to investigate the 

effects of fungicides on other characteristics such as pod number, seed number, and seed 

weight. Future studies should be conducted to evaluate these fungicides under field 

conditions. Since pyraclostrobin and trifloxystrobin showed the most promise in the 

laboratory assays they might be worth examining further in field studies. 

The effect of different fungicides on individual isolates of Fusarium species 

varied depending on the fungicide and the isolate. For example, when evaluating different 

concentrations of fludioxonil with three different isolates of F. oxysporum, the radial 

growth of all three isolates were inhibited similarly at 0.1 and 1 µg/ml, but isolates 

differed when concentrations were increased to 10 µg/ml and even more so when 

increased to 100 µg/ml. Similar results with different isolates were obtained when 

isolates of F. subglutinans was evaluated with fludioxonil and when isolates of F. 

graminearum were evaluated with trifloxystrobin. This is important because if only one 

isolate had been evaluated, the results would have led to different conclusions on the 

efficacy of the fungicides against a species depending on which isolate was selected. 

Testing more than one isolates is also an important consideration for studies to determine 

levels of sensitivity or resistance in populations of particular Fusarium species. For 

example, it is unknown how effectively each fungicide can reduce fungal growth of F. 
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verticillioides since only one isolate was used in this study. Additional isolates of F. 

verticillioides should be tested, as well as additional isolates of other Fusarium species to 

gain a clearer understanding of the efficacy of these fungicides.  

Another consideration for using different fungicide seed treatments is the 

possibility that even if they do show some level of efficacy for controlling soilborne 

pathogens that there is the possibility for selecting strains within pathogen populations 

that are not sensitive to the fungicide. Thiabendazole has been available for decades and 

has been used primarily to control post-harvest diseases. This fungicide has efficacy 

toward Fusarium species, as well as other important fungal genera. In particular, 

thiabendazole has been used extensively to control dry rot of potato, which is caused by 

multiple Fusarium species, and reduced sensitivity to thiabendazole has been detected in 

multiple Fusarium populations (111). Strains of Penicillium with reduced sensitivity to 

thiabendazole have also been detected and had made management of storage rot in citrus 

fruit in California difficult (135). Reduced sensitivity to fludioxonil has been detected in 

F. graminearum populations that are root pathogens of soybean and corn in Ohio (24). 

Reduced sensitivity to fludioxonil has also been detected in populations of other fungal 

pathogens (34, 153). Reduced sensitivity to strobilurin fungicides has been detected in 

different pathogen populations, including Fusarium species (50, 93, 122). Based on the 

variability observed among isolates of different Fusarium species and among isolates 

within each species in this study, it is possible that there are populations with varying 

levels of sensitivity to the fungicides we tested. If this is the case, then use of these 

fungicides may lead to the selection of Fusarium populations with little to no sensitivity. 
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From this research, it was shown that fungicide seed treatments could reduce the 

growth of multiple Fusarium species in two different in vitro assays. However, the 

fungicide seed treatments showed little effect on reducing root rot when they were 

applied to soybean seeds inoculated with Fusarium species. There are a number of 

possible reasons as to why they did not reduce root rot. The products may have a limited 

duration of activity on the seed, they may have limited ability to move systemically 

within the seedlings, the quantity of fungicides on the seeds may have been too low, the 

Fusarium isolates may have alternative mechanisms or pathways for overcoming the 

effects of the fungicides, the fungicides could be washed off the seed, or there could be 

other microflora that are capable of breaking down the active ingredients. Overall, these 

products do not appear to show promise for managing Fusarium root rot of soybean.  
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TABLE 3.1. Minnesota soybean-derived Fusarium isolates used to test fungicide seed 
treatments in greenhouse inoculations 

Fusarium species Isolate 

F. acuminatum  Fa-337 

F. acuminatum Fa-369 

F. acuminatum Fa-371 

F. equiseti  Feq-29 

F. equiseti Feq-348 

F. equiseti Feq-465 

F. graminearum  Fgram-351 

F. graminearum Fgram-61 

F. graminearum Fgram-79 

F. oxysporum  Foxy-55 

F. oxysporum Foxy-70 

F. oxysporum Foxy-78 

F. proliferatum  Fpro-262 

F. proliferatum Fpro-75 

F. proliferatum Fpro-92 

F. redolens  Fred-313 

F. redolens Fred-350 

F. redolens Fred-108 

F. solani  Fsol-154 

F. solani Fsol-62 

F. solani Fsol-64 

F. sporotrichioides  Fspo-200 

F. sporotrichioides Fspo-356 

F. sporotrichioides Fspo-361 

F. subglutinans Fsub-299 

F. subglutinans Fsub-69 

F. subglutinans Fsub-73 

F. verticillioides Fvert-180 

F. virguliforme Ho1-ss1 

F. virguliforme Re1-ss1 

F. virguliforme Wa1-ss1 
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TABLE 3.2. Concentrations used for in vitro assays and greenhouse efficacy experiments for five different fungicides 

   Concentrations of fungicides used in assays 

Active ingredient Trade name Source of fungicide Radial growth 
(µg/ml) 

Fungal biomass 
(µg/ml) 

Greenhouse efficacy 
(g a.i./100 kg seed)a 

Unknown BASF experimental 
compound 

BASF Corp., Research Park 
Triangle, NC 0.1, 1, 10, 100 0.1, 1, 10 10 

Fludioxonil Maxim FS Syngenta Crop Protection 
Inc., Greensboro, NC 0.1, 1, 10, 100 0.1, 1, 10 5.0 

Pyraclostrobin Stamina BASF Corp., Research Park 
Triangle, NC 0.1, 1, 10, 100 0.1, 1, 10 19.7 

Thiabendazole Mertect 340-F Syngenta Crop Protection 
Inc., Greensboro, NC 0.1, 1, 10, 100 0.1, 1, 10 5.2 

Trifloxystrobin Trilex Bayer CropScience, 
Research Triangle Park, NC 0.1, 1, 10, 100 0.1, 1, 10 4.6 

a Fungicide seed treatments were applied at the maximum labeled rates. 
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TABLE 3.3. Emergence (E) and root rot (RR) rating results from testing five fungicide 
seed treatments for controlling root rot of soybean seedlings inoculated with 31 Fusarium 
isolates in greenhouse inoculation experiments. One concentration of each product was 
used in greenhouse studies. 

BASF Fludioxonil Pyraclostrobin Thiabendazole Trifloxystrobin 
Isolate 

Ea RRb E RR E RR E RR E RR 

Control 32 0.5 32 0.44 32 0.47 32 0.41 32 0.44 
Fa-337 32 2.22 32 2.28 32 2.16 32 2.44 32 2.31 
Fa-369 32 2.25 32 2.35 32 2.19 32 2.19 32 2.45 
Fa-371 32 2.29 32 2.31 32 2.28 32 2.31 32 2.34 
Feq-29 32 2.19 32 2.50 32 2.47 32 2.25 32 2.22 

Feq-348 32 2.29 32 2.29 32 2.28 32 2.16 32 2.38 
Feq-465 32 2.39 32 2.41 32 2.44 32 2.22 32 2.22 

Fgram-351 32 2.42 32 2.25 32 2.31 32 2.19 32 2.41 
Fgram-61 32 2.48 32 2.38 32 2.41 32 2.25 32 2.31 
Fgram-79 32 2.35 32 2.31 32 2.19 32 2.32 32 2.34 
Foxy-55 32 2.26 32 2.19 32 2.26 32 2.25 32 2.34 
Foxy-70 32 2.32 32 2.13 32 2.22 32 2.34 32 2.31 
Foxy-78 32 2.35 32 2.28 32 2.31 32 2.41 32 2.31 
Fpro-262 32 2.36 32 2.41 32 2.25 32 2.34 32 2.19 
Fpro-75 32 2.29 32 2.28 32 2.28 32 2.38 32 2.25 
Fpro-92 32 2.26 32 2.26 32 2.28 32 2.25 32 2.31 
Fred-313 32 2.22 32 2.31 32 2.28 32 2.28 32 2.31 
Fred-350 32 2.25 32 2.22 32 2.28 32 2.25 32 2.34 
Fred-108 32 2.24 32 2.38 32 2.39 32 2.31 32 2.41 
Fsol-154 32 2.36 32 2.25 32 2.38 32 2.38 32 2.34 
Fsol-62 32 2.39 32 2.42 32 2.34 32 2.22 32 2.38 
Fsol-64 32 2.38 32 2.28 32 2.41 32 2.25 32 2.31 

Fspo-200 32 2.28 32 2.25 32 2.34 32 2.25 32 2.47 
Fspo-356 32 2.29 32 2.31 32 2.38 32 2.22 32 2.50 
Fspo-361 32 2.19 32 2.19 32 2.38 32 2.25 32 2.47 
Fsub-299 32 2.36 32 2.19 32 2.47 32 2.28 32 2.28 
Fsub-69 32 2.29 32 2.34 32 2.34 32 2.31 32 2.47 
Fsub-73 32 2.28 32 2.31 32 2.28 32 2.28 32 2.38 

Fvert-180 32 2.43 32 2.38 32 2.44 32 2.19 32 2.25 
Ho1-ss1 32 3.97 32 3.81 32 3.78 32 3.94 32 3.84 
Re1-ss1 32 3.91 32 3.88 32 3.75 32 3.98 32 3.81 
Wa1-ss1 32 3.78 32 3.66 32 3.72 32 3.84 32 3.65 

a E = number seedlings emerged out of a total 32 seeds planted. 
b RR = root rot rating of soybean seedlings 28 days post-inoculation. Values represent the mean rating on a 0 to 5 scale 

for 32 seedlings receiving each treatment.  
c Neither emergence nor root rot were significantly different than the control for any treatment. 
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Fig. 3.1. Growth of Fusarium isolates on media amended with different concentrations of thiabendazole. Radial growth results for F. 
solani on PDA amended with 1, 10, and 100 µg/ml (A); F. sporotrichioides on PDA amended with 1, 10, and 100 µg/ml (B); F. 
sporotrichioides on PDA amended with 0.1, 1, 10, and 100 µg/ml (C); F. virguliforme on PDA amended with 0.1, 1, 10, and 100 
µg/ml (D). 
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Fig. 3.2. Radial growth of 31 Fusarium isolates on media amended with 0.1 !g/ml (A) and 1 !g/ml (B) of the BASF compound 
relative to growth on nonamended media. Horizontal lines in each graph indicate 50% and 100% growth on amended vs. nonamended 
media. * Fungal biomass on amended media was significantly different from biomass on nonamended media according to Dunnett’s t 
test.

A 

B 



 

 123 

 

 
Fig. 3.3. Radial growth of 31 Fusarium isolates on media amended with 10 !g/ml (A) and 100 !g/ml (B) of the BASF compound 
relative to growth on nonamended media. Horizontal lines in each graph indicate 50% and 100% growth on amended vs. nonamended 
media. * Fungal biomass on amended media was significantly different from biomass on nonamended media according to Dunnett’s t 
test.
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Fig. 3.4. Radial growth of 31 Fusarium isolates on media amended with 0.1 !g/ml (A) and 1 !g/ml (B) of fludioxonil relative to 
growth on nonamended media. Horizontal lines in each graph indicate 50% and 100% growth on amended vs. nonamended media. * 
Fungal biomass on amended media was significantly different from biomass on nonamended media according to Dunnett’s t test.
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Fig. 3.5. Radial growth of 31 Fusarium isolates on media amended with 10 !g/ml (A) and 100 !g/ml (B) of fludioxonil relative to 
growth on nonamended media. Horizontal lines in each graph indicate 50% and 100% growth on amended vs. nonamended media.     
* Fungal biomass on amended media was significantly different from biomass on nonamended media according to Dunnett’s t test.
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Fig. 3.6. Radial growth of 31 Fusarium isolates on media amended with 0.1 !g/ml (A) and 1 !g/ml (B) of pyraclostrobin relative to 
growth on nonamended media. Horizontal lines in each graph indicate 50% and 100% growth on amended vs. nonamended media.     
* Fungal biomass on amended media was significantly different from biomass on nonamended media according to Dunnett’s t test.
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Fig. 3.7. Radial growth of 31 Fusarium isolates on media amended with 10 !g/ml (A) and 100 !g/ml (B) of pyraclostrobin relative to 
growth on nonamended media. Horizontal lines in each graph indicate 50% and 100% growth on amended vs. nonamended media.     
* Fungal biomass on amended media was significantly different from biomass on nonamended media according to Dunnett’s t test.

A 

B 



 

 128 

 

 
Fig. 3.8. Radial growth of 31 Fusarium isolates on media amended with 0.1 !g/ml (A) and 1 !g/ml (B) of thiabendazole relative to 
growth on nonamended media. Horizontal lines in each graph indicate 50% and 100% growth on amended vs. nonamended media.     
* Fungal biomass on amended media was significantly different from biomass on nonamended media according to Dunnett’s t test.
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Fig. 3.9. Radial growth of 31 Fusarium isolates on media amended with 10 !g/ml (A) and 100 !g/ml (B) of thiabendazole relative to 
growth on nonamended media. Horizontal lines in each graph indicate 50% and 100% growth on amended vs. nonamended media.     
* Fungal biomass on amended media was significantly different from biomass on nonamended media according to Dunnett’s t test.

A 

B 



 

 130 

 

 
Fig. 3.10. Radial growth of 31 Fusarium isolates on media amended with 0.1 !g/ml (A) and 1 !g/ml (B) of trifloxystrobin relative to 
growth on nonamended media. Horizontal lines in each graph indicate 50% and 100% growth on amended vs. nonamended media.     
* Fungal biomass on amended media was significantly different from biomass on nonamended media according to Dunnett’s t test.
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Fig. 3.11. Radial growth of 31 Fusarium isolates on media amended with 10 !g/ml (A) and 100 !g/ml (B) of trifloxystrobin relative 
to growth on nonamended media. Horizontal lines in each graph indicate 50% and 100% growth on amended vs. nonamended media.     
* Fungal biomass on amended media was significantly different from biomass on nonamended media according to Dunnett’s t test.
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Fig. 3.12. Biomass production for 31 Fusarium isolates in broth media amended with 0.1 !g/ml (A), 1 !g/ml (B), and 10 !g/ml (C) of 
the BASF compound. Horizontal lines in each graph indicate 50% and 100% growth of isolates in amended vs. nonamended broth.     
* Fungal biomass was significantly different between amended and nonamended broth according to Dunnett’s t test. 
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Fig. 3.13. Biomass production for 31 Fusarium isolates in broth media amended with 0.1 !g/ml (A), 1 !g/ml (B), and 10 !g/ml (C) of 
fludioxonil. Horizontal lines in each graph indicate 50% and 100% growth of isolates in amended vs. nonamended broth. * Fungal 
biomass was significantly different between amended and nonamended broth according to Dunnett’s t test. 
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Fig. 3.14. Biomass production for 31 Fusarium isolates in broth media amended with 0.1 !g/ml (A), 1 !g/ml (B), and 10 !g/ml (C) of 
pyraclostrobin. Horizontal lines in each graph indicate 50% and 100% growth of isolates in amended vs. nonamended broth. * Fungal 
biomass was significantly different between amended and nonamended broth according to Dunnett’s t test. 
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Fig. 3.15. Biomass production for 31 Fusarium isolates in broth media amended with 0.1 !g/ml (A), 1 !g/ml (B), and 10 !g/ml (C) of 
thiabendazole. Horizontal lines in each graph indicate 50% and 100% growth of isolates in amended vs. nonamended broth. * Fungal 
biomass was significantly different between amended and nonamended broth according to Dunnett’s t test. 
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Fig. 3.16. Biomass production for 31 Fusarium isolates in broth media amended with 0.1 !g/ml (A), 1 !g/ml (B), and 10 !g/ml (C) of 
trifloxystrobin. Horizontal lines in each graph indicate 50% and 100% growth of isolates in amended vs. nonamended broth. * Fungal 
biomass was significantly different between amended and nonamended broth according to Dunnett’s t test. 
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Fig. 3.17. Mean height of 28-day-old soybean plants grown from untreated seed and 
seed treated with the BASF experimental compound that were inoculated with 31 
Fusarium isolates. The mean values are based on two experiments, each with 4 
replicated treatments. Mean plant height was not significantly different between 
plants grown from treated and untreated seed for each Fusarium isolate according to 
Dunnett’s t test.  
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Fig. 3.18. Mean fresh root biomass of 28-day-old soybean plants grown from 
untreated seed and seed treated with the BASF experimental compound that were 
inoculated with 31 Fusarium isolates. The mean values are based on two experiments, 
each with 4 replicated treatments. * Mean fresh root biomass was significantly 
different between plants grown from treated and untreated seed for each Fusarium 
isolate according to Dunnett’s t test.  
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Fig. 3.19. Mean fresh shoot biomass of 28-day-old soybean plants grown from 
untreated seed and seed treated with the BASF experimental compound that were 
inoculated with 31 Fusarium isolates. The mean values are based on two experiments, 
each with 4 replicated treatments. * Mean fresh shoot biomass was significantly 
different between plants grown from treated and untreated seed for each Fusarium 
isolate according to Dunnett’s t test. 
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Fig. 3.20. Mean fresh whole plant biomass of 28-day-old soybean plants grown from 
untreated seed and seed treated with the BASF experimental compound that were 
inoculated with 31 Fusarium isolates. The mean values are based on two experiments, 
each with 4 replicated treatments. Mean fresh whole plant biomass was not 
significantly different between plants grown from treated and untreated seed for each 
Fusarium isolate according to Dunnett’s t test. 
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Fig. 3.21. Mean height of 28-day-old soybean plants grown from untreated seed and 
seed treated with fludioxonil that were inoculated with 31 Fusarium isolates. The 
mean values are based on two experiments, each with 4 replicated treatments. Mean 
height was not significantly different between plants grown from treated and 
untreated seed for each Fusarium isolate according to Dunnett’s t test. 
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Fig. 3.22. Mean fresh root biomass of 28-day-old soybean plants grown from 
untreated seed and seed treated with fludioxonil that were inoculated with 31 
Fusarium isolates. The mean values are based on two experiments, each with 4 
replicated treatments. * Mean fresh root biomass was significantly different between 
plants grown from treated and untreated seed for each Fusarium isolate according to 
Dunnett’s t test. 
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Fig. 3.23. Mean fresh shoot biomass of 28-day-old soybean plants grown from 
untreated seed and seed treated with fludioxonil that were inoculated with 31 
Fusarium isolates. The mean values are based on two experiments, each with 4 
replicated treatments. * Mean fresh shoot biomass was significantly different between 
plants grown from treated and untreated seed for each Fusarium isolate according to 
Dunnett’s t test. 
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Fig. 3.24. Mean fresh whole plant biomass of 28-day-old soybean plants grown from 
untreated seed and seed treated with fludioxonil that were inoculated with 31 
Fusarium isolates. The mean values are based on two experiments, each with 4 
replicated treatments. * Mean fresh whole plant biomass was significantly different 
between plants grown from treated and untreated seed for each Fusarium isolate 
according to Dunnett’s t test. 
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Fig. 3.25. Mean height of 28-day-old soybean plants grown from untreated seed and 
seed treated with pyraclostrobin that were inoculated with 31 Fusarium isolates. The 
mean values are based on two experiments, each with 4 replicated treatments. * Mean 
height was significantly different between plants grown from treated and untreated 
seed for each Fusarium isolate according to Dunnett’s t test.  
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Fig. 3.26. Mean fresh root biomass of 28-day-old soybean plants grown from 
untreated seed and seed treated with pyraclostrobin that were inoculated with 31 
Fusarium isolates. The mean values are based on two experiments, each with 4 
replicated treatments. * Mean fresh root biomass was significantly different between 
plants grown from treated and untreated seed for each Fusarium isolate according to 
Dunnett’s t test. 
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Fig. 3.27. Mean fresh shoot biomass of 28-day-old soybean plants grown from 
untreated seed and seed treated with pyraclostrobin that were inoculated with 31 
Fusarium isolates. The mean values are based on two experiments, each with 4 
replicated treatments. * Mean fresh shoot biomass was significantly different between 
plants grown from treated and untreated seed for each Fusarium isolate according to 
Dunnett’s t test. 
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Fig. 3.28. Mean fresh whole plant biomass of 28-day-old soybean plants grown from 
untreated seed and seed treated with pyraclostrobin that were inoculated with 31 
Fusarium isolates. The mean values are based on two experiments, each with 4 
replicated treatments. * Mean fresh whole plant biomass was significantly different 
between plants grown from treated and untreated seed for each Fusarium isolate 
according to Dunnett’s t test. 
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Fig. 3.29. Mean height of 28-day-old soybean plants grown from untreated seed and 
seed treated with thiabendazole that were inoculated with 31 Fusarium isolates. The 
mean values are based on two experiments, each with 4 replicated treatments. Mean 
height was not significantly different between plants grown from treated and 
untreated seed for each Fusarium isolate according to Dunnett’s t test. 
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Fig. 3.30. Mean fresh root biomass of 28-day-old soybean plants grown from 
untreated seed and seed treated with thiabendazole that were inoculated with 31 
Fusarium isolates. The mean values are based on two experiments, each with 4 
replicated treatments. Mean fresh root biomass was not significantly different 
between plants grown from treated and untreated seed for each Fusarium isolate 
according to Dunnett’s t test. 
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Fig. 3.31. Mean fresh shoot biomass of 28-day-old soybean plants grown from 
untreated seed and seed treated with thiabendazole that were inoculated with 31 
Fusarium isolates. The mean values are based on two experiments, each with 2 
replicated treatments. Mean fresh shoot biomass was not significantly different 
between plants grown from treated and untreated seed for each Fusarium isolate 
according to Dunnett’s t test. 
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Fig. 3.32. Mean fresh whole plant biomass of 28-day-old soybean plants grown from 
untreated seed and seed treated with thiabendazole that were inoculated with 31 
Fusarium isolates. The mean values are based on two experiments, each with 4 
replicated treatments. Mean fresh whole plant biomass was not significantly different 
between plants grown from treated and untreated seed for each Fusarium isolate 
according to Dunnett’s t test. 
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Fig. 3.33. Mean height of 28-day-old soybean plants grown from untreated seed and 
seed treated with trifloxystrobin that were inoculated with 31 Fusarium isolates. The 
mean values are based on two experiments, each with 4 replicated treatments. * Mean 
height was significantly different between plants grown from treated and untreated 
seed for each Fusarium isolate according to Dunnett’s t test. 
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Fig. 3.34. Mean fresh root biomass of 28-day-old soybean plants grown from 
untreated seed and seed treated with trifloxystrobin that were inoculated with 31 
Fusarium isolates. The mean values are based on two experiments, each with 4 
replicated treatments. * Mean fresh root biomass was significantly different between 
plants grown from treated and untreated seed for each Fusarium isolate according to 
Dunnett’s t test. 
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Fig. 3.35. Mean fresh shoot biomass of 28-day-old soybean plants grown from 
untreated seed and seed treated with trifloxystrobin that were inoculated with 31 
Fusarium isolates. The mean values are based on two experiments, each with 4 
replicated treatments. * Mean fresh shoot biomass was significantly different between 
plants grown from treated and untreated seed for each Fusarium isolate according to 
Dunnett’s t test. 
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Fig. 3.36. Mean fresh whole plant biomass of 28-day-old soybean plants grown from 
untreated seed and seed treated with trifloxystrobin that were inoculated with 31 
Fusarium isolates. The mean values are based on two experiments, each with 4 
replicated treatments. Mean fresh whole plant biomass was not significantly different 
between plants grown from treated and untreated seed for each Fusarium isolate 
according to Dunnett’s t test. 
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Phytophthora rot, caused by Phytophthora sojae, is one of the most damaging 

diseases of soybean (Glycine max) worldwide. This disease can be difficult to 

diagnose and other Phytophthora species can infect soybean. Accurate diagnosis is 

important for management of Phytophthora rot. The objective of this study was to 

evaluate PCR methods for rapid and specific detection of P. sojae and diagnosis of 

Phytophthora rot. PCR assays using two sets of primers (PS and PSOJ) that target the 

ITS region were evaluated for specificity and sensitivity to P. sojae. Genomic DNA 

extracted from 11 species of Phytophthora and 19 other species of fungal and 

oomycete pathogens was used to test the specificity of each primer set. The 

previously published PS primers amplified DNA from P. sojae and from four other 

Phytophthora species using conventional PCR, indicating they are not specific for P. 

sojae. The new PSOJ primers amplified DNA only from P. sojae using conventional 

and real-time PCR and not from P. sansomeana, which has been found in soybean 

production areas, indicating that they are specific for P. sojae. The PSOJ primers 

were also used to detect P. sojae in diseased soybean tissue and infested soil. The 

PCR assays based on the PSOJ primers are specific, rapid, and sensitive tools for the 

detection of P. sojae.  

 
INTRODUCTION 

Phytophthora rot, caused by Phytophthora sojae, is one of the most damaging 

diseases of soybean (Glycine max) and causes severe losses worldwide (136, 166, 

169). Phytophthora root rot of soybean was first observed in Indiana in 1948 and 

Ohio in 1951 (53, 136). The causal agent was identified in 1954 and the disease was 

subsequently identified throughout soybean production areas in the U.S. and in many 

other countries (136). Soybean is the only economically important host of P. sojae, 
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although P. sojae has been shown to infect other plant species in artificial 

inoculations (136). P. sojae can cause both root and stem rot on soybean. Symptoms 

include seed rot and damping-off in early vegetative growth stages and water-soaked 

to brown stem lesions followed by chlorosis, wilting, and plant death in later stages. 

P. sojae survives by producing oospores that persist in soil and crop debris for long 

periods of time (136). When soil temperatures rise above 15°C and soil moisture 

levels are high, oospores germinate, form sporangia, and release motile zoospores. 

Zoospores are attracted to roots by exudates and will encyst and produce a germ tube 

that penetrates root tissue. Factors that contribute to Phytophthora rot include poor 

soil drainage, minimal tillage, soils high in clay, and the use of susceptible cultivars 

(53, 136). The use of resistant cultivars is the primary method for managing 

Phytophthora rot on soybean.  

Diagnosis of Phytophthora rot can be difficult due to root and stem rot 

symptoms resembling those caused by other pathogens such as Pythium or Diaporthe 

species (53). Methods to identify P. sojae often involve direct isolation on semi-

selective media from infected plant tissue or baiting from soil with leaf discs or 

soybean seedlings followed by isolation (35). The use of semi-selective media can be 

time consuming and putative colonies of P. sojae may be confused with other 

Phytophthora species that are similar in morphology. Furthermore, the media is semi-

selective for Phytophthora species and allows limited growth of other 

microorganisms that may be difficult to separate and identify in culture. In addition, 

depending on environmental conditions and age of the plant sample, it may be 

extremely difficult to isolate P. sojae in culture. Commercially available enzyme-

linked immunosorbent assay (ELISA) kits may also be used for detection of 

Phytophthora species. However, commercially available ELISA kits can only identify 
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Phytophthora to the genus level, the antibodies used for detecting Phytophthora 

cross-react with some species of Pythium, and they do not always detect the presence 

of Phytophthora species (109). Alternatively, using molecular methods for detection 

and diagnosis of P. sojae may be more efficient, rapid, and accurate than the methods 

described above (154). The development of a PCR-based assay for the rapid detection 

of P. sojae could facilitate pathogen identification and diagnosis, and potentially lead 

to more effective disease management. 

Other researchers have reported PCR assays for detection of P. sojae. The 

PS1-PS2 primer set was developed in China for use with conventional PCR and real-

time PCR to detect P. sojae in plant tissue and soil (159). However, preliminary tests 

with this assay indicated potential problems with specificity when using DNA from 

isolates of P. sojae and other Phytophthora species from soybean and other hosts in 

the U.S. (14). It is not only important to have an assay that can be used to detect P. 

sojae, but the assay must also distinguish P. sojae from other Phytophthora species 

that could potentially be associated with soybean. P. sojae is not the only soybean-

infecting Phytophthora species. A newly described Phytophthora species, named P. 

sansomeana, has been isolated from soybean in Indiana, Ohio, China, and possibly 

Illinois (51, 86, 121, 148, 173). The objective of this study was to evaluate PCR 

methods for specific, rapid, and sensitive detection of P. sojae. 

 
MATERIALS AND METHODS 

Source and identity of isolates. The 92 fungal and oomycete isolates used in this 

study, consisting of 10 genera and 30 species, are listed in Table 1. Isolates were 

selected based on percent sequence similarity of the ITS region to P. sojae (~90% or 
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greater), taxonomic relationship to P. sojae, or their potential associations with 

soybean or crops planted in rotation with soybean.  

 
Mycelial DNA extractions. Genomic DNA was extracted from mycelia and spores of 

all isolates (Table 1). All isolates were grown in nutrient broth media for at least 5 

days at 22°C on a rotary shaker at 200 rpm. The mycelia and spores were harvested 

by vacuum filtration, homogenized in a FastPrep instrument (QBiogene), and DNA 

was extracted according to the manufacturer’s instructions for fungi using a FastPrep 

FastDNA kit. DNA was stored at -20°C. 

 
Plant inoculations and sampling. A modified inoculum layer method was used for 

plant inoculations (137). Prior to inoculations, P. sojae isolates were grown on one-

third strength clarified V8 juice agar for 14 days in the dark at 22°C until the colonies 

covered the surface of the plates (35). For inoculations, a base layer of 275 cm3 of 

coarse vermiculite was placed in the bottom of 10 cm diameter, 12 cm high circular 

ceramic pots. Agar cultures were placed on the base layer of vermiculite in each pot 

and then 150 cm3 of vermiculite was added to cover the agar. Six soybean seeds of 

the cultivar ‘Sloan’ were sown and covered with 100 cm3 of vermiculite. Pots were 

maintained in a greenhouse with 25°C day and 22°C night temperatures and a 14 h 

day length for 14 days. Plants were watered as needed. Fourteen days after planting, 

the vermiculite was washed from the roots of all plants for assessment of rot 

symptoms and microscopic observation of oospores. Segments of symptomatic root 

tissue were surface disinfested for 1 min in a 0.5% NaOCl solution, rinsed with sterile 

deionized water, and embedded in modified PARP medium to recover P. sojae (35). 

Plates were incubated in the dark at 22°C and putative P. sojae colonies were 

transferred to cornmeal agar (CMA) and one-third strength clarified V8 juice agar to 
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examine morphological characteristics. Cultures were grown in broth media and DNA 

was extracted as described above to test the PSOJ primers. The remaining 

symptomatic and asymptomatic root tissue was bulked by treatment and used for 

DNA extraction with the FastPrep FastDNA kit as modified by Malvick and Grunden 

(87). 

 
DNA isolation from field samples and isolates. Plant samples were collected from 

two Minnesota soybean fields in 2007. One field had plants that exhibited typical 

symptoms of Phytophthora rot and the second field had plants that lacked symptoms. 

Four adjacent plants were dug up from each of five locations in each field. Attempts 

were made to isolate P. sojae from the plant roots and DNA was extracted from 

putative P. sojae isolates as described above. DNA was also extracted from the 

remaining symptomatic and asymptomatic root tissue as described above and used for 

testing the PSOJ primers with conventional PCR.  

 
Detection of P. sojae in soil. Soil samples were collected from three soybean fields in 

Minnesota where plants exhibited symptoms of Phytophthora rot, as well as from one 

field where plants lacked visible symptoms. In addition, an artificially infested soil 

sample was prepared by autoclaving one Minnesota soybean field soil sample and 

adding a mycelial slurry of P. sojae grown in broth media as described above. DNA 

was isolated from soil samples using the MoBio PowerSoil DNA isolation kit 

according to the kit instructions and DNA samples were used for conventional and 

real-time PCR analysis. 

 
Specificity of PS1-PS2 primers with conventional PCR. The PS primers and 

conventional PCR protocol described by Wang et al. (159) were tested using DNA 
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from isolates of P. cactorum, P. cinnamomi, P. nicotianae, P. sojae, and the 

undetermined Phytophthora species from Illinois to evaluate specificity. The protocol 

was then modified to improve specificity by using three other kinds of Taq DNA 

polymerase and annealing temperatures ranging from 55 to 66°C. In addition to using 

Taq DNA polymerase (Promega) as described by Wang et al. (159), GoTaq green 

master mix (Promega), AccuPrime Taq DNA polymerase (Invitrogen), and AmpliTaq 

DNA Polymerase (Applied Biosystems, Inc.) were tested. Bovine serum albumin 

(BSA) concentrations tested in the master mix were 0.1%, 0.01%, or 0.0%. Reactions 

were carried out in a PTC-100 PCR instrument (MJ Research) and an Eppendorf 

Mastercycler (Eppendorf). Samples were run in duplicate in two separate reactions. 

 
Specificity of PSOJF1-PSOJR1 primers with real-time PCR. Another set of 

primers designed for P. sojae, designated as PSOJ primers, was also evaluated. The 

forward and reverse primers developed from ITS sequences were PSOJF1 (5’-

GCCTGCTCTGTGTGGCTGT-3’) and PSOJR1 (5’-GGTTTAAAAAGTGGGCTC-

ATGATC-3’), respectively. The PSOJ primers were designed by P. Hart at Michigan 

State University for use with real-time PCR, but had not been fully tested or 

published. Ten out of 32 P. sojae isolates were arbitrarily selected and DNA from 

these isolates was used to test the PSOJ primers with real-time PCR. The PSOJ 

primers were tested with real-time PCR using SYBR Green technology. The PCR 

reactions were conducted in a volume of 25 µl that contained 5 µl of DNA solution 

extracted from mycelia, 12.5 µl TaqMan universal PCR master mix (Applied 

Biosystems, Inc.), 2.5 µl 1X SYBR Green I, 450 nM each of the forward and reverse 

primers, and 2.75 µl of molecular grade water. Thermal cycling parameters consisted 

of 2 min at 50°C and 10 min at 95°C, followed by 40 cycles of 15 s at 95°C and 1 min 
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at 60°C. Reactions were carried out using an ABI 7500 Real-Time PCR System 

(Applied Biosystems, Inc.). Reactions were run using individual MicroAmp optical 8-

tube strips (Applied Biosystems, Inc.). Cycle threshold (Ct) values were calculated 

and data analyzed based on absolute quantification using ABI software. Ct values less 

than 35 were considered a positive detection response. Samples were run in duplicate 

in two separate reactions. DNase/RNase treated water controls were included in all 

experiments. 

 
Specificity of PSOJF1-PSOJR1 primers with conventional PCR. The PSOJ 

primers were also evaluated with conventional PCR. The PCR reactions were 

conducted in a volume of 25 µl that contained 2.5 µl of DNA solution extracted from 

mycelia, 12.5 µl of GoTaq master mix (Promega), 0.25 µl each of 20 µM forward and 

reverse primer, and 9.5 µl of molecular grade water. Reactions were performed in a 

PTC-100 PCR instrument (MJ Research) and an Eppendorf Mastercycler 

(Eppendorf). The thermal cycling parameters were 94°C for 5 min, followed by 35 

cycles at 94°C for 30 s, 66°C for 30 s and 72°C for 30 s, followed by 72°C for 10 

min. Annealing temperatures ranging from 55 to 66°C were tested. Negative controls 

were used that lacked template DNA. The amplified products were visualized in 2% 

agarose gels. Samples were run in duplicate in two separate reactions. 

 
Sensitivity of PSOJF1-PSOJR1 primers with conventional and real-time PCR. 

To determine sensitivity of the PSOJ primers, P. sojae isolate MNR25B was grown 

and DNA was extracted as described above and quantified with a spectrophotometer 

(Smartspec 3000, Bio-Rad). Ten-fold serial dilutions were made to obtain final 

concentrations from 100 ng to 1 fg for conventional and real-time PCR reactions, 

respectively. Conventional and real-time PCR reactions were conducted as described 
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above. Ct values less than 35 were considered a positive detection result. Negative 

controls were included with each conventional and real-time PCR reaction. Samples 

were run in duplicate in two separate reactions. 

 
RESULTS 

Non-specificity of PS1-PS2 primers. The PS primers were not specific for P. sojae 

in conventional PCR assays. DNA was amplified with these primers from isolates of 

P. cactorum, P. cinnamomi, P. nicotianae, and the undetermined Phytophthora 

species from Illinois, as well as from P. sojae, when using annealing temperatures 

ranging from 55 to 65ºC (Fig. 1, data not shown). Specificity was not increased and 

there was no amplification of DNA from any of the Phytophthora species tested when 

the annealing temperature was increased to 66ºC (data not shown). Different types of 

Taq DNA polymerase were tested, but similar non-specific results were obtained 

(data not shown). In addition, the use of different BSA concentrations and different 

thermal cyclers did not improve specificity (data not shown). Based on these 

problems with non-specificity for P. sojae, no additional work was done with the PS 

primers and it was concluded that they were not useful for specific detection of P. 

sojae in the U.S.   

 
Specificity of PSOJF1-PSOJR1 primers. The PSOJ primers were specific for 

detection of P. sojae with real-time PCR. DNA was amplified from 10 isolates of P. 

sojae tested, yielding Ct values that ranged from 16.0 to 21.2 (Table 1). No detectable 

amplification occurred for 60 other isolates of fungi and oomycetes, which included 

10 genera and 30 species (Table 1). Although the PSOJF1-PSOJR1 primers were 

originally designed for real-time PCR, methods were also developed to use these 

primers for conventional PCR (14). DNA from isolates of P. sojae yielded an 
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amplicon of approximately 100 bp (Fig. 2; Table 1). DNA from 60 fungal and 

oomycete isolates, including other Phytophthora species, yielded no amplification 

product with the PSOJ primers in the conventional PCR assay (Fig. 2; Table 1). 

 
Sensitivity of PSOJF1-PSOJR1 primers. Real-time PCR reactions with the PSOJ 

primers yielded positive results with six of nine concentrations of genomic P. sojae 

DNA tested, from 100 ng to 1 pg (Table 2). Ct values ranged from 14.0 for 100 ng of 

DNA to 33.3 for 1 pg of DNA. DNA was not detected in reactions containing less 

than 1 pg of P. sojae DNA. In addition, conventional PCR using the PSOJ primers 

yielded positive results with five of nine concentrations of genomic P. sojae DNA 

tested, from 100 ng to 10 pg (Table 2). Negative controls lacking DNA yielded no 

amplification product with the PSOJ primers in real-time or conventional PCR 

reactions.  

 
Detection of P. sojae in plants with PSOJF1-PSOJR1 primers. Greenhouse plants 

inoculated with P. sojae exhibited characteristic stunting and root rot 14 days after 

planting. Oospores were visualized in rotted roots upon microscopic examination and 

root tissue plated from inoculated plants yielded cultures with morphological and 

growth characteristics of P. sojae. Control plants did not show any apparent 

symptoms and oospores were not detected in the roots of control plants. DNA from 

the putative P. sojae cultures was tested with the PSOJ primers and gave positive 

results with both conventional and real-time PCR (data not shown). DNA extracted 

from plants inoculated with P. sojae tested positive with conventional PCR, whereas 

DNA from control plants yielded a negative result (Table 3).  

Thirteen out of 20 plants collected from a field with a history of Phytophthora 

rot exhibited symptoms of root rot and stem cankers. All 13 of the symptomatic plants 
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yielded positive results with the PSOJ primers using conventional PCR (Table 3). In 

addition, three of the 13 symptomatic plants yielded putative P. sojae isolates in 

culture. DNA extracted from these three cultures tested positive with the PSOJ 

primers using conventional and real-time PCR (Table 1). Root samples collected from 

a field containing plants that lacked symptoms of Phytophthora rot gave negative 

results with conventional PCR, and Phytophthora species were not isolated from the 

root tissue (Table 3). 

 
Detection of P. sojae in soil with PSOJF1-PSOJR1 primers. P. sojae was detected 

in soil using conventional and real-time PCR. The pathogen was detected in soil from 

three fields containing plants with symptoms of Phytophthora rot, but not from a field 

lacking symptomatic plants (Table 4). P. sojae was also detected in an artificially 

infested soil sample using both conventional and real-time PCR (Table 4).  

 
DISCUSSION 

P. sojae is one of the most economically important pathogens of soybean. A 

reliable method for specific detection of this organism can be of great value to 

improve diagnosis and management of Phytophthora rot. Specificity for the target 

pathogen is critical for detection and diagnostic assays. Commonly used methods for 

detection of Phytophthora species such as isolations and ELISA have limitations with 

specificity and are time consuming (109, 154). PCR assays can be rapid, specific, and 

sensitive tools for detection and diagnosis of P. sojae and other plant pathogens (154). 

The objective of this study was to test and validate the diagnostic value of two 

different PCR assays for the specific detection of P. sojae.  

The first portion of this study was focused on determining the diagnostic value 

of the PS primers. Wang et al. (159) described a PCR assay that was specific for P. 
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sojae in China, but results from this study indicate that the assay based on PS primers 

was not specific for P. sojae in the U.S. When testing the PS primers with annealing 

temperatures ranging from 55 to 65°C, DNA was amplified from five Phytophthora 

species tested, which is similar to results obtained by Wang et al. (159). However, 

DNA was not amplified from P. sojae when annealing temperatures were raised to 

66°C in the attempt to increase specificity, as was observed by Wang et al. (159). It is 

possible that the non-specificity is due to the primer sequences. A sequence alignment 

of the PS primers and the ITS region for the five Phytophthora species tested with the 

PS primers revealed 50 to 69% similarity (data not shown). Therefore, the PS primers 

were not specific for detection of P. sojae in this study regardless of the use of 

different annealing temperatures, Taq polymerases, BSA concentrations, and 

thermocycler instruments. Caution should be used if these primers are utilized for 

detecting P. sojae and diagnosing Phytophthora rot. 

The new PSOJ primers were specific for P. sojae in this study. They did not 

amplify DNA from 10 other species of Phytophthora or 19 other species of plant 

pathogenic fungi and oomycetes. This is important because P. sojae is not the only 

soybean-infecting Phytophthora species and other pathogens can colonize and infect 

soybean, causing symptoms similar to those caused by P. sojae. Hamm and Hansen 

(51) described isolates in the P. megasperma complex that were pathogenic on 

soybean and were different from P. sojae. Subsequently, isolates of a similar 

undescribed Phytophthora species were reported in Indiana as causing root rot on 

soybean (121). Recently, these isolates were described as a new Phytophthora species 

and named P. sansomeana (52, 120). Additionally, Malvick and Grunden (86) 

examined soybean-infecting Phytophthora populations in Illinois and detected a 

previously undescribed Phytophthora species that can infect and kill soybeans. 
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Preliminary comparisons between ITS DNA sequence alignments from Illinois 

isolates and the P. sansomeana holotype indicate that these isolates are very closely 

related. The PS primers designed in China by Wang et al. (159) had not been tested 

with DNA from P. sansomeana or any other soybean-derived Phytophthora isolates, 

but we confirmed that the PS primers would amplify DNA from these isolates and are 

not specific for P. sojae. When we tested the PSOJ primers with DNA from two 

isolates of P. sansomeana and seven of the undetermined Phytophthora isolates from 

Illinois, there was no amplified DNA detected from any of these isolates, indicating 

that the PSOJ primers are species-specific for P. sojae with both real-time and 

conventional PCR. 

These specific PCR assays with the PSOJ primers allow the rapid detection of 

P. sojae from infected plant material. DNA from P. sojae was detected in greenhouse-

inoculated plants 14 days after planting. The PSOJ primers were also used to 

successfully detect P. sojae DNA in field-grown plants exhibiting symptoms of 

Phytophthora root and stem rot; whereas, no amplification occurred when DNA 

extracted from asymptomatic plants sampled at another location was tested. In 

addition, P. sojae was detected in symptomatic field-grown plants when culture plate 

isolation yielded negative results. This later result is not uncommon when diagnosing 

diseases caused by Phytophthora species. Various factors such as unfavorable 

environmental conditions, the presence of other microorganisms, and aging plants can 

lead to false negatives when using culture methods (109). Also, culturing can be time 

consuming and requires growth and identification of the pathogen, which may delay 

results. However, use of PCR with the PSOJ primers can achieve diagnosis of a 

sample in a single day and appears to be a very efficient method for detection of P. 

sojae from infected plants. 
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Although this work focused on a species-specific PCR assays for the detection 

of P. sojae in plant material, the PSOJ primers were also tested to determine if they 

would allow the rapid detection of P. sojae from soil. P. sojae was detected in a soil 

sample that was infested in the laboratory and in soil samples from three fields with 

plants exhibiting symptoms of Phytophthora rot. The presence of P. sojae from the 

three field soil samples was also confirmed following successful baiting (data not 

shown). In contrast, P. sojae was not detected from soil collected from a field that 

lacked the presence of soybeans with symptoms of Phytophthora rot. Additional 

research is necessary to determine the efficiency of DNA extraction and the 

sensitivity and reliability of detection of P. sojae from anonymous soil samples. 

This paper describes the successful development and evaluation of the specific 

PSOJ primers for the DNA-mediated detection of P. sojae. In addition to the PS 

primers developed by Wang et al. (159), there are other reports of attempts to design 

species-specific PCR assays for P. sojae. Rose and Reeleder (124) described a real-

time PCR assay designed for the detection of P. sojae in soil, but they reported 

problems with specificity. Song et al. (143) reported a conventional PCR assay for P. 

sojae based on a transposable element. However, it was not tested against P. 

sansomeana or other soybean-infecting Phytophthora species, was only designed for 

use with conventional PCR, and the performance was not tested for detection of P. 

sojae in soil. A nested conventional PCR assay was also reported by Xu et al. (171) 

for detection of P. sojae in soil and infected plant material. However, this assay was 

only used with conventional PCR, has not been tested against P. sansomeana or other 

soybean-infecting Phytophthora species, and is a more time and resource consuming 

nested assay that can increase the risk of contamination and false positives. 

Furthermore, this assay was developed using isolates of P. sojae derived from China 
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and the potential for use as a diagnostic tool of Phytophthora rot in the U.S. and other 

areas is unknown.  

To our knowledge, this is the first report of PCR primers that are specific for 

detecting P. sojae and can distinguish P. sojae from other soybean-infecting 

Phytophthora species. Therefore, the objective of evaluating PCR methods for rapid, 

specific, and sensitive detection of P. sojae was attained. The specificity and 

sensitivity of the conventional and real-time PCR assays utilizing the PSOJ primers 

make them highly valuable tools for detecting P. sojae. The availability of PCR 

assays for the specific detection of P. sojae has considerable practical implications as 

they can be used not only to quickly detect P. sojae from infected soybeans and from 

soil, but also as diagnostic and research tools to improve management of 

Phytophthora rot. 
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TABLE 4.1. Isolates of Phytophthora sojae and other pathogens used to screen 
polymerase chain reaction (PCR)-specific primers PSOJF1-PSOJR1 and results with 
conventional and real-time PCR 

 Isolation/origin  PCR detection 

Species Host Sourcea No. isolates Conventionalb Real-timec,d 

Phytophthora sojae Glycine max 
Glycine max 

IL 
MN 

25 
7 

+ 
+ 

+ 

+ 

P. cactorum  Unknown 
Vaccinium parvifolium 

R.B. 
N.G. 

1 
1 

- 
- 

- 
- 

P. cinnamomi  Unknown R.B. 2 - - 

P. cryptogea Abies procera 
Aster sp. 

N.G. 
N.G. 

1 
1 

- 
- 

- 
- 

P. drechsleri Beta vulgaris N.G. 2 - - 

P. infestans Solanum tuberosum R.B. 1 - - 

P. medicaginis  Medicago sativa D.S. 1 - - 

P. nicotianae Unknown R.B. 2 - - 

P. sansomeana Glycine max 
Pseudotsuga menziesii 

N.G. 
N.G. 

1 
1 

- 
- 

- 
- 

P. taxon ‘Walnut’ Juglans hindsii N.G. 1 - - 

Phytophthora sp. Glycine max IL 7 - - 

Aphanomyces euteiches  Pisum sativum MN 1 - - 

Pythium irregulare Glycine max IL 1 - - 

Pythium oligandrum Glycine max IL 1 - - 

Diaporthe phaseolorum var. 
caulivora 

Glycine max A.R. 2 - - 

Fusarium acuminatum Glycine max MN 2 - - 

F. equiseti Glycine max MN 2 - - 

F. graminearum Glycine max MN 2 - - 

F. oxysporum Glycine max MN 4 - - 

F. proliferatum Glycine max MN 2 - - 

F. redolens Glycine max MN 2 - - 

F. solani Glycine max MN 4 - - 

F. sporotrichioides Glycine max MN 2 - - 

F. subglutinans Glycine max MN 2 - - 

F. virguliforme  Glycine max IL 1 - - 

Macrophomina phaseolina Glycine max MN 2 - - 

Phialophora gregata – 
genotype A  

Glycine max IL 1 - - 

P. gregata – genotype B Glycine max IL 1 - - 

Phomopsis longicolla Glycine max A.R. 2 - - 

Rhizoctonia solani Glycine max A.H. 2 - - 

Sclerotinia sclerotiorum Glycine max MN 3 - - 
a Isolates and DNA were provided from the following sources: A.R. = A. Robertson from Iowa State University; R.B. = R. Blanchette from the 

University of Minnesota; N.G. = N. Grunwald from Oregon State University; A.H. = A. Holm from the University of Minnesota; D.S. = D. 
Samac from the University of Minnesota. MN and IL = isolates maintained by the authors at the University of Minnesota. 

b Conventional PCR product: + = expected PCR product band present; – = no PCR product band detected. 
c Ct values from real-time PCR reactions are averages from samples run in duplicate in two separate reactions. 
d Real-time PCR results: + = samples with Ct values ranging from 16.0 to 21.2; – = samples with Ct values greater than 35, which were considered 

to have non-detectable DNA. 
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e TABLE 4.2. Sensitivity of conventional and real-time PCR assays based on the 
PSOJ primer set for detection of DNA from Phytophthora sojae 

DNA sample Conventional PCR detectiona Real-time PCR detectionb,c,d 

100 ng genomic DNA + + (Ct = 14.0) 

10 ng genomic DNA + + (Ct = 17.8) 

1 ng genomic DNA + + (Ct = 22.1) 

100 pg genomic DNA + + (Ct = 25.3) 

10 pg genomic DNA + + (Ct = 28.9) 

1 pg genomic DNA - + (Ct = 33.3) 

100 fg genomic DNA - - 

10 fg genomic DNA - - 

1 fg genomic DNA - - 
b Conventional PCR product: + = expected PCR product band present; – = no PCR product band detected. 
c Ct values from real-time PCR reactions are averages from samples run in duplicate in two separate reactions. 
d Samples with Ct values greater than 35 were considered to have non-detectable DNA. 
e The regression equation for the standard plot is y = -3.7933x + 36.833 (R2 = 0.99841), with y being the threshold 
cycle and x the DNA quantity. 
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TABLE 4.3. Comparison of culture isolation and conventional PCR based on the 
PSOJ primer set for detection of Phytophthora sojae in plant tissue 

Plant sample Culture plating 
detection 

Conventional PCR detectiona 

Field plants sampled from a location without P.sojae  - - 

Field plants sampled from a location with P. sojae +b +c 

Greenhouse plants, noninoculated - - 

Greenhouse plants inoculated with P. sojae + + 
d Conventional PCR product: + = expected PCR product band present; – = no PCR product band detected. 
e P. sojae was recovered from three out of 20 plants sampled at the location with Phytophthora rot. 
f P. sojae was detected in 13 out of 20 plants sampled at the location with Phytophthora rot. 
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TABLE 4.4. Results from the use of conventional and real-time PCR assays based 
on the PSOJ primer set for detection of Phytophthora sojae in soil samples  

Soil sample Conventional PCR detectiona Real-time PCR detectionb,c 

SROC-212A + + (Ct = 22.6) 

RM-KST + + (Ct = 24.7) 

BM-RCo. + + (Ct = 24.1) 

Sterilized field soil infested with P. sojae + + (Ct = 27.5) 

Field soil from a location without P. sojae - - 
a Conventional PCR product: + = expected PCR product band present; – = no PCR product band detected. 
b Ct values from real-time PCR reactions are averages from samples run in duplicate in two separate reactions 
c Samples with Ct values greater than 35 were considered to have non-detectable DNA. 
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Fig. 4.1. Agarose gel electrophoresis of PCR products from 12 Phytophthora isolates 
using the PS1-PS2 primer set with an annealing temperature of 55°C. PCR 
amplification products from: Lanes 1-7, Phytophthora sojae; lanes 8-9, undetermined 
Phytophthora; lane 10, Phytophthora nicotianae; lane 11, Phytophthora cinnamomi; 
lane 12, Phytophthora cactorum. M, 100-bp DNA ladder (Promega). Lane 13, water 
control. 
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Fig. 4.2. Agarose gel electrophoresis of PCR products from 26 fungal and oomycete isolates using the PSOJF1-PSOJR1 primer set. PCR 
amplification products from: Lanes 1-7, Phytophthora sojae; lanes 8-14, undetermined Phytophthora; lane 15, Phytophthora nicotianae; lanes 
16-17, Phytophthora cinnamomi; lane 18, Phytophthora cactorum; lane 19, Phytophthora medicaginis; lane 20, Pythium irregulare; lane 21, 
Pythium oligandrum; lane 22, Aphanomyces euteiches; lane 23, Fusarium virguliforme; lanes 24-25, Phialophora gregata A and B; lane 26, 
Rhizoctonia solani. M, 100-bp DNA ladder (Promega). Lane 27, water control. 
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Appendix A: First Report of Fusarium redolens causing root rot of soybean in 
Minnesota 

Multiple Fusarium species have been found in association with soybean (Glycine 

max) plants exhibiting root rot in the United States (3). Soybean plants that lacked 

apparent foliar symptoms, but exhibited 2- to 5-mm brown, necrotic taproot lesions and 

lateral root necrosis were observed in Minnesota in one field each in Marshall and Otter 

Tail counties in July of 2007, as well as in one field in Marshall County in July of 2008. 

Sampling was conducted as part of a study investigating root rot in major soybean-

production areas of Minnesota. Plants were arbitrarily dug up at the R3 growth stage. 

Root systems were washed, surface disinfested in 0.5% NaOCl for 3 min, rinsed in 

deionized water, and dried. Fusarium isolates were recovered from root sections with 

necrotic lesions embedded in modified Nash-Snyder medium (1). One resulting Fusarium 

colony from one plant per county was transferred to half-strength acidified potato 

dextrose agar (PDA) and carnation leaf agar (CLA) to examine morphological 

characteristics (4). Culture morphology on PDA consisted of flat mycelium with sparse 

white aerial mycelium. On CLA, thick-walled macroconidia with a hooked apical cell 

and a foot-shaped basal cell were produced in cream-colored sporodochia. Macroconidia 

ranged from 32.5 to 45.0 µm long. Microconidia were oval to cylindrical with 0 to 1 

septa, ranged from 7.5 to 11.25 µm long, and were produced on monophialides. 

Chlamydospores were produced abundantly in chains that were terminal and intercalary 

in the hyphae of 4-week-old cultures. Morphological characteristics of the three isolates 

were consistent with descriptions of F. redolens (2,4). The identity of each isolate was 

confirmed by sequencing the translation elongation factor 1-" (TEF) locus (4). BLAST 

analysis of the TEF sequences from each isolate against the FUSARIUM-ID database 
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resulted in a 100% match for 17 accessions of F. redolens (e.g., FD 01103, FD 01369). 

Each F. redolens isolate was tested for pathogenicity on soybean. Sterile sorghum grain 

was infested with each isolate and incubated for 2 weeks. Sterile sorghum was used for 

control plants. Soybean seeds of cv. AG2107 were planted in 11.4-cm pots ~1 cm above 

a 25-cm3 layer of infested sorghum or sterile sorghum. Two replicate pots containing 

four plants each were used per treatment and the experiment was repeated once. Root rot 

was assessed 28 days after planting. Each F. redolens isolate consistently caused taproot 

necrosis on inoculated plants, whereas control plants did not exhibit root necrosis. 

Isolations were made from roots of inoculated and control plants and the isolates 

recovered from inoculated plants were identified as F. redolens based on morphological 

characteristics and TEF sequences. Fusarium species were not isolated from control 

plants. To our knowledge, this is the first report of F. redolens causing root rot of 

soybean; however, it is possible F. redolens has been found previously and misidentified 

as F. oxysporum (2,4). Results from inoculations suggest that F. redolens may be an 

important root rot pathogen in Minnesota soybean fields. 

 
References: (1) J. C. Bienapfl et al. Acta Hortic. 668:123, 2004. (2) C. Booth and J. M. 

Waterston. No. 27 in: CMI Descriptions of Pathogenic Fungi and Bacteria. CMI, Kew, 

England, 1964. (3) G. L. Hartman et al. Compendium of Soybean Diseases. 4th ed. The 

American Phytopathological Society, St. Paul, MN, 1999. (4) J. F. Leslie and B. A. 

Summerell. The Fusarium Laboratory Manual. Blackwell Publishing, Ames, IA, 2006. 

 
Published as Bienapfl, J. C., Malvick, D. K., and Percich, J. A. 2010. First Report of 

Fusarium redolens Causing Root Rot of Soybean in Minnesota. Plant Disease 94:1069. 
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Appendix B: Identification and characterization of fungi associated with soybean 
roots in Minnesota 

 
Materials and Methods 

Field sampling. Soybean plants from 15 fields were sampled during the 2007 and 2008 

growing seasons in Minnesota. Soybean fields from 10 counties with a history of rotation 

with corn were selected based on reports from growers who had previously experienced 

poor yields or disease problems. For fields 1 through 10, 4 adjacent plants were dug up 

from each of 5 arbitrarily selected locations in each field. For fields 11 through 13, 

samples were collected as part of a statewide soybean disease survey and consisted of 4 

plants taken from each of 3 arbitrarily selected locations in each field. For fields 14 and 

15, samples were collected only in 2007 from previously established research plots. Four 

adjacent plants were dug up from each of six locations along each of six transects. All 

plants were collected at approximately the R3 growth stage. For fields 1, 2, 4, 5, 7, and 9 

samples were also collected from adjacent corn fields in 2007. This allowed sampling 

from the same fields in two consecutive years and isolations from both crops. Corn 

sampling consisted of digging up three adjacent plants from each of 5 arbitrarily selected 

locations in each field. GPS coordinates were recorded for sampling locations in each 

field. 

 
Isolations. Soybean and corn root systems were washed to remove soil, surface sterilized 

in a 0.5% NaOCl solution for 3 min, rinsed in deionized water, and blotted dry. Roots 

were examined for symptoms and sections were made from the margins of necrotic roots 

and root lesions. Root segments were embedded in Nash-Snyder medium supplemented 

with 120 mg/ml aureomycin, PARP medium, acidified half-strength potato dextrose agar 
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(PDA) (Difco), and 2% water agar (35, 100). PARP plates were incubated at 22°C in the 

dark, while all other plates received ambient fluorescent light. Resulting colonies were 

transferred to and maintained on PDA.  

 
Isolate identification. One hundred representative isolates were selected based on 

culture morphology and the soybean or corn fields from which they originated (Table 1). 

All isolates were identified using DNA sequencing and morphological characteristics. 

For sequencing, genomic DNA was extracted from mycelium of 100 isolates (Table 1). 

All isolates were grown in potato dextrose broth (PDB) on a rotary shaker at 200 rpm for 

7 days at 22°C. The mycelia were harvested by vacuum filtration, homogenized in a 

FastPrep instrument (QBiogene, Irvine, CA), DNA was extracted using a FastPrep 

FastDNA kit, and DNA was stored at -20°C. The internal transcribed region (ITS) region 

was amplified and sequenced using the primers ITS1-F and ITS4. Amplicons were 

sequenced using ABI Big Dye version 3.1 terminator chemistry at the University of 

Minnesota BioMedical Genomics Center. Sequences were edited using Editseq (DNA 

Star, Inc., WI) and submitted for BLAST searches for comparison to known DNA 

sequences in the NCBI (http://blast.ncbi.nlm.nih.gov/) and FUSARIUM-ID 

(http://isolate.fusariumdb.org/index-.php) databases. DNA sequencing results were 

verified by growing all cultures on PDA  and examining morphological characteristics. 

 
Pathogenicity experiments. Inoculum was increased by infesting sterile sorghum grain 

using methods described by Mueller et al. (97) with modifications. Fifty-cm3 of sorghum 

was measured into 250-ml Erlenmeyer flasks, soaked in deionized water for 18-24 h, 

drained, and autoclaved for 1 hr on each of two consecutive days. Sterile sorghum was 
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inoculated with six 5-mm plugs from 7-10 day old PDA cultures. Inoculum was 

incubated at 22°C under ambient fluorescent light and shaken daily for 2 weeks. Sterile 

sorghum was used for control plants. For inoculations, soybean seeds of the commercial 

variety AG2107 were planted in 11.4-cm square pots approximately 1-cm above a 25-

cm3 layer of infested sorghum or sterile sorghum. Two replicate pots containing 4 plants 

each were used per isolate. Pots were maintained in a greenhouse with 25°C day and 

22°C night temperatures and a 14-h day length for 28 days. Plants were watered daily as 

needed. Twenty-eight days after planting the root system of each plant was washed and 

root rot incidence was assessed. The experiment was repeated once. 

An additional pathogenicity experiment was conducted in the greenhouse to 

investigate the effects of one of the fungi identified above. Five isolates each of 

Bionectria ochroleuca were used to infest 200-cm3 l sterile sorghum as described above 

and sterile sorghum was used for control plants. Two replicate 13.7-cm square pots 

containing 4 plants each of the commercial soybean variety AG2107 (Monsanto, St. 

Louis, MO) and navy bean seed of the commercial variety Vista (Gentec, Inc., Twin 

Falls, ID) were used per isolate. In addition, corn seeds of the hybrid 

0996344RW/GT/CB/LL (Syngenta Seeds, Inc., Minnetonka, MN) were planted in 13.7-

cm square pots approximately 1 cm above a 100-cm3 layer of infested sorghum or sterile 

sorghum. Two replicate pots containing two corn plants each were used per isolate. Pots 

were maintained in a greenhouse with 25°C day and 22°C night temperatures and a 14 h 

day length for 28 days. Plants were watered daily as needed and corn was fertilized as 

needed with Peter’s Professional 20-10-20 Peat-Lite Special (Scotts-Sierra Horticultural 

Products Company, Marysville, OH) at a rate of 1 tablespoon per gallon of water. 



 

 196 

Twenty-eight days after planting the root system of each plant was washed and root rot 

incidence was assessed. Root sections from symptomatic plants in each of three pots per 

plant species were surface sterilized in a 0.5% NaOCl solution for 2 min, rinsed in 

deionized water, and blotted dry. Root segments were embedded in PDA and growing 

colonies were subcultured on PDA and identified based on morphological characteristics. 

The experiment was carried out once. 

 
RESULTS 

Isolate identification. Multiple fungal genera were isolated from soybean roots, 

including known soybean pathogens (Fig. 1, Table 1). Sequencing of the ITS region for 

100 isolates selected for this study revealed that at least 18 fungal genera can be 

recovered from soybean roots in Minnesota (Fig. 1, Table 1). Sequencing results also 

yielded 29 isolates that did not match known sequences in the NCBI database. The 

frequency of individual fungal genera recovered does not show any pattern of distribution 

in Minnesota soybean fields (Table 1). Of the fungal genera isolated that were not 

Fusarium, Bionectria was recovered most frequently from 15 out of 15 fields sampled 

(Table 1). Other fungi recovered were much less prevalent. 

 
Pathogenicity experiments. Pathogenicity assays demonstrated that a number of fungal 

isolates incite root rot on soybean under the conditions tested (Fig. 2A to I, Table 1). 

Bionectria isolates also incited foliar symptoms (Fig. 2J). However, not all fungal genera 

tested incited root rot on soybean. Isolates of Gaeumannomyces, Mortierella, Mucor, 

Ophiocordyceps, and Periconia did not incite any symptoms on soybean roots (Table 1).   
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 Since 28 out of 30 isolates of B. ochroleuca tested incited root rot on soybean, an 

additional pathogenicity experiment was conducted. Five isolates were used to inoculate 

soybean, corn, and navy bean to investigate their pathogenicity on these crops as 

described above (Table 2). Root rot developed on soybean seedlings, as well as foliar 

symptoms of interveinal chlorosis and some marginal necrosis (Fig. 3A & B). On corn, 

root rot symptoms were not severe, but the tips of adventitious crown roots were necrotic 

and the primary roots were necrotic and rotted on all inoculated plants (Fig. 3C). In 

addition, navy bean seedlings also developed root rot symptoms and inoculated plants 

had severe taproot necrosis (Fig. 3D). Control plants did not develop root rot symptoms. 

Two plants of each of inoculated soybean, corn, and navy bean were arbitrarily selected 

for reisolation of B. ochroleuca. B. ochroleuca was recovered from symptomatic root 

tissue from each plant species on PDA. Isolates were identified by comparing their 

morphological characteristics to sequenced isolates of B. ochroleuca used for 

inoculations. In addition, the petiole tissue from the symptomatic trifoliate in Fig. 3B was 

also used for reisolation and B. ochroleuca was cultured from the petiole tissue. 

 
DISCUSSION 

A diversity of fungal genera was associated with roots of soybean plants in the 

early reproductive stages in Minnesota. Some fungi, such as Corynespora, Curvularia, 

and Microdochium have been previously reported in association with soybean seed, but 

pathogenicity does not appear to have been tested (53). Other fungal genera recovered, 

such as Fusarium and Rhizoctonia, are known root pathogens of soybeans. It is not 

surprising that they incited root rot symptoms in pathogenicity assays. However, a 
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number of isolates of other fungal genera produced root rot symptoms in pathogenicity 

assays, which suggests that they may be root rot pathogens in Minnesota soybean fields.  

B. ochroleuca isolates are of particular interest for further characterization and 

future study due to their abundance and ability to incite root rot in pathogenicity trials. 

This fungus is the teleomorph for Gliocladium roseum, which is a common soil 

inhabitant and has even been used for biocontrol of Botrytis cinerea (146). There are 

reports of associations between soybean and G. roseum in the literature; however, known 

associations have not been pathogenic (90, 98, 146). B. ochroleuca has been shown to 

colonize soybean systemically, including roots, stems, pods, and seed, in the absence of 

symptoms (146). G. roseum has also been reported from roots of chickpea, red clover, 

and white clover (90, 140, 146). This fungus doesn’t appear to be pathogenic on these 

plant species. However, G. roseum has been reported as a dry rot pathogen of potato and 

as a root rot pathogen of Red Mexican bean (149). In addition, G. roseum has been 

shown to occur in Brazil with Rhizoctonia solani as part of what appears to be a root rot 

complex of soybean (83). Additionally, researchers examining fungi associated with 

white clover found that when they inoculated white clover plants that G. roseum isolates 

caused root necrosis, but not penetrate and infect the roots (140). The authors attributed 

their results to the production of a toxin by the fungus. F. virguliforme causes foliar 

symptoms on soybean that include interveinal chlorosis and necrosis through production 

of a toxin (127). It is possible that B. ochroleuca isolates also incited foliar symptoms 

through production of a toxin. 

B. ochroleuca was reisolated from inoculated soybean, corn, and navy bean roots 

By isolating the fungus from symptomatic roots, Koch’s postulates have been completed 



 

 199 

for this fungus. It is interesting to note that B. ochroleuca was also isolated from the 

petiole of a soybean trifoliate that showed symptoms of chlorosis and necrosis. This 

agrees with previous reports that indicate B. ochroleuca can systemically colonize 

soybean plants (146).  

The pathogenicity assays in this study demonstrate that a number of fungal genera 

can incite root rot on soybean under the conditions tested. Only a subset of isolates were 

tested, which may not represent the populations in Minnesota soybean fields. Therefore, 

additional isolates should be tested to determine the frequency of pathogenic isolates 

within these genera. In addition, it would be useful to identify isolates to the species level 

to gain a clearer understanding of the diversity of species belonging to genera reported in 

this study. This could be particularly important for investigating and reporting species 

that have not been reported as pathogens of soybean. Additionally, the abilities of the 

isolates to incite root rot on soybean under field conditions are unknown and should also 

be tested. 
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TABLE B1. Occurrence of fungal genera in 15 MN soybean fields and their capability to incite root rot on soybean seedlings in 
greenhouse pathogenicity trials.

Fungal genera Number of fields yielding each 
fungus Total isolates recovered Number of isolates causing root 

rot 
Alternaria 5 5 1 
Arthrographis 2 2 1 
Bionectria 15 30 28 
Corynespora 1 1 1 
Curvularia 2 2 2 
Cylindrocarpon 1 1 1 
Epicoccum 1 1 1 
Exophiala 1 1 1 
Fusarium 9 13 7 
Gaeumannomyces 1 1 0 
Leptosphaeria 1 1 1 
Microdochium 1 2 2 
Mortierella 1 1 0 
Mucor 1 1 0 
Neonectria 4 6 4 
Ophiocordyceps 1 1 0 
Periconia 1 1 0 
Rhizoctonia 1 1 1 
Unidentified fungi 15 29 20 
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TABLE B2. Incidence of root rot from greenhouse inoculations of soybean, corn, and 
navy bean with isolates of Bionectria ochroleuca.  

 a Incidence of root rot: + = root rot symptoms present; – = no root rot observed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Root Rot on Inoculated Plant Speciesa Treatment 
Soybean Corn Navy Bean 

Control – – – 
NF-31 + + + 

NF-101 + + + 
NF-115 + + + 
NF-116 + + + 
NF-119 + + + 
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Fig. B1. Representative colonies of fungal genera isolated from soybean roots and grown on potato dextrose agar. Arthrographis (A); 
Bionectria (B); Microdochium (C); Mortierella (D); Corynespora (E); Exophiala (F); Neonectria (G); Rhizoctonia (H); Fusarium (I & 
J); Unidentified fungi (K & L). 
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Fig. B2. Disease symptoms on 4-week-old plants inoculated with various fungi in greenhouse pathogenicity tests. Results for nine 
different fungal genera: Noninoculated control (A); Fusarium solani (B); Rhizoctonia solani (C); Unknown fungi (D & E); Curvularia 
sp. (F); Alternaria sp. (G); Mortierella sp. (H); Bionectria sp. (I & J). 
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Fig. B3. Disease symptoms on 4-week-old plants inoculated with Bionectria ochroleuca (Gliocladium roseum) in greenhouse 
pathogenicity tests. Results for isolate NF-116: Soybean roots (A); Soybean foliage (B); Corn roots (C); Navy bean roots (D). 
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