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Abstract 
 

Yearly crop loss due to pre- and post-harvest fungal diseases exceeds approximately $229 billion worldwide. The 

potato crop is one of great importance in the food and agricultural industry. Rhizoctonia solani is a known fungal 

pathogen that can infect and destroy the potato, among other crops, leading to detrimental crop loss. However, little 

is known about the proteins involved with infection from anastomosis group (AG)-3 isolates of R. solani. Protein 

expression from wild type isolate Rhs1AP and mutant type 123E, and potato samples were determined by SDS-PAGE 

and compared with protein expression on various days to a maximum of 28 days following infection with the fungal 

isolates under tissue culture conditions. Several unique proteins were observed following SDS-PAGE that are novel 

to each isolate. Infection samples were then compared at various experimental time courses for optimum protein 

expression. It was determined that a potential host-response protein around 63kDa was differentially expressed 

following early infection. The expression of the 63kDa rapidly declined during subsequent infection by wild type 

1AP, whereas expression declined more gradually during infection by the avirulent 123E mutant. While the decline 

of expression was predictable, the initial expression of the specific host-response protein was not. These findings allow 

for a better understanding of the proteins involved in virulent and avirulent isolates of R. solani, as well as the 

interaction of proteins between the fungus and its host. This further increases the understanding of pathogenic 

processes involved in the fungal infection. 
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1. Introduction 
 

The genus form Rhizoctonia includes filamentous fungal taxa that do not produce asexual spores and share features 

in their anamorphic states. These fungi are distributed worldwide and include many economically important plant 

pathogens, like R. solani1. R. solani is a soil-borne fungus that is the cause of root and stem rot diseases in major 

crops2 and holds the distinction of being the most studied species in its genus. It is a heterokaryotic, or multinucleated, 

filamentous fungus3. In Spain, it was shown to reduce production and quality of crops such as the potato, sugar beet, 

cereals, lettuce, cotton, melon, and bean1. The fungus occurs most frequently in cold and wet conditions, and the 

population is affected by seasonal changes. Populations were found to increase during spring seasons, decrease in 

summer, and increase yet again in fall4.  

   R. solani is a strong saprophyte and is able to survive in the absence of hosts by feeding on organic matter in its 

environments5. This fungus exists primarily as asexually reproducing vegetative mycelium and sclerotia. These 

structures are for dispersal and survival. The fungus is attracted to the host by organic chemical stimulants released 

by the actively growing plant cells or decomposing plant residues. Fungal hyphae will come into contact with the host, 

attach to the external surface, and create an appressorium, or infection cushion. This structure will penetrate the plant 

cell and release nutrients needed for fungal growth and development. This process is promoted by different 
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extracellular enzymes that degrade plant cell wall components such as cellulose, cutin, and pectin. The hyphae grow 

and take over the host tissue and the cycle repeats when substrates become available6.  

   Fungal pathogens have a complicated life cycle which include asexual and sexual reproduction as well as infective, 

vegetative, and reproductive structures7. R. solani is a diverse fungus made up of many genetically distinct groups and 

diverse states8 where identification is done by looking at the vegetative mycelium stages, which are made up of 

hyphae1. Defining characteristics of R. solani include septate hyphae, multinucleated cells in the young hyphae, brown 

pigmentation in the mature hyphae, right angle branching, and constriction at branch point among other features3. The 

diversity of this fungus has led to a total of 14 different anastomosis groups (AGs) which are determined through 

variation in colony morphology, host range, aggressiveness, nutritional requirements and isolate interaction3. Each 

AG is composed of isolates whose hyphae can interact with one another and share complete cytoplasmic materials 

such as viruses, organelles, toxins, and entire genomes without death9. This process is called hyphal anastomosis. 

Isolates of different AGs do not interact; if interaction occurs and is followed by cell death, the two isolates are said 

to be incompatible10. This type of grouping has revealed that R. solani is a complex species made up of reproductively 

isolated populations3. It should be noted that there has been evidence of the sexual, or teleomorphic, state in all groups, 

which is why R. solani is regarded as a single species despite the extensive number of AGs3. Of particular importance 

is AG-3, as it is the group that contains isolates that are mainly pathogens of potatoes. They cause stem cankers, stolon 

lesions, and black sclerotia on tubers. Studies from Minnesota have revealed that the fungus sporulates at the base of 

the host’s stem10. Anderson (1982) reported that AG-3 causes disease wherever potatoes are grown, most severely in 

soil temperatures between 16-23°C10. Research has shown that soil temperature is critical in disease initiation; cooler 

temperatures reduce the rate of emergence because stem growth is slow compared to fungal growth, and wet soil slows 

plant development while favoring that of the fungus17. 

   R. solani infection begins after the formation of the appressorium and its adhesion to the host. Diverse varieties of 

penetration can follow: the hyphae at the base of the appressorium can penetrate the host cell cuticle directly, or they 

can penetrate indirectly through the host cell cuticle stomata or intracellular space11. In AG-3, many hyphae penetrate 

epidermal cells of the host and form penetrate on pegs. Scanning electron microscope images have shown a halo of 

light-colored tissue around the penetration site. This indicates a thinner cell wall due to enzymatic action4, meaning 

that the fungus penetrates at the weakest spot of the host cell wall. Penetration is the most critical step of whether or 

not disease occurs11. Demirci and Döken (1998) reported that appressoriums do not have tightly compacted structure 

in isolates of AGs -2, -3, -4, and -5; these structures are loosely formed very close together and cover the surface of 

stems. They reported that dense growth of appressoriums indicates high virulence of AG-3 and AG-5, and a positive 

correlation was found between the density of infection structures and disease severity: increase in density may mean 

increase in the virulence of isolates12. In the second step of infection, or colonization, the fungal pathogen produces 

hydrolytic enzymes that are capable of degrading cell walls beyond advancing hyphae. Other markers of colonization 

include the formation of reaction zones in infected plants, plasmolysis, and collapsing of the entire cytoplasm1. Host 

response, the final step, looks at how colonization is observed in the host. In AG-2, the cytoplasm of the invaded cells 

seems to collapse. Plasmolysis, the destruction of organelles of the cell, vacuolation of the cytoplasm, and cell wall 

swelling can be seen in infected tissues4. Bugbee (1993) reported that a protein from the roots of the sugar beet inhibits 

pectin lyase isolated from R. solani. Pectin lyase inhibitory activity is greater in cell wall extracts from rotted tissue 

than that of healthy tissue18. 

   The interplay between the fungus and host relies on mutual recognition, signaling, expression of pathogenic and 

virulence factors from the fungus, and inducible defense mechanisms of the host7. Proteomics is of high interest in 

regard to R. solani and AG-3, due to the unknown nature of the process behind infection. As of 2016, it is unknown 

how the fungus produces mobile substances that diffuse and manipulate the host plant to make it susceptible to 

disease13. Molecules such as phenolic compounds, phenyl acetic acid and derivatives or carbohydrates of host-specific 

toxins have been identified in rice-R. solani interaction13. In other fungi, such as Botrytis cinerea, 2 proteins designated 

BcNEP1/2 have been found to be the cause of necrosis in all dicotyledonous plant species tested. When exposed to a 

purified BcNEP1, tomato Msk8 cells could not exclude Propidium Iodide (PI) dye which led to irreversible cell wall 

damage and cell death. Cells exposed to strictly a buffer could exclude the PI dye and survived14. These are considered 

necrosis and ethylene inducing protein-like proteins (NLPs), and they promote host susceptibility to the pathogen13. 

Little is known about the proteins involved in pathogenesis of R. solani and effective defense mechanisms, but the 

following approaches have been described.  

   Anderson et al (2016), describe one approach as identifying proteins produced and accumulated within the cell or 

secreted during host infection. They warn that fungal genomes could be annotating incorrectly due to the host peptides 

having similar sequences to those of the fungus13. They also reported a greater number of proteins identified from 

membrane samples when compared to soluble mycelia during their study of proteins of R. solani and wheat. Similar 

studies comparing gene expression at various time intervals suggests that changes in biological activities occur over 
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time. Also, there was no degradation or down regulation of vegetative proteins, suggesting that the proteins produced 

during infection are completely different13. 

    Obrig and Gottlieb (1970) reported decreased protein synthesis from 14C-phenylalanine occurring in older cells. 

This decrease takes place in a cell free system, and it can be explained through a defect in the charging of tRNA with 

amino acids and the presence of nucleases in ribosomal preparations15.  

   Determining global protein expression of specific isolates of R. solani is crucial in understanding how the virulent 

isolates of the fungus cause infection, making it the primary focus of this study. Little is known about the proteins 

involved with infection from isolates of R. solani. This is due, in part, to the fact that only a limited number of fungal 

species are able to penetrate and invade the host, avoid recognition and defense responses, and cause disease7. 

Worldwide, yearly crop loss due to pre- and post-harvest fungal diseases exceed 200 billion euros (approximately 

$229 billion). Annually, over $600 million are spent on fungicides in the United States alone7. Fungicides are designed 

to prevent disease and are not highly effective after symptoms arise. Understanding more about the course of the 

disease can lead to positive financial impacts. Therefore, another focus is to determine the proteins involved in 

infection, specifically which proteins are up-regulated or down-regulated during these interactions.  

 

 

2. Methodology 
 

2.1. R. solani Isolates and Potatoes 
 

2 isolates from AG-3 were utilized: 1AP and 123E. These isolates were compared to an uninfected potato control 

sample, as the potato is the main host. 1AP was the wild-type, virulent isolate, with the formation of sclerotia being 

present. Sclerotia were structures which allowed for fungal survival6. The mutant, or avirulent, isolate was 123E, and 

it did not form sclerotia. Sclerotia formation was a good phenotypic distinction between the isolates which made it 

easy to determine which isolates were being worked with at all times (Figure 1). Glass baking dishes were lined with 

autoclaved paper towels, and store-bought potatoes were placed on top and left to sprout.  

          

 

 

 

 

 

 

 

 

 

 

 

 

 

     

 

Figure 1. PDA plates of 1AP with sclerotia (left) and 123E lacking sclerotia (right).  

 

2.2. Plate and Flask Transfers 
 

A mixture of Potato Dextrose Agar (PDA) and ddH2O was autoclaved on Liquid-30, which sterilized the liquid for 30 

minutes with no drying time, to make certain that the agar was not contaminated prior to plating. Once the agar was 

poured and set, transfers were done using an autoclaved pipet tip; the butt end of the pipet was used to create a plug, 

and the tip was used to transfer it, face down, to the new plate. The plates were stored upside down at room temperature 

to grow. 

   Flask transfers were also completed using Malt Extract Broth and ddH2O. The solution was divided evenly into 1000 

mL flasks, cotton was stuffed into the top and covered in aluminum foil, and Liquid-30 was used for sterilization. 

Once cooled, 2 fungal plugs were transferred to each flask via pipet tip in a similar manner as above. Flasks were re-

covered and left at room temperature to grow for 28 days. 
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2.3. Sprout Infections: Noble Agar/BAP 
 

Infection samples included every 4 days, totaling 28 days (14 plates total). Plates were made using 2.0% Difco Noble 

Agar and 1.75 mg/L 6-benzylaminopurine (BAP). This concentration of BAP, previously found to successfully induce 

highest shoot formation in pineapple explants19, was applied to infection plates in the hopes of proper potato sprout 

growth. 7.00 g of Difco Noble Agar were mixed into 350 mL ddH2O, and 612.5 µL of the ddH2O were removed prior 

to autoclaving to ensure a final concentration of BAP of 1.75 mg/L. Liquid-30 was used for sterilization, and 612.5 

µL BAP were added upon cooling ensure that it did not agglutinate. The agar was plated in a similar manner to PDA. 

Sprouts were excised from the whole potato, sterilized with 0.001% Clorox, and rinsed and soaked in ddH2O. 

   Following a template, 3 sprouts were placed equidistant from each other with the portion where excision occurred 

surrounded by the agar to allow for growth. Each sprout was surrounded with 2 fungal plugs of the desired isolate. 

The plates were kept agar-side down, wrapped with parafilm to keep from drying out, and left to allow fungal-host 

interactions. Sprouts from each plate were collected for protein extraction and analysis every 4 days. 

 

2.4. Protein Extraction 
 

Samples were kept on ice at all times. Tissues were obtained from the following sources: uninfected potato sprouts, 

1AP fungal isolate, 123E fungal isolate, and potato sprouts infected with each fungal isolate 4, 8, 12, 16, 20, 24, and 

28 days post infection. Using Liquid Nitrogen and a sterilized mortar and pestle, tissue samples were homogenized 

until a fine powder was produced. Every 0.5 g of tissue collected and homogenized per source was mixed in a 

microfuge tube containing 1.0 mL of Total Protein Isolation (ToPI). The lysis buffer of pH 8.5 contained 0.15 mg of 

DTT, 30 mM Tris-HCL, 2 M Thiourea, 7 M Urea, 4% (w/v) CHAPS and 1% NP40 (ITSI - Biosciences, Johnstown, 

PA). During 30 minutes of incubation, tubes were vortexed once every 10 minutes for 15 seconds. Tubes were then 

centrifuged at 6000 rpm for 10 minutes at 4°C, and the supernatant was collected kept on ice. Samples were stored in 

foil-wrapped centrifuge tubes at -80°C for future use. Aluminum foil was used to prevent protein degradation in the 

presence of light. 

 

2.5. Bradford Assay Via Nanodrop 
 

Following Bio-Rad Microplate Protocol20, 5 µL of the standards were mixed with 250 µL Quick Start 1x Dye Reagent 

and left to incubate at room temperature for 20 minutes before creating a standard curve via Nanodrop. Samples, 

following the same protocol, were compared to the standard curve with a correlation coefficient of 0.975 in order to 

determine protein concentrations. 

 

2.6. SDS – PAGE 
 

Bio-Rad 4-20% Mini-PROTEAN TGX 10 well gels were used. Control samples of 1AP, 123E, and the uninfected 

potato were standardized to 1 µg/mL and 1.5 µg/mL per sample. For the infection tests, samples from both 1AP and 

123E were standardized to 1.5 µg/mL. Appropriate sample volumes were added to laemmli sample buffer to equal 5 

µL of the specified concentration. 5 µL of laemmli sample buffer/β-mercaptoethanol mix were added to each sample 

to have a final volume of 10 µL. Samples were heated to 95°C for 5 minutes to denature and linearize the proteins. 5 

µL of the ladder and 10 µL of each sample were loaded, and the gel was run at 100V. The gel was stained with 

Coomassie overnight, which was followed by a destain the next day. 

 

2.7. Potted Potato Plant Infection 
 

Another hypothesis tested was to see if 123E could act as a protective agent against 1AP infections. 3 sprouting potato 

eyespots were planted in a variety of pots containing pre-sterilized soil. For soil inoculation, two PDA plates (1 g of 

fungal sample) were mixed into 50 mL of soil and added to the potted plant. Plates chosen to be used were less than 

or equal to 6 months since the last transfer. There were 5 groups, each with 3 pots: Control, 123E, 1AP, 123E and 

1AP co-infected, and 123E followed by 1AP added one week later. The pots were watered each day and kept under 

light to ensure equal opportunity for growth. Pots were grown for 4 weeks to observe plant growth before ending the 

experiment due to inability to harvest full potatoes. 
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3. Results 
 

Transfers were done throughout the entirety of the study to ensure that the samples were viable and not contaminated. 

Noble Agar with BAP at a concentration of 1.75 mg/L allowed for the potatoes to stay viable throughout infection, 

meaning that if the potatoes died, it was due to infection rather than lack of nutrients. This can be seen in the stolon 

growth in some of the sprouts (Figure 2). As infection occurred, images were captured before extraction. Days 12, 24, 

and 28 were not captured as there was no access to the camera. From Bradford Assay standards, an Absorbance VS 

Concentration curve was formed on Microsoft Excel to determine the line of best fit. Using the line of best fit (Figure 

3), concentrations were determined as those values were too high to be compared through the program. Samples were 

run on the gels with standardized concentrations. The gel containing the controls (i.e. the fungal isolates and uninfected 

potato) revealed proteins unique to the virulent isolate in comparison to the avirulent isolate and potato, as well as 

proteins differentiating between the fungus and potato (Figure 4A). Two other gels were run for the infection samples. 

One gel contained all samples from 1AP infection: day 4, 8, 9, 12, 16, 20, 24, and 28. A second gel had all samples 

from 123E infection: day 4, 8, 12, 16, 20, 24, and 28. 1AP had a sample for day 9, as infection was extremely visible 

(Figure 5). In both cases, a protein around 63 kDa in size was found during the beginning of infection (Figure 4B and 

4C). This protein, when compared to the controls, was not found. In 1AP, the protein expression was lost by day 9, 

but in 123E, the protein expression was visible until day 16. Potato plants from the potted infection grew for 4 weeks. 

From initial observations, all groups containing 123E in the soil grew in a similar manner to the control, while the 

group with just 1AP had stunted or no growth. These comparisons can be seen in Figure 6. 

 

3.1. Figures 
           

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      

 

Figure 2. Images captured during infection.  

 

The top row includes 1AP infection for days 4, 8, and 16. The bottom row is of 123E infection for days 4, 8, 16 as 

well. Stolon growth seen as early as day 4 (arrows). 
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Figure 3. Line of best fit from Bradford Assay with equation. 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. SDS-PAGE for A) controls, B) 1AP infection, and C) 123E infection. 

 

Box 4A contains the gel of control samples. Lane 2 contains the ladder (overflow into lane 3). Lanes 4 and 5 are 1AP 

at 1 µg/mL and 1.5 µg/mL, respectively. Lanes 6 and 7 contain 123E at the same concentrations. Lanes 8 and 9, also 

at same concentrations, are the uninfected potato. Box 4B is a gel with 1AP infection samples. Lane 2 is the ladder. 

Lanes 3 through 10 contain days 4 through 28, respectively. 1AP also includes day 9 infection due to visible infection. 

Box 4C is the gel with 123E infection samples. The gel follows similar lane set-up but lacks day 9. A protein around 

~63kDa can be seen in both infection samples (arrows). 

      

 

 

 

 

 

 

 

 

 

 

 

 

      

Figure 5. Visible infection on day 9 with 1AP. 

 

During 1AP infection, mycelia can be seen forming on the potato stolon which look like brown bubbles. The fungal 

hyphae can be seen growing in a web-like manner on the sprout. Both are visual signs of infection taking place. 
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Figure 6. Potted infections after 4 weeks. 

 

Growth for the potato plant can be seen above for the following experimental designs: A) control pot (no fungal 

inoculation), B) pots with soil inoculated with 123E, C) pots with soil inoculated with 1AP, D) pots with soil 

inoculated with 123E + 1AP simultaneously, and E) pots inoculated with 123E + 1AP after one week incubation. 

 

 

4. Discussion 
 

Several unique proteins were observed following SDS-PAGE that are novel to each control isolate and potato. The 

fungal isolates shared similar proteomes, but specific protein bands can be seen in 1AP that are not seen in either 123E 

or the potato, which indicates the viral proteins being produced. Infection samples were then compared at various 

experimental time courses for optimum protein expression. It was determined that a potential host-response protein 

around 63kDa was differentially expressed following early infection. This band was not found in any control sample, 

which is why it is believed to be a host response to the infection taking place. These experiments were repeated two 

times in replication of three (3 potatoes plugs per plate). The expression of the 63kDa protein rapidly declined during 

subsequent infection by wild type 1AP, whereas expression declined more gradually during infection by the avirulent 

123E mutant. While this decline was predictable, the initial expression of the specific host-response protein was not. 

Protein expression was revealed to be dependent upon fungal concentration. When the experiment was reversed (i.e. 

2 potato plugs surrounding 1 fungal transfer),  the same 63kDa protein was expressed, but the decline was delayed. 

This reveals a proportional relationship between the fungus and host. In order to fully determine the identity of the 

proteins expressed in infection samples and controls, 2D gel electrophoresis will be done to annotate these proteins.  

   The soil infection resulted in stunted or no growth in pots only inoculated with 1AP, while the pots that were 

inoculated with 123E yielded results like that of the control. These initial results show that inoculation with 123E may 

be a viable protection method against infection of 1AP, and that there may be no need for an “incubation period.” 
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Further studies will need to be done in order to see if this is a viable method of protection for full growth of potatoes, 

as this was just a test for the initial plant growth.  

   Limitations of these studies vary. In general, the studies relied on already sprouting, store-bought potatoes so 

research timeline was determined by what was provided by local grocery stores. For the soil infection, the lack of 

resources for full potato cultivation did not allow full analysis of the addition of 123E could truly be used to protect 

the crop. The sprouting plants showed positive results for this method, but without the crop, protection cannot be fully 

understood 

   To verify the results of the 28-day infection tests, another trial will need to take place. Future work could look into 

creating antibodies against those specific viral proteins, using potential protective proteins from 123E, to prevent 

infection. Furthermore, partnering with a local farming location, or another lab with the proper facilities to run these 

protection tests with the ability to grow the full crop, will allow for a more comprehensive look at the potential use of 

123E as a biological protection agent over harmful and expensive substances, such as fungicides. Lastly, the samples 

may be run on the Protein 80 Chip for analysis of potential proteins of small sizes and low concentrations not visible 

through SDS-PAGE technique. 

   The significance of this study is made clear by the unknown nature of proteins in the infection process of R. solani, 

as well as the fact that the potato crop is one of great importance in the food and agricultural industry and at risk of in 

vivo infection and destruction from this fungus. These results allow for a better understanding of the proteins involved 

in virulent and avirulent isolates of R. solani, as well as the interaction of proteins between the fungus and its host. 

While the genomes of the isolates and host have already been mapped, it is important to not stop there. Proteome 

comparisons can distinguish protein interactions from isolate to host. Further research must be done to determine the 

degree to which these proteins interact, if and how these interactions can be manipulated to prevent disease, and if the 

mutant, avirulent 123E could become a method of prevention against wt-1AP. This study has led to an increased 

understanding of the pathogenic processes involved in the fungal infection.  
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