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ABSTRACT 
 
 

Macrophomina phaseolina, causative agent of the plant disease charcoal rot, impacts 

over 500 plant species, causing devastating crop failures worldwide. In Kansas, it is the biggest 

cause of soybean crop loss, and disease epidemics are increasingly frequent.  Charcoal rot 

attacks primarily through fungus-infested soil, and traditional pathogen control means, such as 

natural resistance, crop rotation, and fungicides, have been ineffective or problematic.   

This study aims to evaluate the effectiveness of exogenous application of small 

interfering RNA (siRNA) at suppressing the growth of M. phaseolina through knockdown of 

genes encoding the cell wall-synthesizing enzymes chitin synthase (CHS) and β-1,3-glucan 

synthase (GLS).  Eight CHS and two GLS genes were identified in the species and were found to 

be highly expressed during host infection through reverse transcription polymerase chain 

reaction.  siRNAs were designed to target two genes, CHS6 and GLS2, and tested through 

application to M. phaseolina grown in culture.  All siRNAs against both genes successfully 

suppressed growth of the fungus at multiple timepoints and under varied environmental 

conditions.  Quantitative PCR determined this was correlated with decreases in transcript 

abundances of the target genes.  These results indicate exogenous siRNAs can inhibit growth of 

M. phaseolina by inhibiting the production of enzymes responsible for cell wall synthesis.   

This knowledge can be applied through host-delivered RNA interference (HD-RNAi) to 

manage charcoal rot through development of disease-resistant crop lines. In HD-RNAi, siRNAs 

are designed and engineered into plant genomes. Upon infection, siRNAs expressed in plant cells 

can enter invading fungus and prevent expression of genes necessary for successful infection.   
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CHAPTER 1 

INTRODUCTION 
 
 

1.1  Macrophomina phaseolina and charcoal rot 

Macrophomina phaseolina (Tassi) Goid is a globally-distributed, pathogenic, ascomycete 

fungus of the family Botryosphaeriaceae, that infects over 500 known species of plant with the 

disease known variously as charcoal rot, dry root rot, ashy stem blight, and seedling blight 

disease (Su et al., 2001).  In some years, charcoal rot was the leading cause of soybean failure in 

Kansas and ranked behind only soybean cyst nematode for crop failure across the United States, 

with losses of up to two million metric tons (Wrather & Koenning, 2006; Romero Luna et al., 

2017).  M. phaseolina infection rates increase dramatically in temperatures over 30-35 ˚C and 

during times of drought, when plants are water-stressed.  These conditions, common in much of 

the world’s crop-growing areas, can result in high rates of crop failures (Yang & Navi, 2005; 

Wrather et al., 2008).  Disease incidence has been reported as affecting up to 90% of plants in a 

field (Yang & Navi, 2005), with losses of up to 80% (Gupta et al., 2012).  The range in which 

epidemics occur has expanded since the early 2000s into more northern areas of the country 

(Yang & Navi, 2005; Wrather & Koenning, 2006) and into southern Canada.  Since 2005, the 

disease has infested all coastal strawberry-producing fields of California (Koike et al., 2016).   

While the species can produce conidia and release airborne spores, the primary observed 

method of reproduction is asexually through melanized, compacted aggregations of hyphae 

called microsclerotia.  These microsclerotia, common in soil-inhabiting fungi, help the organism 

overcome potentially parasitic, toxic, and degradative microbes and environmental extremes 
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they may encounter (Laluk & Mengiste, 2011).  They accumulate in plant tissues and, once the 

plant dies and the tissues are incorporated into the soil, can survive for several years, acting as 

inoculum infecting future plants (Short et al., 1980).  Microsclerotia can also be transmitted via 

infected plant seeds (Kunwar et al., 1985).  Though infection can occur at any life stage (Meyer 

et al., 1974), aboveground symptoms typically appear during flowering (Wyllie & Calvert, 1969; 

Jiménez-Díaz et al., 1983).  In soybeans, Mengistu et al. (2011) isolated M. phaseolina from plant 

tissue as early as the V5 (fifth trifoliate vegetative) stage. Its quantity increased slowly through 

the R5 (beginning seed reproductive) stage but exploded during the R6 and R7 (full seed and 

beginning maturity) stages. 

M. phaseolina has traditionally been considered a necrotrophic fungus, though some 

researchers have observed an apparent short biotrophic phase early in the infection process 

(Chowdhury et al., 2017).  In contrast to biotrophic pathogens that exist on living tissue, 

necrotrophic fungi eventually kill the tissue on which they live, thriving on the contents of dying 

and dead cells.  Fungal hyphae in soil follow host plant root exudates, causing directed growth 

toward plant tissue (Laluk & Mengiste, 2011).  This is followed by formation of flattened 

appressoria at hyphal tips and by the release of cell wall-degrading enzymes (CWDEs), both of 

which facilitate entry into plant roots.  M. phaseolina production of CWDEs such as pectin 

methylesterase, polymethyl galacturonase, polygalactuonase, and cellulase was confirmed in 

strawberry (Madkour & Aly, 1981).  Once inside a host plant, necrotrophic fungi can promote 

tissue necrosis by production of phytotoxic compounds and by continued release of lytic 

enzymes.  An endotoxin called phaseolinone was isolated from M. phaseolina laboratory 

cultures, which caused inhibition of seed germination, wilting of cut seedlings, stunted growth of 
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young seedlings, and loss of permeability of the cell membrane in host Phaseolus mungo 

(Siddiqui et al., 1979; Bhattacharya et al., 1994).  Other investigators failed to find this toxin in M. 

phaseolina and instead identified (–)-botryodiplodin as the potential infective phytotoxin 

(Ramezani et al., 2007).  In addition to producing its own CWDEs, M. phaseolina has been shown 

to upregulate the production of the host plant’s CWDEs in Sorghum bicolor during infection 

(Bandara et al., 2018).  Necrotrophic fungi may also suppress defense within plants by 

manipulating host cell machinery through production of various compounds.  Genomic analysis 

identified 75 secondary metabolite genes in M. phaseolina, 1.5 to 2 times as many as found in 

other pathogenic fungi, suggesting that M. phaseolina produces a wide array of compounds that 

may overwhelm host plant defenses (Islam et al., 2012). In addition to induced necrosis, fungal 

production of mycelia, spores, and polysaccharides within plant xylem tissue reduces water 

transport, leading to wilting of the leaves and reduced plant vitality (Laluk & Mengiste, 2011).    

A variety of methods are currently used in efforts to control M. phaseolina infections in 

agricultural crops.  There are few commercially available crop cultivars that claim any resistance 

against charcoal rot.  Of 865 soybean cultivars tested, only 23 were found to have even a 

moderate level of resistance to M. phaseolina (Romero Luna et al., 2017).  As charcoal rot 

incidence seems to increase with plant stress, various efforts have been made to reduce stress 

due to heat, drought, and lack of nutrients.  The life span of microsclerotia in wet soils is 

significantly shorter than in dry soils (7-8 weeks versus 2-15 years, respectively) (Gupta et al., 

2012; Mengistu et al., 2015).  However, soil irrigation has not produced as large a drop in 

charcoal rot infections as expected (Mengistu et al., 2018), and such practice may not be 

sustainable in light of frequent water shortages throughout much of M. phaseolina’s range.  
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Additionally, drought-resistant cultivars of soybean show no resistance to M. phaseolina 

infection (Wrather et al., 2008; Mengistu et al., 2018).  Attempts to lessen the nutrient stress of 

crops though soil amendments also produced no decrease in charcoal rot infections (Osunlaja, 

1990; Mazzola et al., 2017). 

The effect of planting practices on M. phaseolina infections has also been investigated.  

Experiments in crop rotation have produced mixed results, perhaps because M. phaseolina has a 

wide host base.  Some investigations found no difference between crop-rotated fields and 

monocultures (Francl et al., 1988).  Other research suggested crop rotation may increase the 

amount of potential biocontrol agents in the soil, thus decreasing the concentration of M. 

phaseolina (Pérez-Brandán et al., 2014).  Likewise, research on variations in tillage practices has 

seen inconsistent results.  One experiment found a decrease in charcoal rot incidence in no-till 

soils (Perez-Brandán et al., 2012), but another found no differences in long-term benefit from 

any type of tillage in charcoal rot control (Wrather, J.A; Kending, S.R; Tyler, 1998).  Experiments 

with a high-glucosinolate cover crop very modestly decreased M. phaseolina concentrations in 

soil, especially when in combination with chemical treatment of seeds (Sassenrath et al., 2017), 

but required continued use of fungicide and of extra resources, such as water, for growth of the 

cover crop.  A soil solarization experiment showed no changes in charcoal rot incidence (Mihail 

& Alcorn, 1984).  Lastly, efforts to actively kill the fungus have had mixed results.  Research with 

biocontrol agents such as some Bacillus and Paenibacillus strains has shown promise under 

laboratory conditions (Senthilkumar et al., 2009; Aeron et al., 2017; Hashem et al., 2017), but 

currently none are available commercially (Romero Luna et al., 2017).  Fungicide use has seen 

moderate success against charcoal rot under experimental conditions (Ilyas et al., 1976; Cohen 
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et al., 2012), and at least one commercially-available preparation is available for use against M. 

phaseolina in cucurbits.  However, the application of fungicides in the field often occurs once 

symptoms become visible, midway through the growing season, long after infection has 

occurred.  Additionally, fungicides are expensive, labor-intensive, and often toxic to the 

environment and animals, including humans. 

1.2  RNA interference (RNAi) 

Given the difficulties currently faced by growers in reducing crop losses due to charcoal 

rot, it is vital that new paths of fighting the disease be explored.  Previous research on a variety 

of organisms suggests it may be possible to fight M. phaseolina infections by exploiting elements 

of the fungus’ RNA interference (RNAi) processes.  RNAi is a regulatory mechanism found in 

nearly all eukaryotes, which serves to post-transcriptionally suppress gene expression.  Generally, 

each pathway is triggered by the presence of double-stranded RNA (dsRNA), either of exogenous 

origin or generated endogenously.  The RNase III protein Dicer processes these dsRNA molecules 

into shorter RNA duplexes.  These duplexes are in turn loaded onto the protein Argonaute, often 

together with accessory proteins in an RNA-induced silencing complex (RISC), and one strand is 

degraded.  The resulting single-stranded mature small RNA (sRNA) is then used to selectively 

target complementary gene transcripts (messenger RNAs, mRNA) and either destroy them or 

otherwise repress their translation.  The result is a highly targeted, full or partial suppression of 

certain genes within the organism. 

sRNAs generated by RNAi generally fall into three categories.  Small interfering RNAs 

(siRNAs) are generated either from exogenous (e.g. viral) RNA or from endogenous transcripts of 

repetitive elements through use of an RNA-dependent RNA polymerase (RdRP) and serve to 
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protect genomic integrity.  MicroRNA (miRNA) precursors are transcribed from miRNA-encoding 

genes and the mature molecules often have roles in physiologic regulation, such as innate 

immune response.  Piwi-interacting RNAs (piRNAs) have been found primarily in animals and will 

not be considered here (Carthew & Sontheimer, 2009). 

Studies of RNAi in fungi have found a diverse set of pathways and molecules, combined 

with notable differences between different taxa.  RNAi components are absent from some fungi, 

such as Saccharomyces cerevisiae.  These taxa appear to have lost the ability to perform RNAi 

due to their hosting of a beneficial killer virus (Drinnenberg et al., 2011), the dsRNA of which 

would be destroyed by RNAi processes.  The first form of RNAi discovered in fungi, found in 

Neurospora crassa and termed “quelling”, serves to suppress expression of exogenous 

sequences that become integrated into the host species’ genome.  It uses a DNA/RNA-

dependent RNA polymerase (D/RdRP) called quelling-deficient 1 (QDE-1) to make an aberrant 

RNA (aRNA) copy of the exogenous sequence and then its complement, producing a dsRNA 

intermediary.  Dicer-like (DCL) 1 and 2 trim the dsRNA into a siRNA duplex, and an Argonaute 

called QDE-2 incorporates the duplex into RISC.  The exonuclease QDE-2 interacting protein 

(QIP) degrades one siRNA strand, and the remaining strand binds and degrades a 

complementary mRNA transcribed from the integrated exogeneous sequence (Dang et al., 2014).  

This same machinery is also used by N. crassa to respond to DNA damage, through generation of 

QDE-2 interacting small RNA (qiRNA) from repetitive sequences of ribosomal DNA, which act as 

DNA damage checkpoints (Lee et al., 2009).  Similar mechanisms have been found for silencing 

of transgenes, transposons, and viruses in model fungal species such as Mucor circinelloides 
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(Garre et al., 2014) and in phytopathogenic fungi like Magnaporthe oryzae (Kadotani et al., 

2003) and Fusarium graminearum (Chen et al., 2015). 

RNAi also plays a role in endogenous gene regulation in many fungi.  However, miRNAs 

typically found in plants and animals have not been identified in fungi.  Instead, many 

ascomycete and basidiomycete species possess micro RNA-like RNAs (milRNAs), which are 

notably transcribed by RNA polymerase III instead of polymerase II, at least in N. crassa (Yang et 

al., 2013).  As with miRNAs of other eukaryotes, these milRNAs derive from hairpin structures 

transcribed from intergenic milRNA-encoding regions, which fold over into a double-stranded 

configuration.  Uniquely to fungi, at least four different biogenic pathways have been 

determined for different milRNA classes in N. crassa, each using a slightly different set of 

mechanistic molecules and one of which is Dicer-independent (Lee et al., 2010).  milRNAs have 

been found at different life stages and under varying environmental conditions, suggesting their 

involvement in a wide array of physiologic functions.  They have been identified in some 

phytopathogenic fungi, such as F. graminearum (Chen et al., 2015), Fusarium oxysporum (Chen 

et al., 2014), Rhizoctonia solani (Lin et al., 2016), and Puccinia striiformis (Mueth et al., 2015), 

and may be involved in mycelial growth, spore formation, and germination, as well as in overall 

pathogenicity (Raman et al., 2017). 

1.3  Host-delivered RNA interference (HD-RNAi) 

Recent research indicates it is possible to introduce sRNA molecules produced in one 

organism, such as a plant, into another organism, such as a pathogenic fungus, during the 

infection process.  These sRNAs can be designed synthetically to silence or “knock down” specific 

genes in the target organism in HD-RNAi.  Regardless of the pathway in which they are to 
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participate, these sRNAs are generally referred to as siRNAs.  Genes encoding siRNAs against 

targeted pathogen genes are incorporated into the host plant genome, where they are 

transcribed by the host plant’s cellular machinery.  While circulating in the plant, the siRNAs do 

nothing because they lack the sequence complementarity necessary to bind plant mRNAs.  

However, upon invading plant tissue, a pathogen is exposed to these siRNAs, and if the 

pathogen contains genes targeted by those siRNAs, gene knockdown in the pathogen can occur.  

If the target genes have been chosen carefully, the ability of the pathogen to continue its 

infection process should be negatively affected. 

Production of transgenic plants containing elements producing siRNAs against a pest 

species has allowed HD-RNAi to be used experimentally against plant herbivores such as 

nematodes (Matsunaga et al., 2012; Koch & Kogel, 2014), insects (Koch & Kogel, 2014; Bingsohn 

et al., 2017), as well as pathogenic fungi including F. oxysporum (Mumbanza et al., 2013; Hu et 

al., 2015), M. oryzae (Kong et al., 2012), R. solani (Tiwari et al., 2017), Mycosphaerella fijiensis 

(Mumbanza et al., 2013), F. graminearum (Cheng et al., 2015), Fusarium culmorum (Chen et al., 

2016), Fusarium verticillioides (Johnson et al., 2018), P. striiformis (Qi et al., 2018), Blumeria 

graminis (Nowara et al., 2010), and Verticillium dahliae (Song & Thomma, 2016).  Tools for 

developing corn lines using HD-RNAi technology against western corn rootworm (Diabrotica 

virgifera virgifera) were approved by the United States Environmental Protection Agency in 2017 

(United States Environmental Protection Agency, 2017).  Because the siRNA involved must be 

complementary to the mRNA it degrades, HD-RNAi is target-specific and should produce no 

effects on the transgenic plants themselves or on non-targeted consumers of the plants. 
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Design of synthetic siRNA molecules which can fight pathogen infection requires first 

identifying genes against which the siRNAs should be targeted.  Intuitively, these targeted genes 

are usually important for growth and/or virulence of the pathogen.  Some studies have knocked 

down fungal pathogenicity genes such as pathogenicity MAP kinase 1 (PMK1) (Tiwari et al., 

2017), F-box protein required for pathogenicity 1 (FRP1) (Hu et al., 2015), or calcium-dependent 

protein kinase 1 (CPK1) (Qi et al., 2018).  PMK1 is important in directing appressorium formation, 

FRP1 plays a role in ubiquitination of pathogenicity-involved proteins, and CPK1 regulates fungal 

virulence.  Other targets have included genes coding for fungal mycotoxins, such as fumonisin-

encoding FUM genes (Johnson et al., 2018). 

Targeted genes have also included those encoding enzymes directly involved in the 

formation of the fungal cell wall, which are expected to be expressed at high levels to support 

hyphae growth during the infection process.  Disruption or knockdown of genes for cell wall-

synthesizing enzymes have successfully decreased pathogenicity of M. oryzae (Kong et al., 2012), 

F. graminearum (Cheng et al., 2015), Sclerotinia sclerotiorum (Andrade et al., 2016), and 

Fusarium asiaticum (Xu et al., 2010) in previous studies.  

RNAi has not been previously investigated in M. phaseolina.  It is possible the mechanism 

does not exist in this species, but the presence of its machinery and milRNAs in other 

ascomycetes and the presence of hypothetical Argonaute proteins identified in M. phaseolina 

(GenBank accession number EKG13696.1) based on its genomic sequence make it likely M. 

phaseolina has active RNAi activity.  Additionally, evidence of differentially expressed milRNAs 

during pathogenic activities in other species suggests the RNAi machinery should be active 
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during host plant infection and it should be possible for exogenous siRNAs to join the RNAi 

pathway and lead to targeted gene suppression. 

The purpose of this research is to investigate RNAi activity in M. phaseolina through 

application of exogenous siRNAs, and to assess the ability of these siRNAs to suppress fungal 

growth through targeted knockdown of cell wall-synthesizing enzymes.  This study will lay the 

groundwork for the application of HD-RNAi against charcoal rot through development of crop 

lines containing siRNA targeted against M. phaseolina genes.  Such crops would exhibit 

resistance to charcoal rot, leading to a decrease in crop failures due to this devastating global 

disease.  In phase one of the research (Chapter 2), we determined which genes would be 

suitable for gene knockdown.  In phase two (Chapter 3), we synthesized appropriate siRNAs and 

tested their effect on M. phaseolina. 
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CHAPTER 2 
 

IDENTIFICATION OF TARGET GENES FOR KNOCKDOWN BY RNAI 
 
 
2.1  Introduction 

This research aims to test the ability of exogenous siRNAs to knock down genes encoding 

cell wall-synthesizing enzymes.  New cell wall is constantly built as the fungus spreads through 

the host plant.  The rationale is that by suppressing fungal cell wall synthesis, the growth of M. 

phaseolina will be suppressed, therefore leading to less or no infection in host plants.   

After a thorough literature search, genes encoding enzymes involved in synthesis of the 

cell wall compounds chitin and β-1,3-glucan were chosen.  The cell wall of fungal species is often 

90% polysaccharides, including chitin and β-1,3-glucan.  Chitin comprises up to 40% of the dry 

weight of filamentous fungi and is concentrated at the hyphal tips (Rogg et al., 2012).  Chitin 

synthesis requires multiple enzymes, with chitin synthase (CHS) as the last enzyme in the 

pathway to catalyze the β-1,4 polymerization of N-acetyl-glucosamine (Liu et al., 2017).  CHS 

genes have not been studied in M. phaseolina, but filamentous fungi usually possess 7-8 genes 

in this family (Kong et al., 2012), though some have as many as 20 (Ruiz-Herrera & Ortiz-

Castellanos, 2010).  All CHS genes contain a conserved region known as CON1 (Liu et al., 2017), 

and other protein domains help sort the genes into three divisions and seven classes.  Division 1 

contains CHS classes I, II, and III, division 2 contains class VI, and division 3 contains classes IV, V, 

and VII (Choquer et al., 2004).  Another important fungal cell wall component is β-1,3-glucan.  It 

is formed through the enzymatic action of β-1,3-glucan synthase (GLS) and covalently cross-links 
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with chitin (Oliveira-Garcia & Deising, 2013).  Together, β-1,3-glucan and chitin make up a 

significant portion of the cell wall polysaccharides.   

Through a literature search and sequence analysis, eight CHS and two GLS genes were 

identified in M. phaseolina genome in our study.  Reverse transcription polymerase chain 

reaction (RT-PCR) was performed to assess the expression of CHS and GLS genes in M. 

phaseolina grown on either rich media or in infected plant roots.  This semi-quantitative 

technique converted RNA transcripts (mRNAs) to complementary DNA (cDNA) and then 

amplified the cDNA.  Results described in this chapter help us identify two target genes for 

knockdown by RNAi. 

2.2  Materials and Methods 

2.2.1  Identification of CHS and GLS genes in M. phaseolina 

The genome of M. phaseolina was previously sequenced and partially annotated (Islam 

et al., 2012), with the results being deposited publicly.  Following selection of CHS and GLS genes 

as potential targets for knockdown, GenBank (https://www.ncbi.nlm.nih.gov/genbank/) was 

searched for nucleotide or protein sequences of homologous genes in M. phaseolina, by name.  

TBLASTn was used to convert protein sequences to nucleotide sequences.   

Because many genes in M. phaseolina have not been fully annotated, efforts were made 

to provide full names and, when appropriate, classification within a gene family for each 

potential target.  Methods included comparison of M. phaseolina gene and protein sequences to 

homologous sequences in other species, use of protein family domains data at 

https://pfam.xfam.org/, and comparison with conserved motifs identified for other fungal 

species in previous publications. 
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2.2.2  Primer design and PCR 

Primer pairs suitable for use with standard polymerase chain reaction (PCR) and real-

time quantitative PCR (RT-qPCR) were designed using Primer3 software (http://primer3.ut.ee/).  

Standards outlined by Thornton and Basu (2011) were used: Optimal primer size was targeted at 

20 nucleotides, with primer melting temperature (Tm) set for an optimum of 62 ˚C (range 59-63 

˚C) with a maximum Tm difference between primers of 1 °C.  GC ratio was specified to be within 

40-60% (50% optimum) with a maximum 3’ self-complementarity of 1.  Desired product size was 

150-250 nucleotides in length.  Of the primers suggested by the software, only pairs beginning 

with a G or C at the 3’ ends were selected, in order to maximize specific binding at the 3’ end.  

When possible, primers were designed to span introns to allow easier identification of genomic 

DNA contamination in RNA preparations.  Using the parameters described above, primers were 

designed for the potential CHS and GLS genes identified from GenBank.  All primers sequences 

were submitted to the manufacturer for synthesis (Sigma Aldrich®). 

Effectiveness of each primer pair was tested using standard PCR on M. phaseolina 

genomic DNA (gDNA).  A 20-µL reaction was run for each pair, consisting of 12 µL MilliQ water, 2 

µL of 10X PCR buffer, 2 µL deoxynucleotide triphosphates (dNTPs) (2mM of each dNTP), 1 µL of 

10 µM forward primer, 1 µL of 10 µM reverse primer, 1 µL of Taq DNA polymerase (1 unit/µl), 

and 1 µL of gDNA.  After initial denaturation at 95 ˚C for 3 min, the reaction was run for 30 cycles 

of denaturation (95 ˚C, 30 s), annealing (60 ˚C, 30 s), and extension (72 ˚C, 40 s).  PCR products 

were separated using gel electrophoresis on a 1% agarose gel prepared using 0.5X 

Tris/borate/EDTA (TBE) and visualized under UV light after staining with ethidium bromide (EtBr).  
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To ensure primers were specific to M. phaseolina, PCR was also performed for each primer pair 

using gDNA from a M. phaseolina host plant, Medicago truncatula. 

2.2.3  Maintenance and propagation of M. phaseolina cultures 

M. phaseolina (isolate #210, described in Reyes Gaige et al., 2010) was maintained and 

cultivated as needed on potato dextrose agar (PDA) plates. Briefly, stock plates were inoculated 

by placing two to three 1-cm plugs of M. phaseolina on plates and allowing growth for 

approximately 96 hours in a dark, 27 °C growth chamber, until most of the plate was covered in 

fungus.  Cultures were stored at 4 °C for up to one month before being re-cultivated on fresh 

PDA plates.  When fresh fungus was required for individual protocols, stock plates were used as 

source material to inoculate new PDA plates, and fungus was grown as previously described to 

the life stage required by the protocol.  Fungus used directly for DNA and RNA extractions were 

grown on cellophane disks placed over the surface of the PDA, for ease in harvesting the fungus. 

2.2.4  Cultivation, infection, and harvest of host plant tissues 

M. truncatula ecotype A17 seeds were prepared for germination through scarification 

with concentrated sulfuric acid for five to eight minutes, followed by rinsing with sterilized 

double-distilled water at least five times.  Seeds were transferred to petri dishes containing 1% 

half-strength Murashige and Skoog Basal Salt Media supplemented with 1% (w/v) sucrose and 

adjusted to pH 5.7 with 1N potassium hydroxide.  Seeds were allowed to germinate on the 

plates in the dark for three days.  Seedlings exhibiting growth of the radicle to at least 1 cm were 

then transferred individually into MagentaTM plant culture boxes containing the same media 

used on the petri dishes.  Seedlings were placed in a growth chamber (27°C, 12-h photoperiod, 

44% of relative humidity, photon flux density 150-200 µmol/m2/s) for 14 days. 
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Inoculum for infecting M. truncatula was prepared by first rinsing wheat seeds 

thoroughly to remove any traces of fungicide.  Seeds were then soaked for 24 hours in a 250-mL 

Erlenmeyer flask.  All but 5-10 mL of water was removed, and the seeds were autoclaved at 

121 °C for 20 minutes (Dry 20 cycle).  After cooling, five 2-cm by 0.5-cm plugs of freshly cultured 

M. phaseolina were added to the seeds.  The seeds were left in a dark, 27 °C growth chamber for 

several days and frequently agitated, until each seed was covered with an even layer of 

microsclerotia.   

On the eighteenth day of growth, seedlings were infected with M. phaseolina by placing 

a wheat seed inoculum about 1 mm adjacent to the top portion of the plant’s root.  The 

MagentaTM boxes were then returned to the growth chamber.  After 24 hours, a portion of the 

plants were selected for harvest.  Whole plants were gently pulled from the MagentaTM boxes, 

taking care not to break off any root pieces.  The entire root was then clipped from the plant and 

put in a sterile 1.5-mL microcentrifuge tube.  The capped tube was immediately dropped into 

liquid nitrogen to flash freeze the tissue and was stored at -80 °C until ready to use.  This process 

was repeated at 48 and 72 hours post inoculation (hpi).   

2.2.5  DNA extraction 

DNA used as a control in PCR protocols was extracted from fresh plate-grown M. 

phaseolina by the cetyl trimethylammonium bromide (CTAB) method (Jeeva et al., 2008).  Using 

a sterilized spatula, tissue from one-half PDA plate was scraped into a sterile mortar containing 

liquid nitrogen, and ground with a sterile pestle.  Tissue was then homogenized in 800 µL of 

CTAB buffer (100 mM Tris (pH 8), 20 mM EDTA (pH 8), 2 M sodium chloride, 3% (w/v) CTAB, and 

1% (w/v) polyvinylpyrrolidone) and transferred to a microcentrifuge tube.  Five microliters of 
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proteinase K (20 µg/mL) was added, followed by incubation for 30 minutes at 37 °C and then for 

30 minutes at 65 °C.  The homogenate was centrifuged for 10 minutes at 16,000 g and the 

supernatant transferred to a new microcentrifuge tube.  An equal volume of 25:24:1 (25 parts 

phenol, 24 parts chloroform, and 1 part isoamyl alcohol) was added and the solution mixed 

vigorously before centrifuging for 10 minutes at 16,000 g.  The aqueous phase was transferred 

to a new microcentrifuge tube and an equal volume of 24:1 (24 parts chloroform and 1 part 

isoamyl alcohol) was added.  The mixture was centrifuged for 10 minutes at 12,000 g, and the 

aqueous phase was again transferred to a new microcentrifuge tube.  One-tenth volume of 3M 

sodium acetate (NaOAc, adjusted to pH 5.2 with glacial acetic acid), and an equal volume of 

isopropyl alcohol were added, and the mixture was incubated for 30 minutes at room 

temperature before centrifuging for 10 minutes at 10,000 g.  Supernatant was discarded, and 

the pellet was washed with 1 mL 75% ethanol before centrifuging for five minutes at 7,500 g.  

Once all remaining alcohol residue was removed, the pellet was dried for two minutes before 

being suspended in 20 µL of MilliQ water.   

DNA samples were assessed for concentration and purity using a NanodropTM 

spectrophotometer.  Using MilliQ water as a blank, 1.5-µL of samples were placed on the 

NanodropTM apparatus.  Under the DNA setting, the concentration, 260/280 ratio (quantifying 

protein contamination), and 260/230 ratio (quantifying carbohydrate or phenol contamination) 

were recorded.  Ratios above 1.8 are typically considered “clean” and sufficiently-free of PCR-

inhibiting contaminants.  DNA samples were also subjected to 1% agarose gel electrophoresis 

using 0.5X TBE buffer, followed by imaging after staining in EtBr. The gel image was used to 

confirm results from the spectrophotometer and to check for the presence of degradation or 
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significant RNA contamination. 

2.2.6  RNA extraction 

RNA extractions were performed using the acid guanidinium thiocyanate-phenol-

chloroform method (Chomczynski & Sacchi, 1987) on both plant root tissue infected with M. 

phaseolina and on M. phaseolina grown on PDA plates.  Approximately 100 µg of tissue was 

placed into a sterile mortar containing liquid nitrogen and pulverized using a sterile pestle.  One 

mL of TRIzolTM reagent (InvitrogenTM) was added and homogenized with the tissue.  The 

homogenate was then transferred to an RNase-free microcentrifuge tube.  When using mycelial 

tissue, only the fuzzy, gray, actively growing portions of the colony were harvested; the black 

microsclerotia were avoided. 

Homogenate was centrifuged for 10 minutes at 12,000 g and 4 °C.  Supernatant was 

transferred to new microcentrifuge tubes and allowed to incubate at room temperature for five 

minutes.  200 µL of chloroform was added to each tube and shaken vigorously, before 

incubating at room temperature for three minutes.  Tubes were then centrifuged for 10 minutes 

at 12,000 g and 4 °C to separate the RNA-containing aqueous phase from the organic phase. 

After transferring the clear aqueous phase into a new microcentrifuge tube, equal volume of 

isopropanol was added to precipitate the RNA from solution. During extractions from plant root 

samples, a modification for this step consisting of a half-volume isopropanol and half-volume 

high salt solution (0.8 M sodium citrate and 1.2 M sodium chloride) was used instead, in an 

attempt to decrease carbohydrate contamination.  After gentle inverting and incubating for 10 

min at room temperature, the mixture was centrifuged for 10 minutes at 12,000 g at 4 °C to 

precipitate the RNA. The pellet was washed with 1 mL 75% ethanol to remove salts, and 
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centrifuged for five minutes at 7,500 g and 4 °C.  After removal of alcohol residue, the pellet was 

allowed to air dry for two minutes, and then resuspended in 20 µL of RNase-free water. 

All plate-grown fungal samples were then subjected to a reprecipitation procedure to 

further remove carbohydrate contamination which could inhibit downstream PCR.  Sample 

volume was adjusted to 100 µL with RNase-free water.  One-tenth volume of 3M NaOAc (pH 5.2) 

and two volumes of 100% ethanol were added to the sample. After inversion to mix, the sample 

was incubated at -20 °C for at least 30 minutes.  The sample was then centrifuged for 10 minutes 

at 4 °C and 12,000 g and the pellet washed with 1 mL 75% ethanol.  After discarding the 

supernatant, the sample was dried for 2 minutes before resuspending in 10 µL of RNase-free 

water. 

Concentration and purity of RNA samples were assessed with a NanodropTM 

spectrophotometer using the same protocol as DNA samples with the following exceptions:  

RNase-free water was used as a blank, readings were taken using RNA settings on the machine, 

and 2.0 was used as the purity cutoff of 260/280 and 230/280 ratios.  Any root samples falling 

below the cutoff values were reprecipitated using the procedure outlined above.  

Electrophoresis was performed using a 1% agarose gel prepared with 2 µL of EtBr and using 0.5X 

TBE.  This was to confirm the presence of RNA through visualization of the 28S and 18S rRNA 

bands typical of eukaryotic organisms, and to check for the presence of degradation or 

significant DNA contamination. 

2.2.7  Reverse transcription polymerase chain reaction (RT-PCR) 

For reverse transcription, the cDNA-generating phase of the procedure, 2 µg of RNA, 1 µL 

of 20 µM oligodT, and enough MilliQ water to make a 12-µL reaction were heated at 65 ˚C for 5 
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minutes, then put back on ice.  The mixture was added to 4 µL 5X first-strand buffer, 2 µL 100 

µM DTT, 1 µL 10 mM dNTPs, and 1 µL SuperScriptTM III Reverse Transcriptase (InvitrogenTM).  The 

20-µL sample was run at 50 ˚C for 1 hour, followed by 70 ˚C for 10 minutes, to produce cDNA.  

With infected root samples, a negative control (-RT) sample was also generated, in which the 

addition of reverse transcriptase was omitted. 

After completion of reverse transcription, standard PCR was performed for all genes of 

interest, using M. phaseolina gDNA as a positive control and the PCR protocol previously 

described.  PCR products were subjected to agarose gel electrophoresis, using the protocol for 

DNA samples as described above.  Because cDNA and gDNA contaminant products were 

predicted to be of similar size (Appendix B), a 1.5% concentration of agarose was used in later 

trials.  This modification increased the resolving power of the gel and allowed for an increased 

ability to distinguish between products of similar size.   

2.3  Results 

2.3.1  Identification of M. phaseolina CHS and GLS genes  

Eight M. phaseolina CHS genes and two GLS genes were identified from GenBank.  One 

partial nucleotide sequence called “chitin synthase IV” was found, and a complete protein 

sequence coded by this gene was located by using BLASTx.  Seven additional chitin synthase 

protein sequences were identified by name within the species.  Upon searching using the name 

“glucan synthase”, two proteins called “glycosyltransferase family 48” were found, which 

correspond to fungal β-1,3-glucan synthase (European Bioinformatics Institute (EMBL-EBI)).  

Aside from the single “chitin synthase IV” gene, none of the genes had unique identifiers or 

indications of class.  Though homologs for each gene were found in various other fungal species, 
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the names were inconsistent and reflected no standardized identification system.  Therefore, we 

assigned identification numbers of CHS1 through CHS8, GLS1, and GLS2, to be used internally.  

All genes, with the exception of CHS1, contained at least one intron.  Genomic sequences of 

these potential CHS and GLS genes were used to design primers by Primer3 

(http://primer3.ut.ee/).  BLAST of these primers revealed no off-target sequences within the M. 

phaseolina genome, indicating that they should amplify only the gene of interest.  There were 

also no 100% sequence matches from other species.  Full nucleotide and protein sequences of 

these genes are available in Appendix A.   

Available data were insufficient to assign M. phaseolina CHS genes into their respective 

classes based on nucleotide or protein sequence alignments with closely related species.  Gene 

and protein homology with other species existed, but characterization of these genes and 

proteins in species most closely related to M. phaseolina, such as Diplodia corticola and 

Neofusiococcum parvum, was very incomplete.   

 Protein family (Pfam) domains were identified for each M. phaseolina protein sequence 

using a combination of information from the Pfam database (El-Gebali et al., 2019) and other 

published research.  Using the classification scheme of Liu et al. (2017), some CHS genes were 

able to be classified to the division level (Table 2-1).  

Conserved amino acid sequences identified previously in other fungi were located in 

some M. phaseolina CHS proteins.  These allowed further assignment of some CHS genes to 

classes per Choquer et al. (2004) (Table 2-1). 
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TABLE 2-1 

CONSERVED REGIONS IDENTIFIED IN M. PHASEOLINA GENES AND PROBABLE CHS CLASSES TO 
WHICH THE GENES BELONG 

 
Gene Conserved Region(s) CHS division Source(s) 

CHS1 Pfam 03142 Insufficient data El-Gebali et al.(2019) 
CHS2 Pfam 03142 

Pfam 00173 
Pfam 12871 
Pfam 13632 
QVFEY 
WKFDDF 

Class IV 
(Division 3) 

Vidal-Cros & Boccara 
(1998); Liu et al. 
(2017); El-Gebali et 
al. (2019) 

CHS3 Pfam 03142 
Pfam 08407 
Pfam 01644 
Pfam 13632 
Pfam 15449 
QNFEY 
FKGAEKG 
ADVFTANMY 

Class I, II, or III 
(Division 1) 

Bowen et al. (1992); 
Choquer et al. (2004); 
Liu et al. (2017); El-
Gebali et al. (2019) 
 

CHS4 Pfam 03142 
Pfam 13632 
ITNEVCM 

Class VII 
(Division 3) 

Choquer et al. (2004); 
Liu et al. (2017); El-
Gebali et al. (2019) 
 

CHS5 Pfam 03142 
Pfam 08407 
Pfam 01644 
Pfam 11029 
QNFEY 

Class I or III 
(Division 1) 

Bowen et al. (1992); 
Liu et al. (2017); El-
Gebali et al. (2019) 

CHS6 Pfam 03142 
Pfam 08407 
Pfam 01644 
QNFEY 

Class I or III 
(Division 1) 

Bowen et al. (1992); 
Liu et al. (2017); El-
Gebali et al. (2019) 

CHS7 Pfam 03142 Insufficient data El-Gebali et al. (2019) 
CHS8 Pfam 13632 No CHS domain El-Gebali et al. (2019) 
GLS1 Pfam 14288 

Pfam 02364 
N/A El-Gebali et al. (2019) 

GLS2 Pfam 14288 
Pfam 02364 

N/A El-Gebali et al. (2019) 
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 The CON1 domain (Pfam 03142) was present in all CHS proteins except CHS8.  Thus, it is 

probable CHS8 is not a true CHS gene.  Liu et al. (2017) did not identify CHS1 and CHS7 as chitin 

synthase genes, however they noted the existence of two other M. phaseolina genes with the 

CON1 domain, beyond the seven genes identified in this research.  Records for these genes 

(EKG14177.1 and EKG14178.1) are both titled as “cytochrome b5” in GenBank, causing them to 

be missed during this study’s initial search for chitin synthase genes.  Sequence comparison 

indicated these two proteins have no significant similarity to either CHS1 or CHS7, strongly 

suggesting these are unique genes in addition to the seven CHS genes identified in this study. 

However, whether they are bona fide chitin synthase genes remain unclear. 

Both GLS protein sequences contained Pfam 14288, “1,3 beta glucan synthase subunit 

FKS1, domain-1”, and Pfam 02364, “1,3 beta glucan synthase component”, offering further 

confirmation these were indeed GLS genes. 

2.3.2  Candidate gene expression in M. phaseolina 

Primers for CHS and GLS genes were tested for their ability to amplify target genes using 

gDNA from M. phaseolina (target species), and for specificity by testing with gDNA from 

Medicago truncatula (non-target host plant).  All ten candidate gene primer pairs successfully 

produced amplicons in M. phaseolina gDNA (Figure 2-1).  Additionally, there were no products 

amplified from M. truncatula gDNA, indicating the primers were incapable of off-target 

amplification in this species.  A complete list of primers is available in Appendix B. 
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Figure 2-1.  Amplification of CHS and GLS genes using gDNA from M. phaseolina or M. truncatula 
to confirm primer specificity.  For each gene, lane 1 shows results for M. truncatula, a non-target 
host plant, and lane 2 shows M. phaseolina, the target species.  Numbers to the left of the gel 
indicate sizes of bands based on a DNA standard (first lane). 
 

After confirming primer specificity, RT-PCR was performed to examine expression of CHS 

and GLS genes in either plate-grown M. phaseolina or M. phaseolina-infected M. truncatula root 

tissue.  The procedure was first performed on RNA samples taken from M. phaseolina grown on 

PDA plates, in order to ascertain approximate baseline levels of gene expression for the ten 

genes of interest.  Amplification of cDNA was evident for all genes, and, for nine genes, the 

amplicons from cDNA were slightly offset from that of gDNA controls, confirming the bands 

were indicative of cDNA and not gDNA contaminant (Figure 2-2A).  CHS1 did not contain introns 

and there was no offset of its assumed cDNA band.  These results suggest that at least nine 

candidate genes were expressed at 48 hours of growth in M. phaseolina. 

M. phaseolina was allowed to infect M. truncatula, a model legume which has been 

previously used in M. phaseolina studies (Mah et al., 2012; Reyes Gaige et al., 2012).  RT-PCR 

was performed using RNA isolated from infected root tissue.  –RT samples, which lacked the 

reverse transcriptase enzyme in the reverse transcription step, were included as negative 

controls.  The result showed visible cDNA bands for many of the experimental genes in samples 

with reverse transcriptase, and no bands for any negative controls.  CHS2, CHS3, CHS4, CHS5, 

and GLS1 all exhibited evidence of expression at 48 or 72 hpi, while CHS6 and GLS2 showed 
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strong expression at both time intervals (Figure 2-2B).  CHS1 did not contain any introns, and 

thus it was not possible to distinguish gDNA contamination from cDNA amplification. 

 
 
Figure 2-2. (A) Expression of CHS and GLS candidate genes in plate-grown M. phaseolina, as 
depicted on 1% agarose gel.  For each gene, lane 1 shows a gDNA positive control, and lane 2 
shows a cDNA experimental sample.  Numbers to the left of the gel indicate sizes of bands based 
on a DNA standard (first lane).  (B) Expression of CHS and GLS candidate genes in M. phaseolina-
infected M. truncatula root tissue, shown on a 1.5% agarose gel.  For each gene, lane 1 shows a 
gDNA positive control; lane 2 shows cDNA experimental sample at 48 hpi; lane 3 shows cDNA at 
48 hpi -RT negative control; lane 4 shows cDNA at 72 hpi; lane 5 shows cDNA at 72 hpi -RT 
negative control.   

 
2.4  Discussion 

Analysis suggests M. phaseolina contains at least seven to nine CHS genes.  These 

numbers are in line with other filamentous fungi.  Though incomplete information was available, 

some CHS genes were sorted into probable classes.  CHS3, CHS5, and CHS6 may belong to classes 

I or III.  In other studies, class I CHS genes were responsible for conidia development and 

successful pathogenesis in F. asiaticum (Xu et al., 2010). Class III genes in P. graminis were 
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necessary for formation of appressoria (Broeker et al., 2011) and for appressoria formation and 

virulence in Botrytis cinerea (Soulié et al., 2006).  Because it additionally contained conserved 

sequences with class II, CHS3 may, instead, belong to class II.  Class II genes in F. oxysporum were 

necessary for virulence (Martín-Udíroz et al., 2004).  CHS2 may be a member of class IV.  Class IV 

CHS genes were responsible for the bulk of chitin production in yeasts (Carotti et al., 2002), but 

their roles varied in filamentous fungi, with some class IV-deficient mutants producing more 

(Banks et al., 2005) or less chitin (Wang et al., 1999) and others exhibiting no change in 

phenotype (Motoyama et al., 1997).  Class V and class VII CHS genes appeared important in 

appressoria formation and infectious activity in M. oryzae (Kong et al., 2012) and Metarhizium 

robertsi (Liu et al., 2017).  Based on this past research, suppression of the expression of genes in 

classes I, II, III, V, or VII could potentially decrease growth and infectious potential of M. 

phaseolina. 

 We found two GLS genes for M. phaseolina, the proteins of which are 80.92% identical to 

each other, per sequence alignment.  Yeast typically have two to four GLS genes, but only one 

has been documented in many filamentous fungi (Ha et al., 2006; Yang et al., 2011; Oliveira-

Garcia & Deising, 2013).  However, the existence of Pfam domains 014288 and 02364, which are 

identified specifically as GLS characteristics, in both M. phaseolina GLS genes identified in this 

study makes them very likely candidates with GLS function. Additionally, records for two GLS 

proteins are present in GenBank for N. parvum (EOD45311.1 and EOD45034.1), a confamilial 

species which are 75.58% similar to each other. 

CHS and GLS gene expression, as determined semi-quantitatively through RT-PCR, in 

plate-grown M. phaseolina was similar to that seen in M. phaseolina infecting a host plant.  Thus, 
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plate-grown fungus can be used as an analog for fungus growing on a host plant and used for 

testing the effectiveness of siRNAs.  Based on their strong expression compared to other 

candidate genes at 48 h and 72 h, CHS6 and GLS2 were selected as the final targets for 

knockdown by siRNAs.   

In conclusion, through our work outlined in Chapter 2, we were able to identify, 

characterize, and examine baseline expression of CHS and GLS genes in M. phaseolina.  This 

enabled us to select the two most promising candidates, CHS6 and GLS2, for gene knockdown by 

siRNAs.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

27 
 

CHAPTER 3 
 

THE EFFECTS OF SIRNAS ON CHS AND GLS EXPRESSION AND M. PHASEOLINA GROWTH 
 
 
3.1  Introduction 

 The goal of this research is to identify candidate genes and design siRNAs to validate the 

effect of RNAi on suppressing gene expression and on the growth phenotype of M. phaseolina. 

We identified CHS6 and GLS2 as candidates for gene knockdown based on their expression. This 

chapter focuses on the design and testing of siRNA molecules targeted against CHS6 and GLS2 

transcripts.  We hypothesize that these siRNAs should lead to degradation of CHS6 or GLS2 

mRNAs, resulting in full or partial suppression of expression of the corresponding target gene.  

We also hypothesize that suppression of CHS6 or GLS2 will result in defects in cell wall synthesis, 

therefore negatively affecting M. phaseolina growth. Genomic sequences of target genes were 

used to design siRNAs.  Effectiveness of the siRNAs was assessed by observing impacts of siRNA 

treatment on the growth of M. phaseolina on agar plates and by measuring levels of CHS6 and 

GLS2 transcripts using RT-qPCR.  This quantitative form of PCR determines the abundance of 

DNA (such as cDNA) by measuring the amount of fluorescence generated from DNA-binding 

fluorescent dye such as SYBR Green after each PCR cycle (Ponchel et al., 2003).  The intensity 

with which a sample fluoresces is reflective of its DNA quantity.  When using cDNA, it is 

indicative of the mRNA level of the target gene present in the original sample.  In the 

comparative cycle threshold (CT) method of this technique, the number of cycles required to 

reach fluorescence above a preset threshold is measured for each sample.  By comparing CT 

values of experimental and control samples (a.k.a. calibrator), we can determine the relative 
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abundance of transcript in experimental sample vs control. The difference is usually presented 

as fold change or relative quantity, which is used to quantify the knockdown of target gene 

expression in experimental samples. 

 In this chapter we synthesized siRNAs targeted against CHS6 and GLS2, the genes 

identified in Chapter 2, and tested the effectiveness of these siRNAs to initiate RNAi in M. 

phaseolina and suppress its growth.  These results can confirm the existence of RNAi in this 

fungal species and can lay the groundwork for developing crop lines with resistance to charcoal 

rot disease by giving host plants the ability to suppress synthesis of the fungal cell wall in M. 

phaseolina. 

3.2  Materials and Methods 

3.2.1  siRNA design 

SiRNA molecules were designed using software by Integrated DNA Technologies, Inc.® 

(IDT)  (https://www.idtdna.com/site/order/designtool/index/DSIRNA_CUSTOM).  Of the 

resulting siRNA and complements generated, each were subjected to BLAST analysis at the NCBI 

website (https://blast.ncbi.nlm.nih.gov/Blast.cgi) to check for identical matches in species other 

than M. phaseolina, which could lead to off-target binding.  This was important to avoid the 

siRNAs initiating RNAi in species other than M. phaseolina, and any sequences having matches in 

other species were eliminated from consideration.  After selection of final siRNA sequences, the 

molecule sequences were submitted to IDT® for synthesis. The siRNAs were suspended in 

RNase-free water following the manufacturer’s recommended procedure to a stock 

concentration of 100 µM and stored in a -20 °C freezer.  This stock was further diluted to a 

working concentration of 1 µM, as needed. 
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3.2.2  Preparation of M. phaseolina inoculum stock 

 M. phaseolina was grown in potato dextrose broth (PDB) for use as inoculum in plate 

assays.  PDB was prepared by adding 24 g of PDB powder (BD Difco™) to 1 L of double-distilled 

water.  This amount was split between four 250-mL pitchers and covered with two-layered foil 

lids, then autoclaved for 30 minutes at 121 °C (Liquid 30 cycle).  The PDB was cooled, and then 

five 1-cm2 plugs of M. phaseolina freshly grown on PDA was added to each pitcher.  After 10-14 

days at room temperature, when M. phaseolina had grown to cover most of the surface of PDB, 

the fungus was harvested using a sterile spatula.  The fungus mat was left to dry on a stack of 

paper towels for five minutes, then transferred to dry paper towels two more times to 

completely drain the excess liquid.  The fungus was then left to dry for three days, after which 

point it was ground to a fine powder using a sterile mortar and pestle.  The resulting 

microsclerotia powder was forced through a sterilized kitchen sieve with a pestle to break up or 

remove any remaining large chunks.  Powder was placed in a sterile Falcon® tube with a spatula 

and stored at -20 °C. 

3.2.3  Growth and assessment of siRNA-treated M. phaseolina 

Effects of siRNAs on M. phaseolina growth were assessed by comparing growth of siRNA-

treated fungus with that treated with scrambled siRNA (IDT® catalog #51-01-19-09) on PDA 

plates.  To prepare the treatment, ground M. phaseolina inoculum stock was combined with PDB 

and diluted to a final concentration of 0.01 g fungus/mL PDB.  The resulting mixture was non-

homogenous with regard to size and distribution of M. phaseolina particles.  Preliminary work 

had shown siRNA effectiveness to be sensitive to the amount of fungus to which it was 

subjected.  To account for these factors, we used a dissecting microscope to locate a standard 
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size of fungal particle with which to inoculate the plates.  This method eliminated variability 

caused by differences in amount of inoculum and decreased the possibility of obtaining false 

negative results caused by large fungal particles.  The fungal particle and PDB was pipetted onto 

the center of a PDA plate, and the selected siRNA, RNAase-free water, or a negative control was 

added.  The total volume of inoculum was 3 µL, with the amounts of siRNA and M. phaseolina-

PDB mixture obtained using the C1V1 = C2V2 method.  C1 was the working stock siRNA 

concentration of 1 µM, C2 was the desired concentration of siRNA on the plate for the treatment, 

V2 was the total inoculum volume of 3 µL, and we solved for V1, the volume of 1 uM siRNA 

needed.  The amount of M. phaseolina-PDB mixture added was 3 µL minus the amount of siRNA 

added.  The inoculated PDA plates were kept in the dark and growth of the fungus was 

photographed every 12 h thereafter until the surface of the plate was covered.   

Several experimental conditions were examined, each of which involved application of a 

single siRNA or control to M. phaseolina.  Each siRNA was first evaluated at a concentration of 

100 nM at 27 °C.  Additional trials were conducted using 100 nM of siRNA at 22 °C, a 

temperature at which fungal growth is normally slowed.  Both 27 °C and 22 °C represent realistic 

2” and 4” soil temperatures during summer months in the Midwestern United States.  Trials 

were also conducted using 100 nM of siRNA at 27 °C on PDA with half of the normal nutrient 

levels.  Finally, trials were conducted at 27 °C using siRNA in concentrations of 50 and 75 nM for 

each siRNA. 

Photographs were used for generating data on fungal growth.  Fungal growth area was 

measured using ImageJ 1.52a (United States National Institutes of Health), and differences 

between growth area on control plates versus experimental plates were assessed statistically by 
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one-way analysis of variance (ANOVA) using RStudio 1.1.463 (RStudio, Inc.).  Additionally, a two-

way ANOVA was undertaken to compare growth on full-strength PDA versus that on half-

strength PDA.  P-values of 0.05 or less were considered statistically significant.   

3.2.4  RT-qPCR 

To prepare cDNA for use in RT-qPCR, PDA plates were covered with cellophane and then 

inoculated with an M. phaseolina-PDB mixture using the methodology described in Section 3.2.3.  

100 nM of negative control or one siRNA was then added to the fungus, and the plate was 

incubated in the dark at 27 °C for 48 h.  Tissue was harvested by scraping the mycelia into liquid 

nitrogen and grinding with a sterile mortar and pestle.  RNA was isolated from the tissue, 

followed by reprecipitation, using procedures as outlined in Chapter 2.  This was followed by 

DNase treatment to eliminate gDNA contaminant from the sample.  Per manufacturer’s 

instructions, 10 µg RNA, 5 µL 10X DNase buffer, 1 µL TURBO™ DNase (Invitrogen™), and enough 

RNase-free water to make a 50-µL reaction were combined in an RNase-free microcentrifuge 

tube and incubated for 30 minutes at 37 °C.  Contents were transferred to a new tube and 

brought to 250 µL volume with RNase-free water before adding 250 µL of 25:24:1.  The mixture 

was vortexed for 10 seconds, allowed to incubate for 3 minutes at room temperature, and then 

centrifuged for 10 minutes at 12,000g at 4 °C.  The aqueous layer was transferred to a new 

microcentrifuge tube, where two volumes of 100% ethanol and one-tenth volume of 3 M NaOAc 

(pH 5.2) were added.  After incubating for at least 30 minutes at -20 °C, the sample was 

centrifuged for 10 minutes at 12,000g at 4 °C to pellet the RNA.  The pellet was washed with 1 

mL 70% ethanol and air dried for two minutes at room temperature before being resuspended 
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in 10 µL RNase-free water.  The RNA sample was then converted to cDNA by RT-PCR, using the 

protocol in Chapter 2.   

Primers for two housekeeping genes, actin (ACT) and translation elongation factor 1a 

(EF1α), were evaluated for potential use as endogenous controls with RT-qPCR.  Based on its 

successful use with M. phaseolina in other research (Sarr et al., 2014), the sequence for the 

primer pair ACT-512F and ACT-783R was obtained from Q-Bank 

(https://qbank.eppo.int/fungi/methodologies/PrimerList).  Primers for EF1α were designed 

based on GenBank accession number KU058896.1 using Primer3, per the protocol outlined in 

Chapter 2.  Both primer sets were manufactured by Sigma-Aldrich®.  ACT, EF1α, CHS6, and GLS2 

primers were evaluated for PCR efficiency by the standard curve method.  Primers for EF1α only 

achieved 85% efficiency and therefore were not used in subsequent experiments (data not 

shown).  Primers for ACT, CHS6, and GLS2 all resulted in PCR efficiencies in the range of 102-

105%, which are acceptable values for quantitative analysis. 

RT-qPCR was performed on a StepOnePlusTM Real-Time PCR System (Applied 

BiosystemsTM).  Each reaction contained 10-µL: 5 mL 2X Power SYBRTM Green PCR Master Mix 

(Applied BiosystemsTM), 50 nM (for ACT) or 100 nM (for CHS6 and GLS2) forward and reverse 

primer mix, 1 µL 1:10 diluted cDNA, and 3 µL MilliQ water.  The comparative CT method was 

used to determine the fold difference in transcript abundance between siRNA-treated samples 

and the negative control sample treated with scrambled siRNA.  ACT was used as the 

endogenous control to normalize CT values in each sample. Three technical replicates were used 

for each sample and three biological replicates were included for each treatment condition. In 
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the comparative CT method, ∆CT values were calculated based on the formula: ∆CT= CT (gene of 

interest) – CT (ACT); ∆CT values from experimental samples were then compared to that of the 

negative control sample (calibrator) to produce ∆∆CT values (∆∆CT = ∆CT sample -∆CT calibrator), 

which was used to calculate the relative quantity of transcript (RQ): Relative quantity = 2(-∆∆CT).  

The RQ from the calibrator was arbitrarily set as 1. Data were exported from StepOnePlus 

software to R Studio, where each siRNA was compared to the control by a t-test.  A one-way 

ANOVA was also performed to assess differences in performances of each siRNA. 

3.3  Results 

3.3.1  siRNA design 

Genomic sequences for CHS6 and GLS2 genes were used to design siRNAs using software 

provided by the vendor (IDT®).  Several siRNAs and their corresponding complements were 

identified by the software for each gene. Each siRNA was 25 nt in length, longer than some 

endogenous siRNAs, found to be higher in potency by Kim et al. (2005).  Each complement was 

27 nt, to simulate the 2-nt overhang produced by Dicer-like genes during processing of dsRNA 

into an siRNA duplex.  Research indicates that synthetic siRNA duplexes with at least one 2-nt 

overhang perform better than blunt-ended duplexes at loading into RISC quickly and maintaining 

lower levels of knocked-down genes (Ghosh et al., 2009).  

Several other criteria for successful siRNA design were incorporated in siRNA sequence 

determination.  These are features that have experimentally been determined to improve siRNA 

binding to targets and triggering of mRNA degradation, per Reynolds et al. (2004).  Because high 

GC ratio can give rise to undesirable secondary structures in RNA (Chan et al., 2009), a GC 

content of only 30-52% is recommended in siRNAs.  Internal stability near the sense strand 3’ 
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terminus is also recommended, with at least three A-U bases at positions 15-19, as are general 

base preferences at positions 3 (A), 10 (U), 13 (not G), and 19 (A, definitely not G or C).  

Additionally, a lack of inverted repeats within the siRNA is necessary to prevent secondary 

structure formation.  Finally, siRNAs that cause cleavage near the mRNA 3’ end have been most 

successful in past research (Holen et al., 2002).   

Each candidate siRNA sequence provided by the design software was subjected to BLAST 

against the NCBI database, to check for homologous sequences in other species in order to 

prevent off-target binding.  Most candidate sequences were eliminated by this endeavor.  Of 

those that remained, two siRNA molecules and their antisense complements were selected for 

each target to give a higher chance of success, in case one did not perform adequately. The two 

siRNAs against CHS6 were designated as anti-CHS6-1, that bound near the 3’ end of the CHS6 

mRNA, and anti-CHS6-2 that bound near the mRNA 5’ end.  For the GLS2 gene, anti-GLS2-1 

targeted near the 5’ end of the GLS2 mRNA, and anti-GLS2-2 targeted the middle of the mRNA 

(Appendix C).  

3.3.2  Growth of siRNA-treated M. phaseolina 

 Effects of each siRNA on M. phaseolina growth were assessed by measuring growth of 

the siRNA-treated fungi and comparing them to growth of fungus treated with a scrambled 

siRNA as negative control.  Plates were inoculated according to treatments and using 

methodology described in Section 3.2.3 and were grown in the dark in temperature-controlled 

growth chambers at 44% relative humidity.  For most treatment conditions, two trials were run, 

with 9-11 plates for each siRNA in each trail (total n = 18-22 for each treatment).  For the 100-

nM siRNA treatment, three trials were run at 27°C (n = 27-33 per treatment); however, only one 
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trial was completed for the 22 °C condition (n = 9-11 per treatment) due to an equipment 

anomaly.  Average growth of experimental plates was compared to average growth of control 

plates and the resulting percentages from each trial within a treatment were averaged.  For all 

testing conditions, M. phaseolina treated with siRNA grew less compared to the ones treated 

with scrambled siRNA control.  Mean growth areas for all experimental treatments can be found 

in Appendix D, and photographs of growth at additional timepoints are in Appendix E. 

We started testing conditions at 100 nM siRNA with a growth temperature of 27 °C, 

which is usually used to grow the fungus in the laboratory.  Under this condition, all four siRNAs 

resulted in significantly less growth than the control at 36 and 48 hpi, and nearly all did so at 60 

hpi (Figures 3-1 and 3-2).  To quantify the difference, we measured the area of growth and 

compared the difference between the siRNA-treated and control group at various timepoints.  

At 36 hpi, siRNA-treated fungi only grew to cover 59.1-78.0% of the area of the control group (P 

< 0.001-0.027).  Despite this range, there were no significant differences between different 

siRNA treatments.  At 48 hpi, siRNA-treated fungi covered 68.9-81.6% of area of the control 

fungus (P < 0.001-0.028).  At this timepoint, anti-CHS6-2 produced significantly less growth 

(68.9%) than anti-GLS2-1 (81.6%) and anti-GLS2-2 (81.1%) (P = 0.028 and 0.029, respectively).  

The beginning stages of microsclerotia formation were visible on the control plate but not on 

siRNA-treated fungi.  At 60 hpi, however, the growth of siRNA-treated fungi reached 80.2-87.4% 

of the control fungus.  Although the growth difference was still statistically significant for all 

siRNAs (P < 0.001-0.017) except anti-GLS2-2 (P = 0.081), the growth suppression was not as 

dramatic compared to earlier timepoints.  Microsclerotia development was advanced on 60-hpi 

control fungus but absent or only beginning on siRNA-treated plates.  Also at 60 hpi, the results 
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between trails differed noticeably for anti-CHS6-1, with growth of treated fungus being as low as 

71.4% of control fungus growth in one trial and as high as 93.3% in another.   

 
Figure 3-1. M. phaseolina grown with 100 nM siRNA concentration at 27 °C at 36, 48, and 60 hpi. 
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Figure 3-2. Growth of siRNA-treated M. phaseolina compared to control, with 100 nM siRNA 
concentration at 27 °C at 36, 48, and 60 hpi.  Error bars indicate standard error between multiple 
trials of the same treatment. * denotes statistical significance at P ≤ 0.05. 

 
We also attempted to ascertain the minimum effective concentration of siRNA by 

observing the growth of fungus treated with 50 and 75 nM siRNA at 27 °C.  Effects of siRNAs 

differed with concentration at 48 hpi (Figures 3-4 and 3-5).  Areas covered by fungus treated 

with 50 nM siRNA were 85.6-89.5% of the control, which was not significant for any siRNAs (P > 

0.309).  At 75 nM, degree of growth suppression differed between the two target genes.  Anti-

CHS6 siRNA-treated fungi did not differ significantly from control (85.1-85.4%, P > 0.306), while 

both anti-GLS2 siRNAs resulted in significantly less growth than the control (73.8-75.2%, P < 

0.012).  
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Figure 3-3. M. phaseolina grown with 50, 75, and 100 nM siRNA concentrations at 27 °C at 48 hpi. 
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Figure 3-4. Growth of siRNA-treated M. phaseolina compared to control, with 50, 75, and 100 
nM siRNA concentrations at 27 °C at 48 hpi.  Error bars indicate standard error between multiple 
trials of the same treatment. * denotes statistical significance at P ≤ 0.05. 
 

In preliminary studies, we tested the effectiveness of 250 nM and 500 nM of siRNA on M. 

phaseolina growth at 27 °C.  The results indicated that these concentrations did not suppress 

growth notably more than 100 nM (Appendix F).  Because of the cost associated with the 

increased amount of siRNA stock required to thoroughly test these conditions, we did not move 

forward with more exhaustive, formal experimentation at these concentrations.  Other 

investigators have also found that there are concentrations beyond which no additional effect of 

an siRNA will be observed (e.g. Khatri & Rajam, 2007). 

 We also tested the impact of lower temperature on the effectiveness of siRNAs to 

examine if their effects were different when the fungus was under stress.  M. phaseolina 

incubated at 22 °C developed more slowly than 27 °C-incubated fungus and therefore was 

assessed at 84, 96, and 108 hpi.  All siRNA-treated fungi grew more slowly than control fungus at 
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all timepoints (P < 0.0001-0.034) (Figures 3-6 and 3-7), and these differences were more 

pronounced than at 27 °C.  At 84 hpi, siRNA treated fungi grew to sizes 42.8-61.1% of control 

fungus (P < 0.0001 for all siRNAs).  At 96 hpi, the numbers were similar, with experimental fungi 

at 41.2-68.1% of control fungus sizes (P < 0.0001-0.0005).  Additionally, knockdown of the GLS2 

gene had a bigger impact on growth suppression than did CHS6 knockdown, with both anti-

GLS2-1 and anti-GLS2-2 outperforming anti-CHS6-1 (P = 0.008 and P = 0.003, respectively) and 

anti-GLS2-1 outperforming anti-CHS6-2 (P = 0.036).  At 108 hpi, all siRNA-treated fungi remained 

48.0-77.5% of control fungus (P < 0.0001-0.034), and both anti-GLS2-1 and anti-GLS2-2 produced 

fungi smaller than anti-CHS6-1 and anti-CHS6-2-treated fungi (P = 0.001-0.039).  Microsclerotia 

formation was extensive on the control plate by 108 hpi but absent on siRNA-treated plates. 
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Figure 3-5. Photographs of M. phaseolina grown with 100 nM siRNA concentration at 22 °C at 84, 
96, and 108 hpi  
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Figure 3-5.  Growth of siRNA-treated M. phaseolina compared to control, with 100 nM siRNA 
concentrations at 22 °C at 84, 96, and 108 hpi.  Error bars indicate standard error between 
multiple trials of the same treatment. * denotes statistical significance at P ≤ 0.05. 

 
 We lastly measured the effectiveness of siRNAs when M. phaseolina was grown with 

lesser nutrient availability at 27 °C with 100 nM siRNA.  Fungi grown on half-strength PDA was 

assessed at the same timepoints as that grown on full-strength PDA.  All siRNAs-treated fungi 

covered less area than control fungus at all timepoints (Figures 3-8 and 3-9).  siRNA-treated fungi 

at 36 hpi was 51.4-57.1% of control fungus (P < 0.0001 for all siRNAs) and there were no 

significant differences between siRNA treatments.  At 48 hpi, siRNA-treated fungi were 71.4-

79.4% of control fungus (P < 0.0001-0.003), with no difference between siRNA performances.  

Early microsclerotia development was visible on the 48 hpi control but was absent on all siRNA-

treated plates.  At 60 hpi, siRNA-treated fungi were 80.5-85.6% of control (P = 0.005-0.012), 

again with no differences between siRNA treatments.  Well-developed microsclerotia were 

noted on the control plate but development was still in early stages on siRNA-treated fungi.   
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Comparisons within each treatment between full-strength and half-strength media 

showed a few notable differences.  At 36 and 48 hpi, control plate growth did not differ between 

the media strengths.  At 36 hpi, anti-GLS2-1 produced less growth on half-strength PDA than on 

full strength (P = 0.003), and the result was nearly significant for anti-GLS2-2 (P = 0.052).  At 48 

hpi, both of these siRNAs were significantly more effective on half-strength PDA-raised fungus 

than that raised on full-strength media (P < 0.0001 and P = 0.001, respectively).  At 60 hpi, 

control growth was significantly less on half-strength media (P < 0.0001) and all four siRNAs 

produced less fungal growth on half-strength media (P < 0.0001 for all).  As on full-strength PDA, 

anomalies occurred with anti-CHS6-1 between growth during different trials.  At 48 hpi, growth 

of experimental fungi was 91.3% of control fungus growth during the first trial and 67.4% in the 

second trial.  The disparity remained pronounced at 60 hpi, with treated fungi growing 95.6% of 

control growth in the first trial and 75.6% in the second.   
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Figure 3-6. M. phaseolina grown on half-strength PDA with 100 nM siRNA concentration at 27 °C 
at 36, 48, 60 hpi. 
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Figure 3-7.  Growth of siRNA-treated M. phaseolina compared to control, on half-strength PDA 
under 100 nM siRNA concentrations at 27°C at 36, 48, 60 hpi.  Error bars indicate standard error 
between multiple trials of the same treatment. * denotes statistical significance at P ≤ 0.05. 
 
3.3.3  RT-qPCR 

 Since all siRNA treatments resulted in reduced growth, the next important step was to 

verify that the growth phenotype correlated with reduced gene expression. RT-qPCR was used 

to compare the expression of target genes between siRNA-treated and negative control samples. 

Since all treatment conditions had similar growth phenotypes, we only collected samples that 

were treated with either 100 nM siRNA or scrambled control grown at 27 °C for 48 hpi for RNA 

isolation and RT-qPCR.  Using the comparative CT method, it was determined that target gene 

transcripts were less abundant in siRNA-treated M. phaseolina than in control fungus (Figure 3-

8).   This was true when each siRNA treatment was compared individually to the control (P < 

0.0001 for all siRNAs) by t-test, and when all five treatments were analyzed together by ANOVA 

(P < 0.0001).   Anti-CHS6-1 and anti-CHS6-2 decreased the relative abundance of CHS6 mRNA to 
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44.9% and 32.6% respectively, and anti-GLS2-1 and anti-GLS2-2 decreased GLS2 mRNA levels to 

46.3% and 35.5%.  Transcript levels did not differ significantly between siRNA treatments (P > 

0.199).  Decreases in growth in siRNA-treated fungi did correlate with decreases in the 

abundance of target gene mRNA.   

Figure 3-8. Relative quantity of target gene transcripts in siRNA-treated M. phaseolina compared 
to transcript abundance in control fungus.  Fungi were grown with 100 nM siRNA at 27 °C and 
harvested at 48 hpi.  Error bars indicate standard error between multiple biological replicates of 
the same treatment. * denotes statistical significance at P ≤ 0.05. 
 
3.4  Discussion 

 The objective of this research was to investigate RNAi activity in M. phaseolina through 

application of exogenous siRNAs, and to assess the ability of these siRNAs to suppress fungal 

growth through targeted knockdown of cell wall-synthesizing enzymes.  This work demonstrates 

that RNAi occurs in M. phaseolina and that growth of M. phaseolina in culture can be 

suppressed by application of exogenous siRNAs targeted against enzymes responsible for 

synthesis of cell wall compounds.  At concentrations of 75-100 nM, individual knockdown of 
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CHS6 and GLS2 genes negatively impacted fungal growth under different temperatures and on 

media of differing nutrient levels.  Importantly, the reduced growth correlated well with the 

reduced gene expression due to siRNA treatment.  

3.4.1  siRNA efficacy in filamentous fungi 

The apparent effective siRNA concentration of 75 nM required for phenotypic impact in 

M. phaseolina was higher than that which was sufficient for knockdown of the ornithine 

decarboxylase (ODC) gene involved in polyamine production in Aspergillus nidulans. In that 

research, investigators saw 33% reduction in fungal growth at 20 and 25 nM siRNA 

concentrations (Khatri & Rajam, 2007). This is similar to the degree of growth suppression we 

saw in M. phaseolina under 75 and 100 nM siRNA concentrations.  In the A. nidulans work, siRNA 

was added to a 3-µL droplet containing a fungal spore suspension and liquid media in the center 

of an agar plate.  This is the same media volume and delivery method we used.  Kalleda et al. 

(2013) stated that synthetic siRNAs often require concentrations of 100 nM or more to be 

effective, though they, too, required only 25 nM of siRNA in their knockdown experiments in A. 

nidulans.  They similarly added exogenous siRNAs targeting the Ras gene to liquid containing 

fungal conidia.  However, because M. phaseolina rarely produces spores in culture, we used 

ground microsclerotia instead of conidia/spores.  There may be a differential ability or efficiency 

with which microsclerotia absorb nutrients from liquid surroundings when compared to spores.  

We observed comparatively slow growth of M. phaseolina in liquid PDB culture versus that on 

solid PDA.  Additionally, spores are often stored in liquid suspension, whereas ground 

microsclerotia are stored as a dried powder. 
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Instead of applying siRNAs exogenously, Cheng et al. (2015) produced transgenic F. 

graminearum containing siRNA-encoding genes targeted against the fungus’ own CHS gene.  

Resulting fungus produced sparse mycelial growth and, depending on the RNAi construct used, 

showed a 33-73% decrease in CHS gene transcript abundance, as quantified by RT-qPCR. 

Oliveira-Garcia & Deising (2013) saw GLS transcript levels drop to less than 25% of what was 

seen in control fungus in their RNAi work in Colletotrichum graminicola. Pathogenicity of the 

fungus was negatively correlated to degree of transcript decrease.  Kalleda et al. (2013) 

performed both exogenous application of synthetic siRNAs to A. nidulans and generation of 

siRNAs from transgenic fungus and compared the degrees of Ras gene knockdown through RT-

qPCR.  They found that Ras transcript levels in the transgenic A. nidulans were only 5.3% of 

those found in the wildtype, while transcripts in fungus treated exogenously with siRNA had 

transcripts at 44.38% the level found in controls, levels similar to our observations in M. 

phaseolina CHS and GLS knockdown.  This indicates that in vivo siRNA production was more 

efficient than exogenous application and suggests that the knockdown of CHS6 and GLS2 genes 

in M. phaseolina containing RNAi constructs could exceed levels we observed in our experiments.  

While the long-term goal of our body of research is to produce transgenic host plants containing 

RNAi constructs targeting M. phaseolina CHS and GLS genes – not to produce transgenic M. 

phaseolina itself – Kalleda et al.'s (2013) differential results are interesting concerning efficiency 

of siRNA production in vivo. 

We saw transcript abundances of CHS6 and GLS2 drop to 32.6-46.3% of control levels at 

100 nM siRNA concentration at 27 °C on full-strength PDA but did not see this magnitude of 

growth suppression under these conditions.  This does not differ from results of other studies.  
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For instance, Kalleda et al. (2013) saw target gene transcript abundance drop to 5.3% in 

transgenic fungus but only a 43.8% reduction in fungal hyphal mass.  Factors other than the 

expression level of a single gene often contribute to the expression of the overall phenotype 

with which that gene is associated.  When, for example, CHS6 expression is suppressed, other 

CHS genes also contribute to chitin synthesis.  In addition, other cell wall compounds, such as β-

1,3-glucan, α-1,3-glucan, and mannan may still be synthesized.  Thus, the degree of gene 

suppression is frequently more extreme than the degree of phenotype change and our results 

are not unusual or subpar. 

3.4.2  Impacts of reduced expression of genes encoding cell wall-synthesizing enzymes 

 The fungal cell wall has been described as “carbohydrate armor” that provides the fungus 

with both protective and aggressive abilities.  Chemically, the core of this cell wall is formed by 

the crosslinking of β-1,3-glucan and chitin (Latgé, 2007).  Our study focused only on the impact 

of the knockdown of enzymes producing these carbohydrates on fungal growth in culture and 

was unable to fully investigate additional possible phenotypic changes in M. phaseolina resulting 

from reduced expression of such genes.  However, other pathogenic fungi exhibit a vast array of 

changes in pathogenicity and morphology associated with loss of CHS and GLS function, 

suggesting that the impacts of knockdown of these genes could go far beyond the decrease in 

culture growth as we have observed. 

 The CHS gene targeted in this study, internally called CHS6, codes for what is most likely a 

Class I or III chitin synthase based on the presence of conserved protein domains (see Chapter 2).  

Disruption of a Class I CHS in the phytopathogenic fungus F. asiaticum, which eliminated all gene 

function in the resulting mutant, produced fungus with decreased chitin content in the cell wall,  
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a morphologically-different cell wall, decreased conidiation, and overall decreased pathogenic 

abilities.  An overall difference was not observed in the amount of growth of the fungus in 

culture nor in measured mycelial mass, but the mutant exhibited increased sensitivity to osmotic 

pressures, presumably as a result of decreased vigor of its cell wall (Xu et al., 2010).  A CHS Class 

I mutant in F. oxysporum exhibited a 10% reduction in chitin content (Martín-Udíroz et al., 2004).  

As with F. asiaticum, Class I CHS proteins were shown to be important in formation of conidia 

and also in appressoria formation in M. oryzae (Kong et al., 2012).  Class I and Class III CHS 

mutants in this fungus exhibited two-fold reductions in chitin content, and the Class I mutant 

was deficient in its pathogenic capabilities.  P. graminis’ two Class III chitin synthases were found 

concentrated in appressoria and haustoria, suggesting their importance in infection of the host 

plant (Broeker et al., 2011).  Disruption of a Class III CHS in B. cinerea resulted in a 39% decrease 

in chitin content and a 78% decrease in growth after four days.  Hyphae exhibited no abnormal 

morphology and there was no reaction to altered osmotic pressures, but mutants had decreased 

pathogenic abilities (Soulié et al., 2006).   

 Many filamentous fungi studied have appeared to have only one GLS gene.  Attempts to 

disrupt this GLS gene have produced no viable results, suggesting no studied fungus can survive 

without β-1,3-glucan (Oliveira-Garcia & Deising, 2013).  In Aspergillus fumigatus, a pathogenic 

fungus, knockdown of a GLS gene by RNAi inhibited normal growth (Mouyna et al., 2004).  RNAi 

knockdown of GLS in another pathogen, Fusarium solani, caused lysis of spores and hyphae (Ha 

et al., 2006).  In the phytopathogenic C. graminicola, knockdown of GLS expression caused 

severe hyphal swellings and other cell wall distortions, plus a reversion of necrotrophic hyphal 

morphology to resemble that of biotrophic hyphae, disrupting the infection process.  Hyphal 
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explosion under osmotic stress was observed, and appressorium penetration of a host plant was 

difficult (Oliveira-Garcia & Deising, 2013). 

3.4.3  Timing of CHS6 and GLS2 knockdown and growth suppression in M. phaseolina 

Differences in growth area between siRNA-treated and control M. phaseolina were 

casually observed as soon as 24 hpi, but due to the small and sparse nature of growth at this 

timepoint, it was not possible to reliably photograph and systematically measure these growth 

differences.  However, statistically significant differences were clear by 36 h and persisted 

through 60 h, the last point at which it was feasible to measure growth on a small petri dish.  

Though it may seem the timepoints were not independent – that a fungus which started small 

would inevitably remain small – it was not unusual for small fungi to “catch up” to others in 

growth at later timepoints.  For example, at 36 hpi, the anti-CHS6-2-treated fungus was only 

59.1% of the control fungus, while the anti-GLS2-1 fungus was 78.0% of the control.  However, 

by 60 hpi, the gap between these numbers had narrowed to 80.2% and 84.4%, respectively.  

Since exogenous siRNA application can only knock down gene expression temporarily, it is very 

likely that the effect of siRNA on target genes had begun fading by 60 hpi in our experiment.  

Thus, it seems that continued action of siRNAs in M. phaseolina is needed for continued 

suppression of fungal growth over the course of the experiment.   

Khatri & Rajam (2007), in their aforementioned work with A. nidulans, measured fungal 

growth only at 48 h post inoculation.  This is the same point at which we collected tissue for RNA 

isolation and subsequent RT-qPCR to measure CHS6 and GLS2 transcript levels.  However, they 

assessed target gene transcript abundance in siRNA-treated fungus using the semi-quantitative 

RT-PCR method at several timepoints.  They observed a drastic reduction in target gene 
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transcripts 18 hpi, with a gradual increase occurring until 72 h, at which point there was no 

difference from untreated fungus.  Based on these observations, CHS6 and GLS2 gene 

knockdown may have been even more dramatic in M. phaseolina at periods prior to 48 h.  If the 

challenges associated with collecting tissue for RNA isolation at earlier and later timepoints can 

be overcome, future RT-qPCR work could investigate the timing and duration of gene 

knockdown in this species. 

These results suggest that siRNAs can enter the fungus, begin target gene suppression, 

and produce phenotypic changes in M. phaseolina within 24 hours of exposure to the fungus.  

This makes the use of siRNAs, whether applied exogenously or by way of a host plant, attractive 

as a means of fending off pathogen infection.  Additionally, the temporal nature of siRNA 

effectiveness in our and Khatri and Rajam’s work need not be troubling when relating the 

effectiveness of a host plant combatting continuous attempts at infection from a pathogenic 

fungus.  These works involved only a single dose of siRNA administered at the beginning of the 

experiment.  In a situation using HD-RNAi, the fungus would receive a constant dose of siRNAs 

from the host plant, making the attenuation of activity irrelevant.  Belter et al. (2014) found the 

half-life of miRNAs in humans to be an average of 119 h (5 days), but so long as their genes are 

actively transcribed, their effect is continuous.   

3.4.4  Variable conditions under which CHS6 and GLS2 knockdown occur in M. phaseolina 

Our research demonstrated that suppression of growth in M. phaseolina through 

knockdown of CHS or GLS genes occurred under variable environmental conditions, indicating 

use of siRNAs as a strategy for fighting M. phaseolina infection would be effective in many 

environments.  Growth suppression was even more pronounced at 22 °C and on half-strength 
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media than at 27 °C and on full-strength PDA, especially when using anti-GLS2 siRNAs.  Reasons 

underlying these trends are unclear, as there is a paucity of research on the effect of such 

factors on siRNA efficacy.  M. phaseolina has been observed to grow more slowly at 20 °C than 

at 25 °C (e.g. Csöndes et al., 2011) and we noticed the same trend in our experiments.  This 

implies metabolic activity was slowed at 22 °C and the organism was experiencing some degree 

of stress.  Likewise, M. phaseolina, though capable of growing on nutrient-deficient agars, grows 

less in these conditions (Short & Wyllie, 1978; Csöndes, 2012).  In our work, too, we observed 

differential growth depending on media strength, one which reached levels of statistical 

significance by 60 h.  Again, this indicates that the fungus was experiencing stress when on 

nutrient-poor substrates. 

Exacerbated growth suppression under both temperature- and nutrient-induced stress 

conditions suggest that M. phaseolina is more susceptible to the effects of synthetic siRNAs 

when under stress.  Crop plants are typically infected with M. phaseolina shortly after they are 

planted, and the disease progresses slowly until the time of flowering, when the weather is 

hotter and drier.  If planting times can be coordinated with soil temperatures in which M. 

phaseolina experiences some stress, the benefits of using transgenic crops containing CHS or 

GLS-silencing RNAi constructs may be increased by further depressing the infection or growth 

rate of M. phaseolina in the plant during early weeks of crop life.  Even were the plant to 

become successfully infected later in the season, under M. phaseolina-favoring temperatures, 

the disease progression would be slower and the damage to the plant would be decreased. 
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3.4.5  Future Work 

 This research represented the first research efforts to test the effects of exogenous 

siRNAs on M. phaseolina, and measured siRNA effectiveness through fungal growth and RT-qPCR.  

There are additional efforts that could be undertaken to further evaluate the impact of these 

siRNA on M. phaseolina phenotype.  siRNAs could be used in combination – to knock down both 

CHS6 and GLS2 – followed by growth assays and gene transcript quantification, as we did for 

single siRNAs.  Additionally, other measures of phenotypic changes could be employed, such as 

quantification of fungal chitin content and microscopic analysis of siRNA-treated hyphae.  

Additionally, pathogenic capabilities of siRNA-treated fungi could be assessed through detached 

leaf assays on host plants.   

  In time, a transgenic plant containing anti-M. phaseolina RNAi constructs should be 

developed to allow further testing of the ability of siRNAs to lessen the pathogenic effects of the 

fungus.  This would truly test HD-RNAi and would mimic a host-pathogen interaction in the real 

world.  It is not clear which of the four tested siRNAs would be the best candidate for transgene 

development.  Anti-CHS6-1 showed problems with consistency under two treatments and may 

not be entirely stable.  Anti-CHS6-2 outperformed both GLS2 knockdown siRNAs under 

conditions of 100 nM and 27 °C, but both anti-GLS2 siRNAs were better than anti-CHS6-2 under 

stress conditions and at lower concentrations.   

Though not tested in our experiment, the ability of transgenic plants to produce fungal-

targeted siRNAs, to deliver these siRNAs to invading fungi, and for these siRNAs to be effective 

against the fungi – the underlying mechanism of the HD-RNAi process - is well documented.  

Panwar et al. (2018) verified the presence of circulating dsRNAs derived from transgenes 
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encoding anti-mitogen-activated protein kinase (MAPK1) elements targeted against Puccinia 

triticina in transgenic wheat.  Although the mechanism by which siRNAs are transferred from 

host plant to pathogenic fungus is not yet delineated, Cai et al. (2018) found that Arabidopsis 

plants send sRNAs targeted against virulence genes to B. cinerea via extracellular vesicles as part 

of their natural pathogen response.  SiRNAs derived from transgenes may be transported using 

the same or similar machinery.  Numerous investigators have observed a decrease in the 

severity of infection in host plants containing transgenes targeted at invading fungal pathogens 

(Nowara et al., 2010; Kong et al., 2012; Mumbanza et al., 2013; Cheng et al., 2015; Chen et al., 

2016; Song & Thomma, 2016; Tiwari et al., 2017; Zhu et al., 2017; Johnson et al., 2018; Qi et al., 

2018).  Our baseline work, revealing the ability of exogenous siRNAs to knock down gene 

expression in M. phaseolina and the suppression of fungal growth caused by this gene 

knockdown, is an important first step in developing an HD-RNAi strategy to combat charcoal rot 

disease caused by this fungus. 

3.4.6  Conclusion 

 Our research indicates it is possible to, consistently and under multiple conditions, 

suppress the growth of M. phaseolina through knockdown of CHS6 or GLS2 genes via exogenous 

application of synthetic siRNAs.  This baseline information can be applied to future development 

of transgenic crop lines that incorporate siRNA constructs, capable of producing anti-M. 

phaseolina siRNAs in vivo in the host plant and transferring these to the fungus upon attempted 

infection.  Considerable research by other investigators indicates this HD-RNAi system is a viable 

and effective method of generating pathogen-resistant crop lines.  This technology has been 

approved by the United States Environmental Protection Agency for incorporation into 
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commercially available crop products.  Though we tested the effect of gene knockdown only on 

growth of the fungus in culture, research shows that it could have additional negative effects on 

cell wall morphology, resistance to osmotic pressure, and overall pathogenicity. 

 Charcoal rot, with its global distribution, enormous host base, and lack of resistant crop 

lines, remains a critical source of crop loss to growers worldwide.  In Kansas, it is frequently the 

major cause of loss of one of the state’s most important crops, soybeans.  Presently, options for 

fighting this disease are limited and largely ineffective.  Until now, the possibility of using HD-

RNAi – a process which has borne favorable results in other phytopathogenic fungi – was 

unexplored.  Our work takes the first step toward realization of using this technology against M. 

phaseolina and allowing growers to gain an advantage over the devastating charcoal rot disease.   
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APPENDIX A 
 
 

Nucleotide and protein sequences for CHS and GLS genes selected as initial candidates. 
 
CHS1 
>AHHD01000006.1:c119041-117629 Macrophomina phaseolina MS6 contig00006, whole 
genome shotgun sequence 
ATGGCCTTCTCATTTCCCGGCACCTCCGCCAAGCCCCCACCACCATCATGGTTCACTCTGATTTTCAATT 
CTCTCTGCTGCCTTGCGGTGGCCTTGATTGTTCCTTTCTACGGCTTCCGGTCTTTTACAAACTGGCCCGT 
TACCATTGAAGCCATCTTCAGCTGTGCGCTTTCCGAATGGAACCGCCAGAAAGGGCTCCGGCGGCTCAAA 
GCCGTCCAGAAGGAGGACTCGCAGATAGATCCCGAAAAGGGCGGCAGCCGCGCGAAATTTATGGCGTCCG 
TCGTCGGGTACCGGGAAGAGGCCGGCCTCTTCCAGCGCTGCCTCGAGTCGTACAAGCCATCTGGGGTCGA 
CACGTTCCTGATTGGCATTGACGGAAACGGCCCTCAGGACATGGAGATGGTGCGAGTGGTCGAGCGCGTC 
TACCCTGCCGCCGTGGTGGTAGCCATCGACGAGCCGTTGGCCAACATGGTGCTCCGCTCCGCCGAAGCCC 
ACGCATTCGGTTCTTCATACAAGCCCAAGGCCCTGAACGAGCGGCTCGACAACCTCAAGCAACTTCCCGA 
CGAGATGCTCGCCGAGGCCAAAGACATGGCCATGCGCCTCATATTCCACAAGGCCAAGGCCATTCTTCAG 
CGATACGGCCTGCTCGAGCGTCCGCAGAACGAATCAGGCACACGCGTCATCTGCTTCCACCAGCCCCACG 
GCTGCAAGAAGGACATCATGTTCACCAACTTCGTCATGTCCATGATCCTGCGCGGCGCCAGCCACAATGA 
GCTCGAGTTCCTGTGGACGAGCGACTCGGACACGCTGGTCATGCCGGACACGCTGCAGAAGGCCGCCGCA 
AGCATGAAGCTCGACTCGAGGATTGGCGGAAGTTGTGTGACGCTTGGCGTCCACAATTCGGACGAGAACT 
GGTTGACGAAGCTTGGCGCTGCGGTGTACTGGTCTGAGATGGCCATTACCAGGAGCCAGAATGGCGCGGC 
CGACGCTATCGACTGCCAGCCGGGGCCATGCGCGGCCTTCCGACTCAGCGCTCTCGAGGGTATCCTGTTT 
GACTGGTACATCCAGACCTCGCTCGGCGTCCGCACTGTAAATCAACCAACACCATCAGTGAAGCAAGAAG 
ACCATGCTGACAATACCCAGGTCGTCAACGAAGACCGCCACCTTACAACGCTGCTCCTCCTCCAAAACTA 
CAAGGTCACCTTCCTCCCTTTCGCCCTCGCCCTCACCGACACGCCAACCACCGTCGTCCGCTGGATACTG 
CAGCAACTCCGCTGGGCGCGCGCCGCCCACATCGAGCGCTGGCAGTACCCCAAAGTCTACGCCATCCACG 
GCGCGATCCCCTTCCTCAACGCCATGATCCGACACTACGGTGCGCCAAACCCCCCAACCCTCCGCTCCCG 
CCGCACTCACTGA 
 
>EKG22605.1 Fungal chitin synthase [Macrophomina phaseolina MS6] 
MAFSFPGTSAKPPPPSWFTLIFNSLCCLAVALIVPFYGFRSFTNWPVTIEAIFSCALSEWNRQKGLRRLK 
AVQKEDSQIDPEKGGSRAKFMASVVGYREEAGLFQRCLESYKPSGVDTFLIGIDGNGPQDMEMVRVVERV 
YPAAVVVAIDEPLANMVLRSAEAHAFGSSYKPKALNERLDNLKQLPDEMLAEAKDMAMRLIFHKAKAILQ 
RYGLLERPQNESGTRVICFHQPHGCKKDIMFTNFVMSMILRGASHNELEFLWTSDSDTLVMPDTLQKAAA 
SMKLDSRIGGSCVTLGVHNSDENWLTKLGAAVYWSEMAITRSQNGAADAIDCQPGPCAAFRLSALEGILF 
DWYIQTSLGVRTVNQPTPSVKQEDHADNTQVVNEDRHLTTLLLLQNYKVTFLPFALALTDTPTTVVRWIL 
QQLRWARAAHIERWQYPKVYAIHGAIPFLNAMIRHYGAPNPPTLRSRRTH 

 
CHS2 
>AHHD01000026.1:77076-80604 Macrophomina phaseolina MS6 contig00026, whole 
genome shotgun sequence 
ATGAACGTTCGCCCTTCTACTACCGGAAATGATCCGCTCACCGAGAACCACGACGAAGCGGAGACGGCGA 
GCTCGGAGAGTACGGACATCAAGAGCTTAGCCCCGAAGGCGCAGCAGCGCAGCACCGGCAACAACTACTA 
CAACGAAAAAAAAGAGGCCCACAGTCGGCACGCGGGTGCCGATCGCAGGCTCCAGCGCAGATCCACCCGG 
CAAGAAGCGAGCAAGAAAGACAAGGACGCGAAAACGCGGGAGCGCATCCGCAATGGGGAGAGACCTCCGA 
GTCTGTGGAGCGTGTATTGCGCAATCATCACTTTCTGGGCCCCTGGTTGTCTTCTGGCGTGTTTTGGAAA 
ACCTCAGAAAGCGCAGCAACAAGCGTGGCGTGAGAAGATCGGCTTGATCAGCATCATCTTGCTGATCGCC 
GCCTTTGTCGGTTTCCTGACCTTCGGTTTCACACAGACCGTCTGTCCCAATGGAGGTCCCATGCGGCTGA 
GAGTCAACAAGGTGGATACTGGATACATGATCATTCACGGAAAAGCCTACGATCTTTCACGATCCTCTCA 
CCCTTGGGTTCGCGGAATTCCCGAGGGTGCCAACGTCCTCTTCGATCTCCCTGAAAAGCAAGGCGGCAAG 
GATGGAAGCTTCCTTTTCCAGAATGTCAATGGCCACTGTAAAGGGCTGATCTCGGCAGCCGATGGCTCGG 
ATGTGCCCACGCAGGACAACGGCGCCGAGCTTGCATGGTACTTTCCTTGCAATACCTTCAACCAGGATGG 
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ATCTTCCAAGCCGAACTTTACGGTTCCTTACTACAATGGCTGGGCATGCCACACGTCTGCCAATGCTCGC 
AATGCCTTCTACAGCCTTGCCAGCGATGGTGATGTCTTCTTCACGTGGGACGACGTCAAGAATTCTAGCA 
GGAACTTGATGGTATACAATGGCGACGTCCTGGATCTTAACCTGTTGGAATGGTTCAATACTAGCCAAGT 
TTCATATCCCAGTCGCTTCGATGAAATTCGACAAAATTCCGCACTCCGAGGCATCGATATCACCCGGTCT 
TTTACTTCAGCCCAAGACAAGCAGATCGCCAGGTGCTTTACGGAAATCATCAAGGTCGGCTCTATTGACA 
CCGAAAGTATTGGTTGCATTGCTTCCAAGGTTGTCCTCTACGTGTCTCTGGCCTTCATTTTGTCTATTGT 
GATGGCCAAATTTTTCCTTGCCCTGGCTTTCCAATGGTGGATCTCGAAGAAGTACTCTGCGGACAAGTCT 
GGGCTCGGACTCAATCACAAGAAGAGACAACAAGAAATTGAGGATTGGGCTGACGATATCTATCGTCCGC 
CGCCAAAACTTGCTGATCCGACCGGTCCCGGTTCAGTTGATCGCAGCAGTAAGCGCGGTAGCAAGTTCCT 
CCCCTCCACGTCTAGGTTCACAAGTCCGTACGCGATCGATTCTGGCAAGTCTCGACCTCCGCCAACAACC 
ATGGCAAGTCAGAACTCCACCGCTAGGCTCATGAACCCCGTGTACCGACAGGGTAACCGCAGTGAAGGCA 
CACTTGGTTATGATATGAACAGCAGGTCTGGTGGAGGCGACAGCCGCACTAGCCTGATGATCCCTCCCTC 
TGCTGACCAACGCTACTCAAGCTACATGGGTGAATCCGAAGGGCCCGGTCCGGCGGGCTTTATTCACGAA 
GCTGTCGTTCCTCAACCTCCCCCTGAATGGCAACCTTTCGGCTATCCTCTTGCTCACTCCATCTGCCTTG 
TCACAACGTATTCAGAAGGTGAAGAGGGTATCCGGACTACTCTGGATTCGATCGCCACCACCGAGTACCC 
CAACAGCCACAAGCTCATTCTGGTCATATGCGATGGTATCATCAAGGGTAAGGGCGAGGAGTTCTCCACT 
CCCGAGATCTGCCTTGGTATGATGAAGGACCACGCGGTTCTGCCTGACGAAGTTCAGCCGCACTCGTACG 
TTGCTGTTGCCAGTGGCGCTAAGAGACACAACATGGCCAAGATCTACTCTGGATTCTACGACTATGGCGA 
CAACTCGCGCATCCCGTTGGAGAAGCAACAGCGTGTACCTATGATGCTTGTTGTCAAGTGCGGAACTCCA 
GACGAAGCGACCAAATCTAAGCCTGGAAACCGTGGAAAGCGCGACAGTCAGATCATCTTGATGTCTTTCC 
TTCAGAAGGTCATGTTCGACGAGCGCATGACGGAGCTTGAGTTCGAAATGTTTAACGGAATTTGGAAGAT 
CACCGGGATTTCTCCGGACTTCTACGAAATTGTGCTGATGGTCGATGCCGACACGAAGGTGTACCCTGAT 
TCTCTGACGCACATGATCTCCGCCATGGTCAAAGATCCCGAAATTATGGGGTTGTGCGGTGAGACTAAGA 
TCGCCAACAAGCGTCAATCGTGGGTGTCAATGATTCAGGTCTTCGAGTAAGTTTTCGGCGTCTGTGCGTG 
TGATCGACATTCGATTCCCTAACGGGCAGCAGGTACTTCATTTCTCACCATCAGGCCAAGTCCTTCGAAT 
CGGTGTTTGGCGGTGTAACATGCTTGCCTGGCTGCTTCTGCATGTACCGCATCAAGGCGCCTAAGGGCGG 
CCAGAACTACTGGGTTCCCATCCTCGCTAACCCCGATGTTGTTGAGCACTACTCCGAGAACGTCGTCGAC 
ACGCTGCACAAGAAGAACTTGCTTCTTCTCGGCGAGGACCGTTATCTGTCAACACTGATGCTGAAGACGT 
TCCCGAAGCGCAAGCAAGTGTTCGTTCCACAAGCAGTCTGCAAGACGACGGTTCCGGACGAGTTCAAGGT 
TCTGTTGTCACAGCGGCGGCGGTGGATTAACAGTACAGTTCACAACCTGATGGAGCTCGTCCTCGTCAGG 
GACCTCTGCGGTACCTTCTGCTTCAGTATGCAGTTCGTCGTTTTCATCGAGCTGGTTGGCACTCTTGTGC 
TGCCAGCAGCTATTTCCTTTACCATATATCTGAGTAAGCCGACTTCCGTCTGGTGGATCGCTGGTCGCGT 
GCTGGTGGCTAACGAGCGGGTACGCAGTTGCAATCGCCATCAAGGCAGCGGTAGAGCACACGGAAGCGCC 
GACGATCCCGCTGGTGTTGCTTGCGCTCATCCTCGGTCTCCCGGCAGTCCTAATTGTGCTCACCGCTCAT 
CGATGGTCGTACGTGGCATGGATGATGATCTACCTCGTGTCATTGCCCATCTGGAACTTAGTCCTCCCGA 
CATACGCCTACTGGAAGTTCGACGACTTCTCGTGGGGTGACACGCGGAAGACAGCGGGCGAGACGAAGAA 
GGCGGGCCACGAGGATGACGGCGAGTTCGACAGCAGCAAGATCACGATGAAGAGGTGGCAGGACTTTGAG 
CACGGTACGTAACGCGGCCACAGACGACGATTGGGCGGTACACTGACTTTTTGGGCCGACAGAACGGCGG 
ATCAAGGGCTCCAACTCGGGCTGGTCGCAACAGACTGCGTCAGCGGGAGGATGGCCGGCTGGAGCGCAGC 
AGCAGCAAGGATACGAAGCGTACTATTAG 
 
>EKG22230.1 Cytochrome b5 [Macrophomina phaseolina MS6] 
MNVRPSTTGNDPLTENHDEAETASSESTDIKSLAPKAQQRSTGNNYYNEKKEAHSRHAGADRRLQRRSTR 
QEASKKDKDAKTRERIRNGERPPSLWSVYCAIITFWAPGCLLACFGKPQKAQQQAWREKIGLISIILLIA 
AFVGFLTFGFTQTVCPNGGPMRLRVNKVDTGYMIIHGKAYDLSRSSHPWVRGIPEGANVLFDLPEKQGGK 
DGSFLFQNVNGHCKGLISAADGSDVPTQDNGAELAWYFPCNTFNQDGSSKPNFTVPYYNGWACHTSANAR 
NAFYSLASDGDVFFTWDDVKNSSRNLMVYNGDVLDLNLLEWFNTSQVSYPSRFDEIRQNSALRGIDITRS 
FTSAQDKQIARCFTEIIKVGSIDTESIGCIASKVVLYVSLAFILSIVMAKFFLALAFQWWISKKYSADKS 
GLGLNHKKRQQEIEDWADDIYRPPPKLADPTGPGSVDRSSKRGSKFLPSTSRFTSPYAIDSGKSRPPPTT 
MASQNSTARLMNPVYRQGNRSEGTLGYDMNSRSGGGDSRTSLMIPPSADQRYSSYMGESEGPGPAGFIHE 
AVVPQPPPEWQPFGYPLAHSICLVTTYSEGEEGIRTTLDSIATTEYPNSHKLILVICDGIIKGKGEEFST 
PEICLGMMKDHAVLPDEVQPHSYVAVASGAKRHNMAKIYSGFYDYGDNSRIPLEKQQRVPMMLVVKCGTP 
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DEATKSKPGNRGKRDSQIILMSFLQKVMFDERMTELEFEMFNGIWKITGISPDFYEIVLMVDADTKVYPD 
SLTHMISAMVKDPEIMGLCGETKIANKRQSWVSMIQVFEYFISHHQAKSFESVFGGVTCLPGCFCMYRIK 
APKGGQNYWVPILANPDVVEHYSENVVDTLHKKNLLLLGEDRYLSTLMLKTFPKRKQVFVPQAVCKTTVP 
DEFKVLLSQRRRWINSTVHNLMELVLVRDLCGTFCFSMQFVVFIELVGTLVLPAAISFTIYLIAIAIKAA 
VEHTEAPTIPLVLLALILGLPAVLIVLTAHRWSYVAWMMIYLVSLPIWNLVLPTYAYWKFDDFSWGDTRK 
TAGETKKAGHEDDGEFDSSKITMKRWQDFEHERRIKGSNSGWSQQTASAGGWPAGAQQQQGYEAYY 
 
CHS3 
>AHHD01000293.1:421821-425345 Macrophomina phaseolina MS6 contig00293, whole 
genome shotgun sequence 
ATGGACAGGCCTCACACTCCCAATGGCGGCCTGCCGCAGTACGGCGCGCCCCCCGACTACGGGTACTACG 
ACGACGAGTACTCGCCCGAGCCTGACCGCTACTCGCACCATACCGCCGGCTCGTCCATGCGCCTGCTGAC 
CCACGGTGACAACATCGACTACAGCCCGTTAGTACACCCCAGTCCTTCAGCAACGCTACCTCTGGATTCC 
AGTCCAACCTCGGGAGCCCATTCCTCCCAGCCTCGGGGACCTGGCGTGAGCTTCGGCTCGCGCCCTCCGC 
CGGGTGCACCCACCCACCACCCAGCAACTCAGCATTCCGAAGATCCCCTCGCGGACTTTTTGCGAGAAGC 
AGAGCAGTCCCTGTCCAACACTCGGCCTGTCTCGCCCCCAGAGCCTGCTGCTGCTGTTCCCCAACCTGCA 
GAGCCCTCCGCTTTCAAGCGCGGCACCGACAGGATCAAGAAGACAATCAAGCTCAACGTCAAGCGCAAGC 
CTGCCGCCAAAACACAAGACTCACAAGAAGATCCTGACAGGCCGGCTCCGCAGTCTTCCTACCATCCCTC 
CTCCACCTCGCTTCCGCTCTCGAGAGCTCCCTCTATTCTGGACACTGCCCCGCAGATCCCTCCCCCCAAC 
CTCGACGAGGCCTATATGCCTTATCGCGCTACCTCTCCCACAAACCGCGCCGGCTCGCCGACGAGACCTT 
GGACTCCGTCTATCCGACCACCCACCTCCAGCGCCGCCTACGAGCCTCTCGACTTGAACGGTAGCCCGAG 
GCCCGGCACTCCGTCTTCCCGCTACGGTGGTAGCCCCAAGAGGCCACTTCCACCCCAACCGCTTTTCGCT 
GGCGGCCGCCCGCTCTCGAGCGACTCGAAGCACAGCGAAGCAACGATTGCCATTGGCGATGATGATGTCT 
TTGCTCCCGATGGCGACATGGGTTCAAGGCCCGATCTTCACACAATGGATTCCTTCAACAGCCATTCGAC 
CTTCACCGACGAATTCTACGACGAAAAGCACATGGGGCCCGCTCCGAGCCCCGGCAAGCAGGAGAGACGT 
GGCGCACGTCAAAAGCGCGTCGAAAAGCGTGAGGTCCGTCTGGTCAACGGCGAACTGATCCTCGAGTGCA 
AGATCCCTACCACCCTGTACTCGTTCCTCCCCCGCAAGGACGGAAGCGAGTTCACTCACATGCGTTACAC 
TGCTGTAACATGCGATCCCGACGACTTCGTTGAGAAGGGCTACAAGTTGCGCCAAAACTTCGGACCCACC 
GAGCGCGAGACTGAGTTGTTCATTGCTGTCACGATGTACAATGAAAACGAAATCGACTTCACCCGCACCA 
TGCATGGTGTCATGCGAAATATTTCGCACTTCTGCTCCCGTGCAAAGAGTAGAACCTGGGGGAAAGACGG 
ATGGCAAAAGATCGTCGTCTGCATCATCGCCGACGGTCGTACCAAAGTCCATCCCCGTGTGCTTGACGCC 
TTGGCTGCCATGGGTTGCTACCAAGAAGGGATCGCCAAGAACACGGTCAATGAGAAGGAAGTCACCGCGC 
ACGTCTACGAGTACACCACCCAGGTGTCCCTTGACTCTGACCTCAGATTCAAGGGTGCAGAAAAGGGAAT 
TGTGCCTTGTCAGATCATCTTCTGCCTGAAAGAGAAGAACGCAAAGAAGTTGAATTCGCACAGATGGTTC 
TTCAACGCTTTTGGTCGCGCCTTGAACCCCAACATCTGCATTTTGCTTGATGTCGGTACGAAGCCTGGAT 
CTAAGGCTCTTTACTACCTGTGGAAAGCATTCGACACCGACTCCAGTGTCGCCGGTGCTGCTGGCGAAAT 
CAAAGCTGGAAAGGGGAAGGGATGGCTCGGCCTCTTGAACCCTCTGGTTGCTTCCCAGAACTTCGAGTAC 
AAGATGTCGAATATCCTGGATAAGCCTCTTGAGTCAGTCTTCGGCTATATTACTGTGCTGCCTGGTGCTC 
TGAGCGCCTACCGTTACCACGCGCTACAGAATGACGAGACTGGTCATGGCCCGCTCAGCCAGTACTTCAA 
GGGAGAGACTCTCCACGGTCAAGATGCTGATGTCTTCACGGCAAACATGTATCTGGCTGAGGATCGTATT 
CTCTGCTGGGAGTTGGTTGCCAAGAGGAGTGAGCGATGGGTCCTGAAGTATGTCAAGAGTGCAACTGGAG 
AGACAGACGTGCCAGGTAGGTCTCCAGTCGATCCTCTCTCATGATGACCACTAACAAGCTTCAGACGCCG 
TTCCCGAGTTCATCTCCCAGCGTCGTAGATGGCTTAACGGAGCCTTCTTCGCCGCAGTATACTCTCTCCT 
GCACTTCAGACAAATTTGGGCTACGGACCACACCTTGTGGCGCAAGATTCTGCTCCACGTCGAGTTCGTC 
TACCAGTTCGTCAGCTTGTTATTTACGTACTTCGCTTTGGTAAGCAATGATGGTGAATCTCCGAAAAGCG 
CACAGTCCGCTGACTTCGTTCCCAGGCCAATTTCTACCTCACTTTCTACTTCATCGCCGGCTCTCTAAGC 
GACCCCAAGATGGACCCATTCGGTCACGGTATGGGTCACGTCATCTTCCAGATCTTGCGTTACTCATGCG 
TTCTTCTCATTTGCATGCAATTCATCCTGTCGATGGGTAACCGTCCTCAAGGTGCGAAGAAGATGTTCTT 
ATTCTCGATGGTCGTCTACAGTATCATTATGATGTACGTGACGTTCGCGTCAATCTACATCGTTGTGGAC 
CAGCTGAGGGATCCGGACACGAAATTTGAGCTCGGCAACAATATCTTCACGAACATGATCGTTAGCACGG 
CCAGTACTATAGGACTTTACTTCCTTATGTCAATCCTCTATCTGGACCCATGGCACATGATCACTTCCTC 
GGGCCAGTACTTTGCTCTCCTCCCAGCCTACATCTGCACGCTGCAGGTCTACGCTTTCTGTAACGCCCAC 
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GACGTTACCTGGGGTACTAAGGGAGACAACGTCCAGAACCGCGACCTCGGTCAAGCCAAGGGTAGTGGCA 
ATACAGTGGAGCTCGAGATGCCGTCAGAGCAGCTCGACATTGATTCGGGCTATGACGAGGCGCTCCGCAA 
CCTCCGTGACCGTATCGAAGTTCCCGGCCCCGGTGTCAGCGAGTCCCAGGCCCAGGAAGATTATTACCGC 
GCCGTGCGTACCTACATGGTTATTGTCTGGATGATCTGCAATGCCATCCTCGCAATGGCTGTGTCGGAGG 
CATACCCGGTCGGTGAAGTCGGCTCCAACTTCTACCTCAAATTCATCCTGTGGAGCGTCGCCGCCTTGGC 
GCTCTTCCGCGCTTTAGGTTCCAGCACATTTGGCATCATTAACATTATCCAGATGATCGCAGAGGGCCGT 
CTTAAGTGGCGCGGCAGGTCGAGTAACAGTGGCCCCCGCACAAGGTTCGGCCGCAGCAGCAAGTTTAGTT 
GGCTCCCCAGCTTCGGTACCCCCAGCTGGGTCAGCAGCAGCGGGAGCTGGGTTAGCAGTAAGGCTAGCAG 
CGTCGGCAGCAAGCTGCGGAGGTGA 
 
>EKG15716.1 Chitin synthase [Macrophomina phaseolina MS6] 
MDRPHTPNGGLPQYGAPPDYGYYDDEYSPEPDRYSHHTAGSSMRLLTHGDNIDYSPLVHPSPSATLPLDS 
SPTSGAHSSQPRGPGVSFGSRPPPGAPTHHPATQHSEDPLADFLREAEQSLSNTRPVSPPEPAAAVPQPA 
EPSAFKRGTDRIKKTIKLNVKRKPAAKTQDSQEDPDRPAPQSSYHPSSTSLPLSRAPSILDTAPQIPPPN 
LDEAYMPYRATSPTNRAGSPTRPWTPSIRPPTSSAAYEPLDLNGSPRPGTPSSRYGGSPKRPLPPQPLFA 
GGRPLSSDSKHSEATIAIGDDDVFAPDGDMGSRPDLHTMDSFNSHSTFTDEFYDEKHMGPAPSPGKQERR 
GARQKRVEKREVRLVNGELILECKIPTTLYSFLPRKDGSEFTHMRYTAVTCDPDDFVEKGYKLRQNFGPT 
ERETELFIAVTMYNENEIDFTRTMHGVMRNISHFCSRAKSRTWGKDGWQKIVVCIIADGRTKVHPRVLDA 
LAAMGCYQEGIAKNTVNEKEVTAHVYEYTTQVSLDSDLRFKGAEKGIVPCQIIFCLKEKNAKKLNSHRWF 
FNAFGRALNPNICILLDVGTKPGSKALYYLWKAFDTDSSVAGAAGEIKAGKGKGWLGLLNPLVASQNFEY 
KMSNILDKPLESVFGYITVLPGALSAYRYHALQNDETGHGPLSQYFKGETLHGQDADVFTANMYLAEDRI 
LCWELVAKRSERWVLKYVKSATGETDVPDAVPEFISQRRRWLNGAFFAAVYSLLHFRQIWATDHTLWRKI 
LLHVEFVYQFVSLLFTYFALANFYLTFYFIAGSLSDPKMDPFGHGMGHVIFQILRYSCVLLICMQFILSM 
GNRPQGAKKMFLFSMVVYSIIMMYVTFASIYIVVDQLRDPDTKFELGNNIFTNMIVSTASTIGLYFLMSI 
LYLDPWHMITSSGQYFALLPAYICTLQVYAFCNAHDVTWGTKGDNVQNRDLGQAKGSGNTVELEMPSEQL 
DIDSGYDEALRNLRDRIEVPGPGVSESQAQEDYYRAVRTYMVIVWMICNAILAMAVSEAYPVGEVGSNFY 
LKFILWSVAALALFRALGSSTFGIINIIQMIAEGRLKWRGRSSNSGPRTRFGRSSKFSWLPSFGTPSWVS 
SSGSWVSSKASSVGSKLRR 
 
CHS4 
>AHHD01000359.1:c103028-100096 Macrophomina phaseolina MS6 contig00359, whole 
genome shotgun sequence 
ATGTGGGGAGAAGCCTTGGGCCTGGCCGCCCGCGCCGTGAACGAGAATGGTGTTCACGACATCACTGACC 
CGTGGCCGGTGAAGGACGTGAGTCTCGCGACCGTTCGCCGCCAAGTTGTGCGCCTGCTCACGTTCCTCTT 
AGATCGTCTACTGTGCCATTGTGGGCGGAATCATGCTCATGGCTCTGCTCGAGTGGTTTCTCTGGGTCGC 
CGCTTTCCTGTACTGCCTGGTCAAGGTGTACAAGAAAGCCGAGAACACCAGCATCAAGGTGCTGGCCGTC 
ATCGTCATGATCCTCTTCACTGCCCTCAGGTACGCCGATCCGCACTGCCATGCGCCTGCGCCGCCGCCCA 
TTAACCATTCTCGCCTGCAGATGCATCTTCCTGCCAATCATGGTTGTCACTCTGCCTCTTCCGTCGCAGG 
TCGTGCAGTACTTTCCCGTTGCCATGGTCGAATTCCTTCAATGGTTCGCTTTCTGGTCCTTCGCCGGCCT 
GCTCACCGTGCCCTGGCTGTTCTGCGTCTACCAGCTCGTCACCCATTCCATCGGCCGCACCAAGAGGATC 
AAGCACGTGCTGGACGAGGCCTCGGCCCCCAAGGTTGTCATCATCATGCCCTGCTACAAGGAAATCCCCG 
ACGTCCTCATGCGCACCATTGATTCCCTGGTCGACTGCGAGTACCCGCCTTCCTGCTTGCACATCTTCCT 
CTCCTTCGACGGTGACCAGGAGGATGAGCTCTATCTCAACACCATTGAGAAGCTCGGCGTCCCGCTCACT 
CTCGACACCTACCCCAAGAGCATCGATGTCACCTACCGGAGCTGCCGCATCACCGTTTCCAGGTTCAAGC 
ACGGCGGAAAGCGCCACTGCCAGAAGAAGACCTTCCAGCTCATCGACAAGATCTACCAGGAGTACCTCAA 
GCGCAACGACAACCTTTTCGTCCTGTTCATCGACTCGGACTGCATCCTGGACAAGGTGTGCATCCAGAAC 
TTCATGTACGAGATGGAGCTCAAGCCCGGAAGCAAACAGAACATGTTGGCCATGACCGGTGTCATCACTT 
CCACCACCGAGAAGAACAGTCTGATCACGATTCTGCAGGACATGGAGTACATCCACGGTCAGCTGTTCGA 
GCGTTCGGTCGAGTCCGGCTGCGGCGCCGTCACCTGCCTGCCCGGTGCCCTCACCATCCTCCGTTTCTCG 
GCCTTCCGCAAGATGGCCAAGTACTACTTCGCCGACAAGGCCGAGCAGTGCGAGGACTTGTTCGATTATG 
GCAAGTGCCACCTGGGCGAGGATCGCTGGCTGACTCACTTGTTCATGATTGGTGCCAAGGAACGTTACCA 
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GATCCAAATGAACACCGGCGCCTTCTGCAAGACCGAGGCCGTCCAGACATACAAGAGTTTGCTCAAGCAG 
CGCCGCCGCTGGTTCCTGGGATTCATCACCAACGAGGTGTGCATGCTGACGGATATTCGCCTCTGGAGGA 
GGTACACCATCCTGTGCATTGTGCGTTTCATGCAAAACACCATCCGCACCACTGCTTTGCTCTTCTTCAT 
CATGGTTATCTCTATCATGACCACTTCGCAGAAGATATCCAACCTCCCTGTCGGCTTCATCGCCGTCTCG 
CTCGGCCTCAATTGGGTTCTCATGCTCTACTTCGGCGCGAAGCTTGGTCGCTACAAGATTATGATGTACC 
CGATCATGTTCGTGGTAAACCCCTTCTTCAACTGGTGCTACATGGTCTACGGCATTTTCACTGCAGGACA 
GCGCACCTGGGGTGGCCCTCGCGCCGATGCCGGAAGTGCCGACAGCAATACGACGCCCCAGGCTGCCATC 
GAGCAGGCCGAAGCCACCGGCGACGACCTCAACGTTGTTCCCGAGACCTTCAAGCCCGCCGCCGAGATCC 
AGCGCAAGAAGTCGAAGAAGGAGGGCCGGCAAGCTCAGCTCCCGCTCCAGCCATCGGATCATTTGGAGGG 
TCGGTTCGCTCCTGCGGAGAGGCTTCCAGGTGGTTGGTACCAGCAAGGAAACGATTCTGGGCTCACGCTC 
CCAGACATGCTTCCCCGCGATCCTAATGCTCCCCGATTGCCTCTTCACCCTCGCGAATCGTTCGACTCCT 
TCATCACGCAAACCTCGGGCGGCAACAACTCGATCTACATGCCTCGTCGTGTCGAATCAGTCATGGACGT 
CGAAGGCGTCGCTGCCTACCATCTCGCCCAGGCTGCCCAACGCCCGGCCGGCGGTGCATTCTATGAGCAA 
GGTCCTAGCCAGGCGCAGTATGGCCCCGTTAGCCAGGGCAAGCCTGGTTTCCACGAGTCCGTTGACTCAC 
TTGACAGCTCCAACTATGGCTACATCGACCGCAAGGACACCCGCGACCTCTCTCCTGTGCGCGACCAGCT 
TGATCGCCCGCCGCACAATCGCGTCGCCAGTGACAACAGCGTCACGTCGATGCGCTCCAAGTCCCCCGGT 
CCCGGTTCCTCGCCTCTCGCCGCCGAGCTGAAGGAGTACGGCAACACCGCAGACCCCAACAGGGGCCACC 
CTGCTCTCGCCTCCAACCAGTCCCCTTACACCAACCCTAACGGCAACAGCTCCGCTGCCAGCCTGACCAT 
CCCAGCTGCAACTCACCGCCCGACCAGTTCTGTCGGCAGCGCCGGACGACAAGGTCGTAGCCCCCTCGCC 
CGTGCCAGCTTCGTCCGCACTGGCGACGACATCGAACTCGGCATTGAGATGCAGCAGCAACAGTCGCTCA 
TGGACCCGCGCAGCCGCAGCCCGGTCGCCTACGGTATCCCGGACGTCCAGGTCCACCAGCCCTCGATGCC 
AACGGATGCCGAACCCAGCTCCGCCCAGGAGCAGGGTCACTCGCGGAACGACAGCCGGGACAGCGAGGGC 
AAGCGGCGAAAGAGGCTTACCAAGCAGCCTCCCAGCAGCCGGAGGCAGAGCCAAGCTGATTGA 
 
>EKG14334.1 Fungal chitin synthase [Macrophomina phaseolina MS6] 
MWGEALGLAARAVNENGVHDITDPWPVKDIVYCAIVGGIMLMALLEWFLWVAAFLYCLVKVYKKAENTSI 
KVLAVIVMILFTALRCIFLPIMVVTLPLPSQVVQYFPVAMVEFLQWFAFWSFAGLLTVPWLFCVYQLVTH 
SIGRTKRIKHVLDEASAPKVVIIMPCYKEIPDVLMRTIDSLVDCEYPPSCLHIFLSFDGDQEDELYLNTI 
EKLGVPLTLDTYPKSIDVTYRSCRITVSRFKHGGKRHCQKKTFQLIDKIYQEYLKRNDNLFVLFIDSDCI 
LDKVCIQNFMYEMELKPGSKQNMLAMTGVITSTTEKNSLITILQDMEYIHGQLFERSVESGCGAVTCLPG 
ALTILRFSAFRKMAKYYFADKAEQCEDLFDYGKCHLGEDRWLTHLFMIGAKERYQIQMNTGAFCKTEAVQ 
TYKSLLKQRRRWFLGFITNEVCMLTDIRLWRRYTILCIVRFMQNTIRTTALLFFIMVISIMTTSQKISNL 
PVGFIAVSLGLNWVLMLYFGAKLGRYKIMMYPIMFVVNPFFNWCYMVYGIFTAGQRTWGGPRADAGSADS 
NTTPQAAIEQAEATGDDLNVVPETFKPAAEIQRKKSKKEGRQAQLPLQPSDHLEGRFAPAERLPGGWYQQ 
GNDSGLTLPDMLPRDPNAPRLPLHPRESFDSFITQTSGGNNSIYMPRRVESVMDVEGVAAYHLAQAAQRP 
AGGAFYEQGPSQAQYGPVSQGKPGFHESVDSLDSSNYGYIDRKDTRDLSPVRDQLDRPPHNRVASDNSVT 
SMRSKSPGPGSSPLAAELKEYGNTADPNRGHPALASNQSPYTNPNGNSSAASLTIPAATHRPTSSVGSAG 
RQGRSPLARASFVRTGDDIELGIEMQQQQSLMDPRSRSPVAYGIPDVQVHQPSMPTDAEPSSAQEQGHSR 
NDSRDSEGKRRKRLTKQPPSSRRQSQAD 
 
CHS5 
>AHHD01000461.1:22854-26023 Macrophomina phaseolina MS6 contig00461, whole 
genome shotgun sequence 
ATGTCCTACAACCGTCTTGGTGAGTCGCACGCGTTTACAAACTGCACTGTAGCCCGCGGCCGCCTGCATG 
ACGCTCGTGCTGTTTCTCCAGACGTAGCGCCTGAGAAGCATTCCTGTGCCCTTGGCCTCAGACGCGGCGT 
GCACGAGAGACTGCCGACTCCTGGAACAGCAGCGCGCGCTCCACCGCCATAGCGCCTATCGCCAGCAGGA 
CTGACCGCCAACTTAAACAGGCTCAGCGGGCAACGTCCACGACGAGGACGACTACACCTACAACAACAAC 
AACAACAACAACACCATGGACCCCCGCCGACCCCATCGGACGCCCTCCCCCGGCAATCCCTTCAACGGCT 
ACCAGCTCGACGATCGCCCTTATGGTGGCCAGCCTCTGGAGATCCCCATGGGCCCTGGCCCTGGCCCTGG 
CACACCAGGAGATCGCTTGCAGACACAACCCACGGTGAGTGGACAATTTGCGTGGAAGGGGACTGCGAGC 
CTTGTCCTGACGTTTGAGCGCGCAGTACTCGGTAGAGAACGTCCAAAATACCTACGGCCACAATGAGCAG 
TACGAGGCAGACCACCGCTATTCGCCAGGAGGTTACCACGACGACTACGCTATCGACCCCAATGCGCACC 
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ACGACGCCTACTTCAACCAGCCCTACAATCCCTCCCCTCACGAGGAGCACCAGCAATACTGGCAGGACGA 
GGGTGACAACCGTCCCATGCTACAGCCTGACAACGCGTACGGCCCAGACCCGACTCACCCCATAAGTCCA 
AGTATGGACGCAGGTGAATACTTCGACGCGCCGAAGCCTACGCCCAGTCCTGCGCCCATCCGTCGGTGGA 
AGACAGTCAAGGAGGTGCAGTTATTCAATGGCAACCTTGTCCTCGATTGCCCGATCCCTCCCCGGCTCCT 
CAACCAGGTTCCGCATGCTCAGCCGCCTGAGCGTGACGAGTTCACCCATATGAGGTATTCCGCAGCAACC 
TGCGACCCTGCCGATTTCTACAGCGACCGTTTCACGCTACGCCAGCGTCTGTTCGCGAAACCGCGCCATA 
CTGAGCTTTTCATCGCCATCACCATGTACAACGAAGAGGATGAGCTTTTCGCGCGGACATTGACTGGTGT 
GATAAAGAACATTGAGTACATGAATTCGCGGACGAACAGCAAGACCTGGGGCAAGGATGCGTGGAAGAAG 
ATCGTGGTGTGTGTTGTTAGCGACGGACGTGCGAAAATTAACCCGAGAACGAGAGCCGTTCTAGCCGGTC 
TGGGTGTCTACCAGGATGGGATTGCGAAGCAGCAAGTCAACGGCAAGGAGGTCACCGCCCACATTTACGA 
GGTTGGTAATTTGAAGAGTGGTGCGCCCTTACAGATGCTAACACACGGCAGTACACTACTCAAATGAGCC 
TGGAAATCAAGAAGGGCATCGTGAACGTCAAGAAGGGAAATACCCCTATTCAAATGCTGTTCTGTTTGAA 
GGAAAAGAACCAGAAGAAGATCAACTCGCACAGATGGTTCTTTCAGGCTTTCGGCAGCGTCCTCGATCCC 
AACATTTGCGTCCTCATTGACGCGGGCACGAAACCCGGAAAGGATTCGATCTACCAGCTCTGGAAGGCCT 
TCGACCTTGAGCCCATGTGCGCAGGAGCCTGCGGTGAGATCAAGGCCATGTTGGTCCACGGCAAGAAGCT 
GCTCAACCCCCTCGTCGCGACTCAGAACTTCGAGTATAAGATGAGTAACATTCTGGACAAGCCTCTGGAG 
TCAGCTTTCGGTTTCATTTCGGTCCTTCCTGGTGCTTTCTCCGCCTACCGTTATGTCGCCTTGCAGAATG 
ACAAGACTGGTCAGGGTCCCCTGGAGAAGTACTTTGCTGGTGAGAAGATGCATGGCGCCAACGCTGGTAT 
TTTCACGGCCAATATGTACCTTGCCGAGGATCGTATTCTCTGCTTCGAGCTGGTGGCGAAGCGCAACTGC 
CATTGGATCCTGCAGTACGTCAAGTCTGCCACCGGTGAGACGGACGTTCCGGTCGAGATGGCCGACTTCA 
TTCTCCAGCGTCGTCGTTGGTTGAATGGTAGTTTCTTCGCTGCTGTCTACGCTCTTGCACACTCGCATCA 
GATCTTCAGGAGCGACCACTCTTTCCTCCGCAAACTGATGTTCTTGGTTGAATTCTTCTATCAGTCGGTC 
AACATGATCTTCGCCTGGTTCGCTCTGGGCAACTTCTTCCTGGTCTTCCGCATTCTCACTTCTTCTCTCG 
GCAACGACGAGTTCCTGGGCACGGCTGGCAGTATCCTCGCAACAGTCTTCGAATGGGCTTACATTGCAAC 
TGTCATCACCTGCTTCGTCCTGGCTCTGGGCAATCGGCCACAAGGATCGAACAAGTTCTACATGACGATG 
GTGTATTTCTGGGTCCTCATCATGGCATATCTCATGTTTGCATCCATCTACATCACCGTCATCTCAGTTA 
GGAGCGAGGTCGCAGACGGTTTCACGGTTGCAGACTTGTTCCAGAATACCCTCTTCTTCACACTTATCGT 
CTCCATGGCGTCGACTTACCTTCTATACTTTGTTGCCTCATTCATTTTCCTGGATCCTTGGCACATGTTT 
ACGTCTTTCATCCAGTACCTCCTGATGACGCCGACATACATCAACATCCTGAACGTCTACGCCTTTTGTA 
ACACGCACGATATTACCTGGGGTACCAAAGGTGACGTGAAGCCCGAAAAGCTGCCGTCGGTCACGACAAA 
GCCCGGTGGCAAGGTCGACGTGTCTGCCCCCACGGATGACGCAGACCTGAACACTCAGTACGAGTCTGAA 
CTGCGCGTCTTCGCAACGAAGTACGTCGAACCGAAGAAGGATCCCTCTGCTGAAGACAAGCAAGAAGACT 
ACTACAAGGGCTTTCGTTCGGCGGTCGTGCTTTTCTGGATGTTCTGCAACCTGGCGCTGTGCGCTGTCGT 
GTTGGTCACCGCTGGTGTCGACGTCTCTCTTTCCGACGATGAAGTCTCGCAGGAAAAGACGGATCGCGCC 
AAGATTTATATGAGTGTAGTTCTCTGGAGTGTTGCTGGTCTGAGTGCATTTAGATTTATTGGTGCTATGT 
GGTTCCTGGTCGTCCGTATGGTAAGTTCAACATTGTTCCGGTTGATGCGAAACCCTTTTGCTAACTCAAA 
TCTAGTTCCGAGGTGTCTAA 
 
>EKG12033.1 Chitin synthase [Macrophomina phaseolina MS6] 
MSYNRLGSAGNVHDEDDYTYNNNNNNNTMDPRRPHRTPSPGNPFNGYQLDDRPYGGQPLEIPMGPGPGPG 
TPGDRLQTQPTYSVENVQNTYGHNEQYEADHRYSPGGYHDDYAIDPNAHHDAYFNQPYNPSPHEEHQQYW 
QDEGDNRPMLQPDNAYGPDPTHPISPSMDAGEYFDAPKPTPSPAPIRRWKTVKEVQLFNGNLVLDCPIPP 
RLLNQVPHAQPPERDEFTHMRYSAATCDPADFYSDRFTLRQRLFAKPRHTELFIAITMYNEEDELFARTL 
TGVIKNIEYMNSRTNSKTWGKDAWKKIVVCVVSDGRAKINPRTRAVLAGLGVYQDGIAKQQVNGKEVTAH 
IYEYTTQMSLEIKKGIVNVKKGNTPIQMLFCLKEKNQKKINSHRWFFQAFGSVLDPNICVLIDAGTKPGK 
DSIYQLWKAFDLEPMCAGACGEIKAMLVHGKKLLNPLVATQNFEYKMSNILDKPLESAFGFISVLPGAFS 
AYRYVALQNDKTGQGPLEKYFAGEKMHGANAGIFTANMYLAEDRILCFELVAKRNCHWILQYVKSATGET 
DVPVEMADFILQRRRWLNGSFFAAVYALAHSHQIFRSDHSFLRKLMFLVEFFYQSVNMIFAWFALGNFFL 
VFRILTSSLGNDEFLGTAGSILATVFEWAYIATVITCFVLALGNRPQGSNKFYMTMVYFWVLIMAYLMFA 
SIYITVISVRSEVADGFTVADLFQNTLFFTLIVSMASTYLLYFVASFIFLDPWHMFTSFIQYLLMTPTYI 
NILNVYAFCNTHDITWGTKGDVKPEKLPSVTTKPGGKVDVSAPTDDADLNTQYESELRVFATKYVEPKKD 
PSAEDKQEDYYKGFRSAVVLFWMFCNLALCAVVLVTAGVDVSLSDDEVSQEKTDRAKIYMSVVLWSVAGL 
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CHS6 
>AHHD01000524.1:c16336-13408 Macrophomina phaseolina MS6 contig00524, whole 
genome shotgun sequence 
ATGGCTCACGAGCAGGGGCAGTACAAGATGGGCGACGTCGACCATCCGCGTCAAGATCAAGTGCGATCCT 
CCCAGCAGGCCCGCAACGCTGATTCCGCTAACCACCGCAAAAGCACGACGCTGCCTACGAGGGCGACTCT 
CTCCTCCACCCCAGCCCATTTGAAGACCACCACATGAACGCGCCCCCGCGCCCCGTCTCGGCGTACAGCC 
TGACGGAGACGTACGCCGATGGCTCCAGCAGCGCTACCCCCTACAGCTACAACGCCGCCGGCTACAACGA 
GGCTGACGATGTCTACGGTGGCGCCGACGCTGCCACCCAGTTCGGCGTGAACCAGGACCGCGCTCCCTCG 
CCCTACAGCAGGAGCGAAACCAGCTCCACCGAGGCCTGGCGGCAACGCCAGCAGCCCGGCGGTGCCGGTG 
GCCTGAAGCGTGCTGCGACGCGTAAGGTCCGTCTCGTCCAGGGCGCTGTCCTGAGTGCCGACTATCCCGT 
GCCCTCTGCCATCCAGAACGCCATCCAGGCCAAGTACAGGAATGACCTGGAGAGCGGCAGCGAGGAGTTC 
ACCCACATGCGCTGTGAGTTTGCCCATTTTTCGCTTTCCGCCCCCACCTTTCTCTGACCCGCCTTCAGAC 
ACTGCCGCAACCTGCGATCCCAACGACTTCACGCTGAAGAACGGTTACAACCTGCGTCCGGCCATGTACA 
ACCGCCACACTGAGCTGCTCATCGCCATTACGTACTACAACGAAGACAAGGTCTTGACGGCCAGAACGCT 
GCATGGTGTCATGCAGAACATTCGTGACATTGTCAACCTGAAGAAGTCCGAGTTCTGGAACAAGGGTGGT 
CCTGCCTGGCAAAAGATTGTCGTGTGCTTGGTCTTCGATGGTATCGACCCCTGCGACAAGGGTACGCTCG 
ACGTCCTCGCCACTGTTGGTATCTACCAGGACGGTGTCATGAAGAGGGATATCGACGGCAAGGAGACCAC 
CGCACACATTGTAAGTCGAAGCCAAGCACCTCGCAAAGCCGGGATTTACTGACGCCTCTGAAGTTCGAAT 
ACACCACTCAGCTGTCCGTTACCCCCAACCAGCAGCTGATTCGCCCGCACGATGACAGCTCCAGCACCTT 
CCCCCCCGTCCAGATGATGTTCTGTTTGAAGCAGAAGAACAGCAAGAAGATCAACTCTCATCGTTGGCTC 
TTCACGGCCTTCGGCAGAATCCTCAACCCGGAAGTCGTCATCTTGATTGACGCTGGTACCAAGCCAGGTC 
CCAAGTCGCTGCTTGCGCTTTGGGAGGGTTTCTACAACGACAAGGATCTCGGTGGTGCTTGTGGTGAAAT 
TCACGCCATGCTGGGTAAGGGTTGGAAGAACCTGATCAACCCGCTGGTCGCTGCTCAGAACTTTGAGTAC 
AAGATCAGTAACATTCTCGACAAGCCCCTGGAGTCCTCGTTTGGTTACGTCTCTGTGTTGCCCGGTGCCT 
TCTCAGCTTACCGTTTCCGTGCCATTATGGGACGCCCGCTCGAGCAGTACTTCCACGGTGATCACACGCT 
GTCCGCTATTCTCGGCAAGAAGGGTATCGAGGGTATGAACATTTTCAAGAAGAACATGTTCTTGGCCGAG 
GATCGTATTCTCTGTTTCGAATTGGTTGCCAAGGCCGGTTCCAAGTGGCATCTGACATACGTCAAGGCAT 
CCAAGGGTGAAACCGATGTGCCTGAAGGTGCGGCCGAGTTCATCGGTCAGCGTCGTCGTTGGCTCAACGG 
TTCGTTCGCCGCCAGTGTGTACGCGTTGATGCATTTCAGCCGTATGTACAAGTCCGGCCATAACTTCGTT 
CGCATGTTTTTCCTCCACATCCAGCTCGTCTACAACTTCATGACCCTCTTCGTTACCTGGTTCGCTCTGG 
CTTCTTACTGGTTGACCACCACCGTTATCATGGACCTCGTCGGTATCCCGCAGTCTCCCAGCGACTCCAA 
TGGCAACGTGCAGAAGAACGCCTGGCCCTTTGGCAACACGGTTACGCCCATCTTCAACACCGTTCTCAAG 
TACGCGTACCTGGCATTCCTCCTCCTGCAGTTCATTCTCGCGCTTGGTAACCGTCCCAAGGGTTCGCGCT 
ACTCCTACGTGGTCTCGTTCTGCGTCTTCGGTCTGATCCAGCTCTACGTTGTCATTCTCTCAATGTACCT 
GGTCGTCCAAGCGTTCACAAGCCCGCTGTCCCAGGGTCTTGACACCAGCTCCACGTCTGCGTTTGTGGCC 
TCGTTCTTCTCGTCTGACGGTGTCGGTATTATCATCATCGCGCTCGCGGCTACTTTTGGTCTCTACTACA 
TTGCCTCATTCTTGTACCTTGACCCGTGGCACATGTTCACCTCGTTCCCGCAGTACCTGCTCATTGCATC 
GTCCTACATCAACATCCTCAACGTCTACGCTTTCTCCAACTGGCACGATGTTTCTTGGGGTACCAAGGGT 
TCCGACAAGGCTGATGTCCTGCCTTCCGCGAAGACTGACAAATCCGACGACGGAAAGCACACGGTCATCG 
AGGAGCCCGACGTTCCTCAGGCGGATATCGACAGTCAGTTCGAGCAGACAGTCAAGCGTGCCCTGCAGCC 
CTTCGTGCCTGAGGTTGAAGACACTACCAAGACGCTTGAGGACTCGTACAAGTCTTTCAGAACTCACTTG 
ACAACTGCATGGATTTTCTCCAACGCTCTTTTGGCCGTTGTGATCACTAGCGACAACTTTGACAAGTTTG 
GTTTCACGGTAAGCATGCATCAAAGCTGGTGAAGAGGTCCAAATTACTAACATTTACGCAGTCTGGTGCT 
TCCCAACGTACGGCCCGCTTCTTCCAGGTCCTTCTGTGGACGACGGCCTTTATGTCTTTTATTCGTTTCA 
TGGGCTGCCTGTGGTTCCTGGGCAAGACCGGTATCCTGTGCTGCTTCGCCAGGAGATAG 
 
>EKG10252.1 Chitin synthase [Macrophomina phaseolina MS6] 
MAHEQGQYKMGDVDHPRQDQHDAAYEGDSLLHPSPFEDHHMNAPPRPVSAYSLTETYADGSSSATPYSYN 
AAGYNEADDVYGGADAATQFGVNQDRAPSPYSRSETSSTEAWRQRQQPGGAGGLKRAATRKVRLVQGAVL 
SADYPVPSAIQNAIQAKYRNDLESGSEEFTHMRYTAATCDPNDFTLKNGYNLRPAMYNRHTELLIAITYY 
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NEDKVLTARTLHGVMQNIRDIVNLKKSEFWNKGGPAWQKIVVCLVFDGIDPCDKGTLDVLATVGIYQDGV 
MKRDIDGKETTAHIFEYTTQLSVTPNQQLIRPHDDSSSTFPPVQMMFCLKQKNSKKINSHRWLFTAFGRI 
LNPEVVILIDAGTKPGPKSLLALWEGFYNDKDLGGACGEIHAMLGKGWKNLINPLVAAQNFEYKISNILD 
KPLESSFGYVSVLPGAFSAYRFRAIMGRPLEQYFHGDHTLSAILGKKGIEGMNIFKKNMFLAEDRILCFE 
LVAKAGSKWHLTYVKASKGETDVPEGAAEFIGQRRRWLNGSFAASVYALMHFSRMYKSGHNFVRMFFLHI 
QLVYNFMTLFVTWFALASYWLTTTVIMDLVGIPQSPSDSNGNVQKNAWPFGNTVTPIFNTVLKYAYLAFL 
LLQFILALGNRPKGSRYSYVVSFCVFGLIQLYVVILSMYLVVQAFTSPLSQGLDTSSTSAFVASFFSSDG 
VGIIIIALAATFGLYYIASFLYLDPWHMFTSFPQYLLIASSYINILNVYAFSNWHDVSWGTKGSDKADVL 
PSAKTDKSDDGKHTVIEEPDVPQADIDSQFEQTVKRALQPFVPEVEDTTKTLEDSYKSFRTHLTTAWIFS 
NALLAVVITSDNFDKFGFTSGASQRTARFFQVLLWTTAFMSFIRFMGCLWFLGKTGILCCFARR 

 
CHS7 
>AHHD01000640.1:7818-9165 Macrophomina phaseolina MS6 contig00642, whole 
genome shotgun sequence 
ATGGCATCTGTCGTAGGCTATCGCGAGGAGTCGGCTCTTTTCCAGAGAGTTTTGGAATCGTACAAGCCGT 
CGGACGGTCTTGAACTACTTTTAGTCGGAATCGACGGCAACGAGAAAGAAGACCTACGTATGGCGCAAGT 
CGTTCGGGAAGTATACCCTGGATGCACTACCTACATACCCATTGCGGAACCGCTTGGTATCAAGGCGTTG 
CGGTTTGCTGAACTCCACGCCTTTGGGCCGTCGTACGCACCACCCCCGGACCTCGAAGTCAGACTTGCAC 
AGCTTGATCAGCTTCCCAAAGATGCGCGAAAAGAAGCAAATGACAAAGCAATGCTTCAACTCATACAAGA 
AACCCAAGATCTATTCGCGAGCCATGGCTTGCTGGAAAATAAACGTGGATCGGCCATGGAGGTCATTTGC 
CTTTATCAGCACCACATGTGCAAGAAGGACATCATTTTCACCAACACGATCGCTTCAATCGTCTTTCAGA 
AAGCCCGAGGACTGGACCTGCTGTGGACGAGCGACTCGGATACGCTCGTAATGCCGGATACTTTGAGTAA 
AGTACTCGGCGCAATGAATTTGGACGAGGCGATTGGCGGCAGTTCTGCAACTCTGGGAATCCATAACGCC 
CAAGAAAATTGGCAGGCTAAGATGGTTGCGGCGATGTACTGGTCCGATTTGGCCATTGCTCGTAGCGTCT 
TGGGCTCCACTGACACGATTGACTGTCTGCCCGGTCCTTGCGCCGCGTTCCGGGTCTCGGCTATCGAGCG 
TGTCATATTCTCTTGGTACACTCAAACATGCCTTGGTGTGAGAATGGTAAGAATTCCTCAGGCCATTTCA 
TTATTGCCGCTAACACGTGGGTGAAGGTCGTGAATGACGATCGTCATTTAACCACCCTGGTCCTGCTTCA 
AAATTACAAGGTGACGAACATGGCTTGCGCGCTCGCGCTTACGGACACTCCGACTACTATAAGTCGCTGG 
GTCCTGCAGCAACTACGCTGGGAGCGTGCAGTCCATGTTGAAGGACTTCAGTACCCGCATCTATACGCTA 
AGCATGGACCCGCTCTATTCTTCAACGCTCTAAACAGATATTACTATCCCATCTGCCTTGGCTTGCATTT 
ATCACGCTATGTCTGGGATGGTGAAGCTTTATTTCGTTTCTCGATTATCGACATGGCTTGTCGGATGCTT 
CTTTATACTCTTTATAATGCCATGGCGCATCAGGTCCCTATCAAAGAAGTGAGCGTGGGCTCGCTACTTC 
TTGGTCAGGTATTCTACCCGCTTCTCATGCCTGCAATCTCTTTAATAAGCATCCCGACAAGCCTTCAAGG 
CGGATGGACGACACTTAG 
 
>EKG09490.1 Fungal chitin synthase [Macrophomina phaseolina MS6] 
MASVVGYREESALFQRVLESYKPSDGLELLLVGIDGNEKEDLRMAQVVREVYPGCTTYIPIAEPLGIKAL 
RFAELHAFGPSYAPPPDLEVRLAQLDQLPKDARKEANDKAMLQLIQETQDLFASHGLLENKRGSAMEVIC 
LYQHHMCKKDIIFTNTIASIVFQKARGLDLLWTSDSDTLVMPDTLSKVLGAMNLDEAIGGSSATLGIHNA 
QENWQAKMVAAMYWSDLAIARSVLGSTDTIDCLPGPCAAFRVSAIERVIFSWYTQTCLGVRMVVNDDRHL 
TTLVLLQNYKVTNMACALALTDTPTTISRWVLQQLRWERAVHVEGLQYPHLYAKHGPALFFNALNRYYYP 
ICLGLHLSRYVWDGEALFRFSIIDMACRMLLYTLYNAMAHQVPIKEHPDKPSRRMDDT 
 
CHS8 
>AHHD01000060.1:c46943-45084 Macrophomina phaseolina MS6 contig00060, whole 
genome shotgun sequence 
ATGTCGGCGTACAGGGTGGACCTGGAATATACTTTGCCACCGCTCCCCCGGTGGAAGCTTATTTTCAACT 
CTATCTTGGGTGCCGTCTTCTTCATTTTCTCCTTCTTCATTCTCAGGCAAAAGACCTCGACCTTTCTTCC 
CTTGACAGTGGACACAATATGGCAAATCGTACTCACGGACATCAGTCGGCAGAAGAGTAAACGCGCATTG 
ACGGAATTGAAAGCCAAGGTTTCAACCCACGAAGCCGAAAAGTCAGGCATACGAACAAGCGCCGCAGGAG 
TCCCTTACCTCATCTCGATCGTCGGATATCGCGAAGAAGAGAAATTATTCCGGAAATGCCTGGAAACATA 
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CAAGACCTGCACTGGTGTAACCACCATTATGGTCGGAATCGACGGAAATGAGTCTGAGGATATGGAAATG 
GTTCGAGCCGTGCAGACGGTCTACCCGCAGACGACTGTCATCCCAATACAAGAACCGCTGGGGAAGATGG 
CACAGAGACTGGCGGAGCTCAAAGCATTCGGAGGTTTCTTTGCACCGAGCGAGGATCCACACAAGAGGTT 
GGAGGTGTTCCATGCCTTGCCGGAGGAGACAAAAACAGATGCGGAAAAATGGGCGATGCGAGAAGTGGTT 
AAAGCCGCGACAGAGATCCTGATGGAGAGTGGTGTGTTGAAACATGATGACGAGGGTGGGGTGCAGGTCA 
TCTGTTTCCACGAGCCACATCTGTGCAAGAAGGACATCATCTTTACCAACATGGTCTTCAGCATAGCTTT 
GTGGCAGGCAAGGCAGGTCGACTATGTATGGACGAGCGACTCCGATACCATGGTATTGGAGAATACGGTT 
GATCAGGCAATCGGCTGTATGGCTCTGGACCCTGGAGTTGGTGGAACATGCACTTCTTTGGGGGTTCACA 
ACGGAAATGATAGCGGGATTGCTGCCCTGACAGCGGCTGCTTACTGGAGCGAGCTCGCCTTCTGTAGAGG 
ACAGACCGGGTCTGTGGAGGCTACCGACTGCCAGCCTGGACCATGTGCAGCATTCAAGATCAGCGCTCTT 
GAAAGGATCATGTTCCCTTGGTACATGCAGACCTCATTGGGACGAAAGACAGTAAGTGAATGCCAATCAA 
CAGACGCCTGTTCATCTATACTCACCAATGCGTAGATTGTCAATGAAGACCGCCACCTTAGCACTCGCCT 
CCTACTCGCCAACTACCGCATCACCTTCAATACCTACGTCTTGACCTTGACAGATACACCAACCACCTCC 
ATGGCCTTGCTTCTGCAGCAGCTTCGATGGTCTAGAGCTACCCACATTGAAACTCTCCAATATCCAATGG 
TATACGCCATCCGTGGTCCAATCGCTCTCATCTGCGCTATCCGTCGTGTTTACGGCCCCCTCGCCATGGC 
GGTCTTTACCATCCGATATGCCTGGAATGGCAGTGCTCCCTTCGCCTTTTCTCCCCTAGATATGTTCCTG 
CGCTTGGTGGTGTGCTCGCTGTACAACATCGTCTTCTTCCGGCAACATGTGAACGCGGTGCGACATTGGA 
CCCTACTGTTGCTCAGCCAACTCTTCTACCAGATCCCACTGCCGGGCATTGCAGTATGGAGCTGTTTGAC 
GATGCTTCAGGGTAGCTGGGGCACGAGTATGAGAGGAAGCGCGGAGAAACGGCGGGCGAGGCATCCAGGA 
TGGGAGAATTTGGGGACGGTGCTGGCGATCTCGGCCTGGCTGGGTGTCGTTGGGGCGGCAACGGCGAGGT 
GGATTGCGAGCAGGTGGTTTCATGGGAACGAAGGGCTATGCGCGAGGGCAGCATGGGTTGTTGTTGCGAC 
CTGGATGACCCGGTTTTTCTTGAAGAAGCCTAAAGCGTAG 

>EKG21103.1 hypothetical protein MPH_01588 [Macrophomina phaseolina MS6] 
MSAYRVDLEYTLPPLPRWKLIFNSILGAVFFIFSFFILRQKTSTFLPLTVDTIWQIVLTDISRQKSKRAL 
TELKAKVSTHEAEKSGIRTSAAGVPYLISIVGYREEEKLFRKCLETYKTCTGVTTIMVGIDGNESEDMEM 
VRAVQTVYPQTTVIPIQEPLGKMAQRLAELKAFGGFFAPSEDPHKRLEVFHALPEETKTDAEKWAMREVV 
KAATEILMESGVLKHDDEGGVQVICFHEPHLCKKDIIFTNMVFSIALWQARQVDYVWTSDSDTMVLENTV 
DQAIGCMALDPGVGGTCTSLGVHNGNDSGIAALTAAAYWSELAFCRGQTGSVEATDCQPGPCAAFKISAL 
ERIMFPWYMQTSLGRKTIVNEDRHLSTRLLLANYRITFNTYVLTLTDTPTTSMALLLQQLRWSRATHIET 
LQYPMVYAIRGPIALICAIRRVYGPLAMAVFTIRYAWNGSAPFAFSPLDMFLRLVVCSLYNIVFFRQHVN 
AVRHWTLLLLSQLFYQIPLPGIAVWSCLTMLQGSWGTSMRGSAEKRRARHPGWENLGTVLAISAWLGVVG 
AATARWIASRWFHGNEGLCARAAWVVVATWMTRFFLKKPKA 
 
GLS1 
>AHHD01000348.1:c79849-73850 Macrophomina phaseolina MS6 contig00348, whole 
genome shotgun sequence 
ATGTCTTCCGACCAGCACGCCAATCATTCAACCTACTACGACAGCGGCGCTGCCGCCAGCGGCAATCAAG 
ACGCCTATTATTACGACGACAACGCCAACTACTACTCCGACTACGCTCCTTACGACGGCGCCGGCTACCA 
CGAAGGCTACTACGAGGAGGGCTATCAGGATCACTATGGCCATGCAGCTTACGATCAGGCTGGCTACGAC 
CAGCATGCCTACGACCATCCCGCCGCCAGCCGCGGATACCGCACCTCCGAAGAGCAGTCCGAGGTCTTCA 
GCGACTTCACCACGCCCGAGGGCTATCCGCACTATGGCCCTGGCCCCGGCTCCGAGACCTCCCTGCCCAC 
GAGCAGCGTCGTTTTCGACACCGACACACCCGTGGGCAGAGCCTCGCGCGAGCCGTATCCCGCATGGTCC 
ACCAACGAGAACGCGCCGTTGTCGGCCACCGATATCGAGGAGATCTTCCTCGACCTGACGGCCAAGTTTG 
GCTTCCAGCGAGACAGCATGCGGAATATGTTCGACCATTTCATGACCCTGCTGGACTCGCGAGCGTCGCG 
CATGCCGCCGAACCAGGCGCTGCTCTCGCTCCACGCCGACTACATCGGCGGGGACTACGCCAACTACCGC 
AAATGGTACTTTGCGGCGCAGATGGACTTGGACGACTCGGGCAAGCATGTCAGCGGCGAGATCCCTCCCC 
GCGAGAGCAAGAAGCAGCGGAAGAAGAGAAAGAAGGCGAAGAAGAACGCCGCCGACGCTGAGAATGCGGA 
AGGCGAGGAGCAGTATGAAGGCGACAACAGCCTCGAGGCGGCCGAATACCGCTGGAAGAGCCAGATGAAC 
CGCATGTCGCCACATGAGCGCGTCCGGCAAGTGGCATTGTACCTGCTCATCTGGGGCGAGGCGAATCAAG 
TGCGCTTCTTGCCGGAATGCCTCTGCTTCATCTTCAAGTGCGCCAACGACTATTATCACTCGCCCGCCTG 
CCAGTCTCGGGAAGAGCCTGTGCCCGAGTTCTCCTTCCTGCAGGACGTCATCACGCCGCTGTACACGTAC 
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TGCCGAGACCAAGGATACGAGATTTTCGAGGGCAAGTATGTGCGTCGCGAACGCGATCACTCGCAGGTCA 
TCGGCTACGATGACATGAACCAGCTGTTTTGGTGCGTCCGGTTCTTCCTCGCGATCAGAGAACGTAGCTG 
ACACAAACACCGCAGGTACCCTGATGGGCTGGACCGGATTGCTCTGGAAGACAAGACGCGGCTAATGGAC 
CTGCCGCCGGCGGAACGTTACTTGAAGTTCAAGGAGATCAATTGGAAGAAGGCTTTTTTCAAGACATTCC 
GAGAGACGAGATCGTGGTGGCACATGATCACCAATTTCAACCGCATCTGGGTCATCCATCTCACCATCTT 
CTGGTTCTACACCGCCTACAATTCGCCGACCGTCTACACCAAGAACTATCTGCAGCAAGTGAACAACAAG 
CCGCACCCTGCCGCCCAGTGGTCTGCAGTTGCCCTCGGAGGAACAGTGAGCTGCCCCCCACCCGCTGATT 
GATGCTGCTCGAGAACGGTGCTAACATCCGTCGCAGGTGGCCTGTGTAGTCATGATCATCGCGACAGCCT 
GCGAATGGAGATATGTTCCGCGCAAGTGGCCAGGCGCCCAGCACCTGAGGAAGCGCATGTGGTTCTTACT 
TGCCATCTTCGCACTGAACATCGCTCCCTCTGTCTACATCTTCGGCGTGAAGCAAACAGGCGGCATCGCC 
CACGCGCTCGGAATCGTGCAGTTTCTCATCGCCTTGGTCACGCTGTTCTACTTTGCCATCATGCCACTTG 
GCGCCCTCTTCGGCAGTTACATGAACACCAAGTCCAGGCGGTATCTGGCGAGTGCCACCTTCACCGCCAA 
CTTCCATGTCTTGCACGGCAAGAAGATGTGGATGTCGTACGGATTGTGGGTCCTGGTTTTCGGCGCCAAG 
TTGGCCGAGTCGTATTTCTTCCTGACCCTGTCCTTCCGTGACCCGATCCGGGTGCTGCAGACGATGAAAA 
TCGACAATTGCCTGGGAGACAAGATCCTCGGCAGCTCCGCAGACATCCTCTGCAAGAACCAGCCCAAAAT 
CTTGCTTGGCTTGATGTTTTTCACCGACCTGTGCCTCTTCTTCCTCGACACATACCTTTGGTACGTCATC 
TGCAACACCCTCTTTTCGGTGGCCCGCTCCTTTTACCTGGGCATCTCCATCTGGACGCCGTGGCGCAATA 
TCTTTTCTCGTCTGCCAAAACGCATTTACTCCAAGATCCTGGCGACGAACGACATGGAAATCAAGTACAA 
GCCAAAGATCCTCATCTCGCAGATCTGGAATGCGGTCGTCATTTCGATGTACAGGGAGCATCTACTCGCA 
ATCGACCATGTGCAAAAGCTCCTCTACCATCAAGTTCCGAGCGAGAAAGACGGGAAGAGAACGTTACGAG 
CGCCTACGTTCTTCGTGTCGCAGGAGGACCATGCCTTTAAAACGGAGTACTTTCCTCCAAACGGCGAAGC 
GCAACGTCGTATCTCGTTCTTTGGTCAATCGCTTTCGACGCCTATCCCGGAGCCGGTGCGTACCCCCCCC 
CCTTCTCCTCTCCCCTTGTCTTCACATGATGAAGACAGCAGCTGATATGGGTTCTTCAGGTACCGGTTGA 
CAACATGCCTACGTTTACGGTCATGGTGCCACACTATGGCGAAAAAGTTCTGCTCTCGCTCAGGGAGATC 
ATCCGTGAAGATGACCCGTACTCGCGTGTGACGTTGCTAGAGTACTTGAAGCAGCTGTATCCCCACGAAT 
GGGACTGCTTCGTCAAGGACACCAAGATCCTCGCCGAGGAGTCGACCGGAGTGACGTCGGAAAAGGACGA 
GCAAAAGTCCAAAATCGATGATCTCCCCTTCTATTGCATCGGCTTCAAATCCGCGGCGCCCGAGTACACG 
CTGAGAACGCGCATTTGGTCCTCGCTCCGTGCTCAGACGCTCTACCGCACCGTCTCAGGCTTCATGAACT 
ACGCTCGCGCCATCAAGTTGCTTTATCGCGTCGAGAACCCCGAAGTAGTCCAGATGTACGGGAGCAACTC 
GAGCGCTCTGGAGAAAGAACTGGAACGCATGGCGCGCCGCAAGTTCAAGATGTGCGTGGCGATGCAACGA 
TATGCAAAGTTCACCAAGGAGGAGCGGGAAAACGCCGAATTCCTGCTGCGCGCGTACCCGGACCTGCAAA 
TTGCATATTTGGACGAAGAGCCGCCGGAGAACGAAGGCGAAGACCCAGTCATCTATTCTGCGCTAATCGA 
CGGCCATTCGGAGATCATGGAAGAGACCGGGATGCGCCGCCCGCGCTTCCGCATCCGCTTGTCCGGCAAC 
CCGATCTTGGGAGACGGCAAGTCGGACAATCAGAACCATGCCATCATCTTCTACCGCGGGGAATACATCC 
AGCTCATCGATGCCAACCAGGACTGCTACTTGGAGGAATGTCTGAAGATCAGGAACGTCCTTGCCGAGTT 
TGAGGAAATCTCGACCGAGCACTTCTCCACGTACACGCCCGGCTTGCCCGCCCCCAAGTTCAACCCTGTC 
GCTATCCTGGGCGCCCGTGAGTACATCTTTTCGGAGAACATTGGCATACTTGGCGATGTTGCCGCAGGCA 
AAGAGCAGACGTTCGGCACCATGTTCTCCCGTACCTTGGCTGAGATCGGAGGCAAGCTGCACTACGGCCA 
TCCGGATTTCATCAACGGTATTTTCATGAACACGCGCGGCGGCGTGTCCAAGGCGCAGAAAGGGCTGCAC 
CTCAACGAAGACATCTATGCAGGAATGACGGCGCTCTGTCGCGGAGGCCGCATCAAGCACTGTGAATACT 
TCCAGTGCGGCAAAGGCCGTGATCTTGGGTAGGTATTGCTCAGCTTCGCATGACACGACAGATTTGCTAA 
CAATTAGCGACAGCTTTGGATCCATCCTGAATTTCATCACGAAAATCGGCACCGGCATGGGCGAGCAGAT 
GTTGTCCCGTGAATACTATTATCTCGGCACACAACTGCCCCTGGATAGGTTCTTGTCCTTTTACTACGCC 
CATCCTGGCTTCCACGTCAACAACCTCTTCATCATGGTCTCGGTCCAGTTCTTCATGTTCGTCATCCTCA 
ACCTCGGCGCCCTCCGGCACGAAACGATCAAGTGCAAGTATGACCGCAACAAGCCAATTACGGATCCGCT 
CTACCCGACGGGATGCGCCAATACGCAGCCGGTGCTGGACTGGGTGTCCCGCTCGACACTGTCGATTTTC 
ATCGTCATCATCATCTCTTTCGTCCCGCTCACGGTGCAAGAACTCATGGAACGGGGCCCGTACCAGGCCG 
GATCTCGGTTGGCAAAGCACTTTACCTCTGGCTCGCCCCTCTTCGAAGTCTTTGTCTGCCAGATCTACGC 
GCATTCCCTGTACACGAATCTGTCCTTCGGCGGGGCGCGCTACATCGGCACTGGGCGCGGCTTTGCTACC 
GCTCGCATTCCCTTCAGCATTCTCTATTCCCGCTTCGCTGGCCCGTCCATCTACCTCGGCGCCCGTTCTC 
TGCTCATGCTGCTCTTCGCCACCATGACAATCTGGGGCGCATGGTGCATCTACTTTTGGGTCTCGCTCCT 
GGCCCTTTGCATTTCGCCCTTCTTATTTAACCCGCATCAATTCTCGTGGAATGACTTCTTTATTGACTAC 
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CGCGAGTTCATCCGCTGGCTGTCGCGGGGCAACACGCGCTCTCACGCGGCGTCGTGGATTGGCTTCTGCC 
GCCTCTCACGTAAGTTGGGCTCTTTCTGCACACTCGACTGCAGGTATGCTGACACCCGCCGCTCGCTCAG 
GTACGCGCTTGACCGGTTTCAAGAAGAAGGTGCTCGGCGACCCGTCGTCCAAGCTGTCCGGCGACGTGCC 
GCGTGCCAAGTTCACCAACATCTTCTTCAGCGAGATCGTCGGCCCGCTCTTCCTGGTCGCGGTGACGGCG 
GTGCCGTACATGTTCATCAACGCGCAGACGGGCGTGCAGGGCGCCACGCAGCCCGACGGCATCTCCAGGA 
GCGACCTCAAGCCGACCAACTCGCTGGTCCGTCTCGCGCTGTGCGCGTTCGGCCCCATCGCCGTCAATGC 
CGGTGCCGCAGGCTTCTTCTTCGGCATCGCGTGCTGCATGGGCCCCGTGCTCAGCATGTGCTGCAAGAAG 
TTTGGCGCCGTGCTGGCCGCCATCGCGCACGCCATCGCCGTGATCGGAAACGTCGCATTCTTCGAGGTCA 
TGTTCTTCCTCGAGGCCTGGAGCTTTGCCAAAGCACTGACCGGCCTGATCGCGATGATGGCCATCCAGCG 
TTGGTTCTACAAGCTGATCGTCGCGCTGGCACTGACCCGCGAGCTGAAGACCGACACGGCCAACATCGCG 
TGGTGGACGGGCAAGTGGTATACCATGGGATGGCATACGCTCTCGCAACCGGGCCGCGAGTTCCTGGCCA 
AGATTACCGAGATGGGCTACTTCGCCGGCGATTTTTGCCTCGGCCATCTGCTGCTGTTCATGATGCTGCC 
GATGCTGTGTATGCCCTACGTCGACAAGTTACATTCTACCATGCTGTTCTGGCTGCGTCCGAGGTATGTT 
TCGCCCTGCTTCTTCACCCCCCCCCCCCCCCCCCTTCGTTCCGCCATCTACTTTCATTCGAGTGGAAGCT 
AACATTCTTTTTTTCTTGCACCGCAGCCGCCAGATCCGCCCTCCCATCTACTCGCTGAAGCAGACGAAGC 
TCCGCAAGCGCCGCGTCGTGCGCTACTCCATCCTGTATTTCGTCATGTTCGTCATCTTCGTCGTCCTCAT 
CGCCGGCCCGCTCGTCGTCCGCAACACCTTCACCAACCTGCCCAGCATCCCGATGGACCTCATCCAGCCC 
ACCGGCCTCAACCACAACGACACCAAGGGCACCCAGGAGACGGGCACAGGCGCCGCTGGAGGAGCTGCCG 
CGACCGACGCCGCGACGACGGCGAAGAAGCTGTTGTTGCGATCCATGTAA 
 
>EKG14414.1 Glycosyl transferase family 48 [Macrophomina phaseolina MS6] 
MSSDQHANHSTYYDSGAAASGNQDAYYYDDNANYYSDYAPYDGAGYHEGYYEEGYQDHYGHAAYDQAGYD 
QHAYDHPAASRGYRTSEEQSEVFSDFTTPEGYPHYGPGPGSETSLPTSSVVFDTDTPVGRASREPYPAWS 
TNENAPLSATDIEEIFLDLTAKFGFQRDSMRNMFDHFMTLLDSRASRMPPNQALLSLHADYIGGDYANYR 
KWYFAAQMDLDDSGKHVSGEIPPRESKKQRKKRKKAKKNAADAENAEGEEQYEGDNSLEAAEYRWKSQMN 
RMSPHERVRQVALYLLIWGEANQVRFLPECLCFIFKCANDYYHSPACQSREEPVPEFSFLQDVITPLYTY 
CRDQGYEIFEGKYVRRERDHSQVIGYDDMNQLFWYPDGLDRIALEDKTRLMDLPPAERYLKFKEINWKKA 
FFKTFRETRSWWHMITNFNRIWVIHLTIFWFYTAYNSPTVYTKNYLQQVNNKPHPAAQWSAVALGGTVAC 
VVMIIATACEWRYVPRKWPGAQHLRKRMWFLLAIFALNIAPSVYIFGVKQTGGIAHALGIVQFLIALVTL 
FYFAIMPLGALFGSYMNTKSRRYLASATFTANFHVLHGKKMWMSYGLWVLVFGAKLAESYFFLTLSFRDP 
IRVLQTMKIDNCLGDKILGSSADILCKNQPKILLGLMFFTDLCLFFLDTYLWYVICNTLFSVARSFYLGI 
SIWTPWRNIFSRLPKRIYSKILATNDMEIKYKPKILISQIWNAVVISMYREHLLAIDHVQKLLYHQVPSE 
KDGKRTLRAPTFFVSQEDHAFKTEYFPPNGEAQRRISFFGQSLSTPIPEPVPVDNMPTFTVMVPHYGEKV 
LLSLREIIREDDPYSRVTLLEYLKQLYPHEWDCFVKDTKILAEESTGVTSEKDEQKSKIDDLPFYCIGFK 
SAAPEYTLRTRIWSSLRAQTLYRTVSGFMNYARAIKLLYRVENPEVVQMYGSNSSALEKELERMARRKFK 
MCVAMQRYAKFTKEERENAEFLLRAYPDLQIAYLDEEPPENEGEDPVIYSALIDGHSEIMEETGMRRPRF 
RIRLSGNPILGDGKSDNQNHAIIFYRGEYIQLIDANQDCYLEECLKIRNVLAEFEEISTEHFSTYTPGLP 
APKFNPVAILGAREYIFSENIGILGDVAAGKEQTFGTMFSRTLAEIGGKLHYGHPDFINGIFMNTRGGVS 
KAQKGLHLNEDIYAGMTALCRGGRIKHCEYFQCGKGRDLGFGSILNFITKIGTGMGEQMLSREYYYLGTQ 
LPLDRFLSFYYAHPGFHVNNLFIMVSVQFFMFVILNLGALRHETIKCKYDRNKPITDPLYPTGCANTQPV 
LDWVSRSTLSIFIVIIISFVPLTVQELMERGPYQAGSRLAKHFTSGSPLFEVFVCQIYAHSLYTNLSFGG 
ARYIGTGRGFATARIPFSILYSRFAGPSIYLGARSLLMLLFATMTIWGAWCIYFWVSLLALCISPFLFNP 
HQFSWNDFFIDYREFIRWLSRGNTRSHAASWIGFCRLSRTRLTGFKKKVLGDPSSKLSGDVPRAKFTNIF 
FSEIVGPLFLVAVTAVPYMFINAQTGVQGATQPDGISRSDLKPTNSLVRLALCAFGPIAVNAGAAGFFFG 
IACCMGPVLSMCCKKFGAVLAAIAHAIAVIGNVAFFEVMFFLEAWSFAKALTGLIAMMAIQRWFYKLIVA 
LALTRELKTDTANIAWWTGKWYTMGWHTLSQPGREFLAKITEMGYFAGDFCLGHLLLFMMLPMLCMPYVD 
KLHSTMLFWLRPSRQIRPPIYSLKQTKLRKRRVVRYSILYFVMFVIFVVLIAGPLVVRNTFTNLPSIPMD 
LIQPTGLNHNDTKGTQETGTGAAGGAAATDAATTAKKLLLRSM 
 
GLS2 
>AHHD01000516.1:53138-58458 Macrophomina phaseolina MS6 contig00516, whole 
genome shotgun sequence 
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ATGGATTACACCAACGCACTCCCCGCCGGCCAACGCTCGCGCGAGCCCTACCCTGCCTGGAGCGCTGACG 
CTCAAATCCCGCTCTCCAAGGAGGAGATTGAGGACATTTTCATGGATTTAGCAGCGAAGTTCGGTTTCCA 
GAGGGACAGCATGCGTAACATGTATGACCATCTCATGACCCAGCTCGACTCTCGTGCGTCCCGCATGACC 
CCGAACCAGGCCCTCCTTTCGCTCCACGCCGATTACATTGGTGGTGATAACGCAAACTACCGTCGTTGGT 
ACTTCGCCGCGCATCTTGACTTGGATGATGCAGTCGGTTTCGCCAACATGAAGCTTGGCGGCGGTAGTAG 
GAAAACTCGAAAGGCGCGGAAGGCCGCGAAGAAGAAGGCAGGCGAGGACCCGACCAATGAGGAGCAGGCG 
TTGGAGGCGTACGAAGGCGACAACAGCTTGGAGGCCGCTGAGTACCGGTGGAAGAGCAGGATGAACAAGA 
TGTCGCAGCACGACCGTGTGCGACAGGTTGCTCTCTACCTTCTCTGCTGGGGCGAGGCCAACCAGGTCCG 
CTTCATGCCCGAGCTCATTTGCTTCATTTTCAAGTGTTGCGACGATTACTACAACTCGCCGGCTTGCCAA 
AACCGCGTCGAGCCCGTTGAGGAATTTACCTACCTCAACAACATCATCACGCCCCTCTACCAGTACTGCC 
GGGACCAAGGTTACGAAATCGTGGATGGCAAGTACGTCCGTCGTGAGCGCGACCATGCCCAGATCATCGG 
TTACGACGACATGAACCAGCTTTTCTGGTATCCCGAAGGTATTGAGCGCATTGTCATGGAGGACAAGTCT 
CGCCTTGTCGACCTTCCGCCCGCGGAGCGTTATGAGAAGCTCAAGGATGTCAACTGGAAGAAGGTGTTCT 
TCAAGACGTACAAGGAGACTCGTTCTTGGTGGCATTTGTTGACGAACTTCAACCGTATTTGGGTCATTCA 
CTTGACGATTTTCTGGTTCTACACGGCTTTTAACTCCCCGACTCTCTACACGAAGAACTATGAGCAGCAG 
AGGAACAACAAACCAAATCCGGCTGCTCAATGGTCTGCGGTCGCTCTCGGTGGTACGCTCGCTTCAGTCA 
TCATGATCGGAGCCACTCTGTGCGAGTGGGCTTATGTTCCCCGGAAATGGGCTGGAGCGCAGCATCTAAC 
CAAGCGTCTGTTCTTCCTGATCGGAGTCTTCGCCCTCAATGTCGCGCCTGCCGTCTACATTTTCCTCGTT 
CGCCAGACCGGCAAGATTGCTCTTATTCTCGGTATCGTCCAATTCCTGATTGCACTCGCCACCCTCTTGT 
TCTTCTCATTCATGCCCTTGGGCGGTCTTTTCGGAAGCTACCTCAAGAAGAACTCTCGTCAATATGTCGC 
AAGCGCAACCTTCACGGCCAGCTACCCCCGCCTTCAAGGCAACGACATGTGGATGTCGTACGGTCTCTGG 
GTTGCTGTCTTTGGCGCCAAGCTCTCCGAGTCCTACTTCTTCTTGACGCTCTCTTTCAGAGATCCCATCC 
GCGTCCTTTCGACCATGAAGATCAACAACTGTCTTGGCGATAGCCTCTTGGGTTCCTCGGCCGACGTCTT 
GTGCAAAAAGCAGCCTCAGATCCTCCTTGGTCTGATGTTCTTCACCGATCTCTGCCTTTTCTTCCTGGAT 
ACTTACTTGTGGTACATTATCTGGAACATGTTGTTCTCCGTCGCTAGGTCTTTCTACCTCGGTATTTCGA 
TCTGGACACCCTGGAGGAACATCTTCTCGCGCCTTCCCAAGCGTATCTACTCGAAGGTCCTGGCCACCAC 
TGACATGGAAATCAAGTACAAGCCCAAGGTTCTGATTTCTCAGATCTGGAATGCCATCGTTATCTCTATG 
TACAGAGAACACCTGCTCGCCATTGACCACGTCCAGAAGCTGCTTTACCACCAGGTTCCTTCTGAGCAGG 
AAGGAAAGAGGACTCTCCGTGCCCCGACTTTCTTCGTTTCCCAGGAAGATCACTCTTTCAAGACCGAGTT 
TTTCCCCGCCCAGAGCGAGGCTGAGCGACGGATCTCTTTCTTCGCGCAGTCGCTGTCCACCCCCATTCCC 
GAGCCTCTACCCGTCGATAACATGCCTACCTTCACCGTCATGATTCCCCACTACGGTGAGAAGATTCTTC 
TTTCTCTCAGGGAAATCATTCGTGAGGATGAGCCGTACTCTCGTGTCACTCTTCTGGAGTACCTCAAGCA 
GCTGCACCCGGTCGAATGGGATTGCTTCGTCAAGGACACCAAGATTCTTGCCGATGAGACCTCCCAGTTC 
AATGGCGACGCCGAGAAGTCTGAGAAGGACACCCAGAAGTCCAAGATTGATGACCTTCCGTTCTACTGCA 
TCGGTTTCAAGTCTGCCGCTCCTGAGTACACTCTCCGCACTCGTATCTGGGCTTCACTTCGCTCGCAGAC 
CCTGTACCGCACTATCTCTGGCTTCATGAACTACAGCCGCGCCATCAAGCTCCTCTACCGTGTTGAGAAC 
CCTGAAGTTGTGCAGATGTTCGGCGGAAACTCTGACAAGCTCGAGCGCGAGCTTGAGCGCATGGCCCGTC 
GCAAGTACAAGATCTGCGTTTCTATGCAGCGTTACGCCAAGTTCACGAAGGAAGAGAGGGAGAACACTGA 
GTTCCTTCTCCGTGCTTACCCCGACCTCCAAATTGCCTACCTTGACGAGGAGCCCCCGGCCAACGAGGGC 
GAGGATCCTCGCATCTACTCTGCTCTTATCGATGGCCACTCTGAAATTATGGAGAACGGCATGCGTCGTC 
CCAAGTTCCGCATTCAACTCTCTGGCAACCCCATTCTCGGTGATGGAAAGTCTGACAACCAGAACCACGC 
TGTCATTTTCTACCGTGGCGAGTATATCCAGCTCGTTGACGCTAACCAGGACAACTATCTGGAGGAGTGC 
CTCAAGATCCGTAGTGTTCTGGCTGAATTCGAGGAGATGACCACAGATAACGTCTCGCCTTACACCCCCG 
GTCTTCCTCCCTCGAACTTCAATCCCGTTGCCATTCTTGGTGCTCGCGAGTACATTTTCTCTGAGAACAT 
TGGTATTCTTGGTGACGTCGCGGCCGGAAAGGAACAGACGTTCGGTACTATGTTTGCTCGTACCCTTGCT 
CAGATCGGTGGCAAGCTCCATTACGGACATCCCGATTTCCTGAACGGTATCTTCATGTGTACCCGTGGCG 
GTGTCTCCAATGCCCAGAAGGGTCTGCACTTGAACGAGGATATTTACGCCGGTATGCGTGCTCTTCTCCG 
TGGCGGTAGGATCAAGCATTGCGAATACTACCAGTGCGGTAAGGGTCGTGATCTTGGTTTTGGCTCCATT 
CTCAACTTCACCACCAAGATCGGTACTGGTATGGGTGAGCAGATGCTTTCTCGCGAGTACTACTACTTGG 
GAACTCAGCTGCCTCTCGACCGTTTCCTCTCGTTCTACTATGCTCACCCGGGTTTCCATATCAACAACTT 
GTTCATTATGTTGTCGGTGCAGTTCTTCATGTTCACGGTTCTGCACTTGGGTGCGCTGCACCACGAGACG 
ATCGTCTGCAAGTATGACAAGAACAAACCCATCACCGACCCGCTCTACCCCACTGGTTGTGCCAACCTGG 
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AGCCCATTTTCGACTGGGTCACTCGTTGCGTCGTCTCCATTTTCATCGTCATTATCATTGCCTTCATTCC 
CCTTACTGTCCAGGAGCTTACCGAGCGTGGCGCTTGGCGTGCGGCTACTCGTCTTGCGAAGCACTTCTCA 
TCCCTCTCACCGATGTTCGAGGTCTTCGTTTGTCAGATCTATGCCAACGCGCTCTACACCAACTTGTCGT 
TCGGTGGTGCCCGCTATATCGGTACCGGTCGTGGTTTCGCCACTGCCCGTATTCCCTTCGGTATCCTTTA 
CTCCAGGTTTGCGGGTCCTTCGATTTATCTGGGTGCTAGGTCTTTGATGATGCTGCTGTTCGCTACAATC 
ACGATCTGGGACGCATGGTGTATCTACTTCTGGGTTTCTCTCCTCGCTCTTTGCGTCTCTCCGTTCATCT 
TCAACCCTCATCAGTTCTCTTGGGACGACTTCTTCATCGACTACCGCGAGTACCTCAGGTGGCTCTCTCG 
TGGCAACACCCGATCGCACAGCGCTTCTTGGATCGGCTACTGCCGTCTGTCGAGAACGCGTATCACTGGT 
TTCAAGAGGAAGGCCTTGGGCGACCCGTCTTCGAAGCTTTCTGGAGATGTCCCCCGCGCAAAATTCACGA 
ACATTTTCTGGAGCGAAATGGTCGGCCCCTTGGTCCTCGTCGCCATCACTACCATTCCGTACCTCTACAT 
CAACGCGCAGACTGGTGTCCAAGACGCCACGCAAAAGGAAGGTACCAGCACTCCTAAGCCCACCAACTCA 
ATCTATCGGTTGTTGCTCTGCGCCTTCGGACCTGTCGCTCTCAACGCCGGTGTTGCAGGTATGTTCTTTG 
GTATGGCCTGCTGTATGGGCCCTGTCTTGAGCATGTGCTGCAAGAAGTTTGGTGCTGTCTTGGCTGCTAT 
TGCTCACGCAATTGCTGTCATCGGCATCATCATCTTCTTCGAGGTGATGTTCTTCTTGGAAGGCTGGAGC 
TTCTCCAAGGCTCTCTCCGGTCTCATCGCTATGGCTGCCATCCAGCGCTGGTTCTACAAGCTCATTATCG 
CTCTGGCACTCACTCGTGAGTTCAAGTCCGACACTGCCAACATCGCCTGGTGGACTGGTAAGTGGTACAC 
TATGGGCTGGCACACGCTGTCGCAGCCTGGCCGTGAGTTCCTTTGCAAGATCACCGAGCTGGGTATGTTT 
GCGGGTGACTTCTGTCTGGGCCACCTTATCCTCTTTATCATGCTTCCCGTCCTCTGCATTCCGTATGTCG 
ACAAGCTGCATTCGATCATGCTCTTCTGGCTCCGCCCAAGGTATGTTTTATCCATTCGAAGCGATTAGCC 
CTGCCGTAATACTAACTCTTGGTCAGCCGTCAAATTCGGCCGCCTATATACTCTCTGAAGCAGACCAAGC 
TTCGCAAGCGCCGTGTCGTCCGCTACGCGATGCTCTACTTCTTCTTGCTCTTGATCTTCGTTCTGACCAT 
CGCGGGTCCGTTGGTGGCATCCAAGTTCCTCAAGGACTTGCCCGTCTCGTCGATTCCCATGGACCTGTAT 
CAGCCTACTGGTCTGAACAACAATGATACCAAGGGTACTTCTGAGACGGGTACTGGTGCGGCAGGCGGCG 
CAGCAGCCACTGGCGACGCGGCGTCGACATCGGGATCAGCCAAGCGTCTCATGCTTGCGCGTGCCTACTA 
 
>EKG10621.1 Glycosyl transferase family 48 [Macrophomina phaseolina MS6] 
MDYTNALPAGQRSREPYPAWSADAQIPLSKEEIEDIFMDLAAKFGFQRDSMRNMYDHLMTQLDSRASRMT 
PNQALLSLHADYIGGDNANYRRWYFAAHLDLDDAVGFANMKLGGGSRKTRKARKAAKKKAGEDPTNEEQA 
LEAYEGDNSLEAAEYRWKSRMNKMSQHDRVRQVALYLLCWGEANQVRFMPELICFIFKCCDDYYNSPACQ 
NRVEPVEEFTYLNNIITPLYQYCRDQGYEIVDGKYVRRERDHAQIIGYDDMNQLFWYPEGIERIVMEDKS 
RLVDLPPAERYEKLKDVNWKKVFFKTYKETRSWWHLLTNFNRIWVIHLTIFWFYTAFNSPTLYTKNYEQQ 
RNNKPNPAAQWSAVALGGTLASVIMIGATLCEWAYVPRKWAGAQHLTKRLFFLIGVFALNVAPAVYIFLV 
RQTGKIALILGIVQFLIALATLLFFSFMPLGGLFGSYLKKNSRQYVASATFTASYPRLQGNDMWMSYGLW 
VAVFGAKLSESYFFLTLSFRDPIRVLSTMKINNCLGDSLLGSSADVLCKKQPQILLGLMFFTDLCLFFLD 
TYLWYIIWNMLFSVARSFYLGISIWTPWRNIFSRLPKRIYSKVLATTDMEIKYKPKVLISQIWNAIVISM 
YREHLLAIDHVQKLLYHQVPSEQEGKRTLRAPTFFVSQEDHSFKTEFFPAQSEAERRISFFAQSLSTPIP 
EPLPVDNMPTFTVMIPHYGEKILLSLREIIREDEPYSRVTLLEYLKQLHPVEWDCFVKDTKILADETSQF 
NGDAEKSEKDTQKSKIDDLPFYCIGFKSAAPEYTLRTRIWASLRSQTLYRTISGFMNYSRAIKLLYRVEN 
PEVVQMFGGNSDKLERELERMARRKYKICVSMQRYAKFTKEERENTEFLLRAYPDLQIAYLDEEPPANEG 
EDPRIYSALIDGHSEIMENGMRRPKFRIQLSGNPILGDGKSDNQNHAVIFYRGEYIQLVDANQDNYLEEC 
LKIRSVLAEFEEMTTDNVSPYTPGLPPSNFNPVAILGAREYIFSENIGILGDVAAGKEQTFGTMFARTLA 
QIGGKLHYGHPDFLNGIFMCTRGGVSNAQKGLHLNEDIYAGMRALLRGGRIKHCEYYQCGKGRDLGFGSI 
LNFTTKIGTGMGEQMLSREYYYLGTQLPLDRFLSFYYAHPGFHINNLFIMLSVQFFMFTVLHLGALHHET 
IVCKYDKNKPITDPLYPTGCANLEPIFDWVTRCVVSIFIVIIIAFIPLTVQELTERGAWRAATRLAKHFS 
SLSPMFEVFVCQIYANALYTNLSFGGARYIGTGRGFATARIPFGILYSRFAGPSIYLGARSLMMLLFATI 
TIWDAWCIYFWVSLLALCVSPFIFNPHQFSWDDFFIDYREYLRWLSRGNTRSHSASWIGYCRLSRTRITG 
FKRKALGDPSSKLSGDVPRAKFTNIFWSEMVGPLVLVAITTIPYLYINAQTGVQDATQKEGTSTPKPTNS 
IYRLLLCAFGPVALNAGVAGMFFGMACCMGPVLSMCCKKFGAVLAAIAHAIAVIGIIIFFEVMFFLEGWS 
FSKALSGLIAMAAIQRWFYKLIIALALTREFKSDTANIAWWTGKWYTMGWHTLSQPGREFLCKITELGMF 
AGDFCLGHLILFIMLPVLCIPYVDKLHSIMLFWLRPSRQIRPPIYSLKQTKLRKRRVVRYAMLYFFLLLI 
FVLTIAGPLVASKFLKDLPVSSIPMDLYQPTGLNNNDTKGTSETGTGAAGGAAATGDAASTSGSAKRLML 
ARAY 
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Primers used for ten candidate genes and two housekeeping genes. 
 

Gene Source Primer sequence 
Estimated Product 
Size (bp) based on 

gDNA(cDNA) 

CHS1 
AHHD01000006.1 
:c119041-117629 

F: 5’-CGCTGCTCCTCCTCCAAAAC-3’ 
R: 5’-CGTAGTGTCGGATCATGGCG-3’ 201 (201) 

CHS2 
AHHD01000026.1 

:77076-80604 
F: 5’-CCGAAATTATGGGGTTGTGCGG-3’ 
R: 5’-CACCGCCAAACACCGATTCG-3’ 188 (132) 

CHS3 
AHHD01000293.1 
:421821-425345 

F: 5’-CAAGAGGAGTGAGCGATGGG-3’ 
R: 5’-GTATACTGCGGCGAAGAAGGC-3’ 182 (133) 

CHS4 
AHHD01000359.1 
:c103028-100096 

F: 5’-GTCGCCGCTTTCCTGTACTG-3’ 
R: 5’-GACGGAAGAGGCAGAGTGAC-3’ 210 (149) 

CHS5 
AHHD01000461.1 

:22854-26023 
F: 5’-CCAGGAGATCGCTTGCAGAC-3’ 
R: 5’-GCTGGTTGAAGTAGGCGTCG-3’ 227 (166) 

CHS6 
AHHD01000524.1 

:c16336-13408 
F: 5’-GGCCGTTGTGATCACTAGCG-3’ 
R: 5’-CCACAGGCAGCCCATGAAAC-3’ 192 (139) 

CHS7 
AHHD01000640.1 

:7818-9165 
F: 5’-CCTTGGCTTGCATTTATCACGC-3’ 
R: 5’-CCTTGAAGGCTTGTCGGGATG-3’ 225 (154) 

CHS8 
AHHD01000060.1 

:c46943-45084 
F: 5’-CGAGCTCGCCTTCTGTAGAG-3’ 
R: 5’-GTAGTTGGCGAGTAGGAGGC-3’ 247 (193) 

GLS1 
AHHD01000348.1 

:c79849-73850 
F: 5’-CTATGCAGGAATGACGGCGC-3’ 
R: 5’-CTATCCAGGGGCAGTTGTGTG-3’ 244 (97) 

GLS2 
AHHD01000516.1 

:53138-58458 
F: 5’-CGAGCTGGGTATGTTTGCGG-3’ 
R: 5’-GAGTATATAGGCGGCCGAATTTG-3’ 209 (153) 

ACT Sarr et al. (2014) 
F: 5’-ATGTGCAAGGCCGGTTTCGC-3’ 
R: 5’-TACGAGTCCTTCTGGCCCAT-3’ 300 (187) 

EF1α KU058896.1 
F: 5’-GTGCGGTGGTATCGACAAGC-3’ 
R: 5’-GAGGGTGTAGGCGAGCAGAG-3’ 581 (340) 
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APPENDIX C 
 
 
siRNA and its antisense complements designed for use against M. phaseolina CHS6 and GLS2. 
 
Description active siRNA strand antisense complement 
Anti-CHS6-1 5’-ACUUGACAACUGCAUGGAUUUUCTC-3’ 5’-GAGAAAAUCCAUGCAGUUGUCAAGUGA-3’ 

Anti-CHS6-2 5’-UGACAUUGUCAACCUGAAGAAGUCC-3’ 5’-GGACUUCUUCAGGUUGACAAUGUCACG-3’ 

Anti-GLS2-1 5’-CUGGUCUGAACAACAAUGAUACCAA-3’ 5’-UUGGUAUCAUUGUUGUUCAGACCAGUA-3’ 

Anti-GLS2-2 5’-AAGUCCAAGAUUGAUGACCUUCCGT-3’ 5’-ACGGAAGGUCAUCAAUCUUGGACUUCU-3’ 
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APPENDIX D 
 
 

Growth of siRNA-treated and control M. phaseolina under different experimental conditions. 
 

Table D-1. Mean growth of M. phaseolina treated with 100 nM siRNA and incubated at 27 °C 
versus growth of control fungus at 36, 48, and 60 hpi. 

 

Treatment Mean area of fungal growth (mm2) 
36 h 48 h 60 h 

Control 643 ± 155 1773 ± 330 3095 ± 546 
Anti-CHS6-1 412 ± 138 1336 ± 295 2564 ± 568 
Anti-CHS6-2 378 ± 107 1210 ± 387 2449 ± 493 
Anti-GLS2-1 498 ± 119 1458 ± 279 2587 ± 603 
Anti-GLS2-2 481 ± 131 1462 ± 322 2674 ± 431 

 

Table D-2. Mean growth of M. phaseolina treated with 50, 75, and 100 nM siRNA and incubated 
at 27 °C versus growth of control fungus at 48 hpi. 

 

Treatment Mean area of fungal growth (mm2) 
50 nM 75 nM 100 nM 

Control 1394 ± 258 1417 ± 255 1773 ± 330 
Anti-CHS6-1 1269 ± 251 1217 ± 277 1336 ± 295 
Anti-CHS6-2 1205 ± 264 1223 ± 293 1210 ± 387 
Anti-GLS2-1 1222 ± 192 1054 ± 275 1458 ± 279 
Anti-GLS2-2 1284 ± 292 1075 ± 274 1462 ± 322 

 

Table D-3. Mean growth of M. phaseolina treated with 100 nM siRNA and incubated at 22 °C 
versus growth of control fungus at 84, 96, and 108 hpi. 

 

Treatment Mean area of fungal growth (mm2) 
84 h 96 h 108 h 

Control 1449 ± 209 2099 ± 187 2666 ± 205 
Anti-CHS6-1 877 ± 233 1430 ± 385 2066 ± 442 
Anti-CHS6-2 810 ± 183 1324 ± 210 1929 ± 216 
Anti-GLS2-1 633 ± 286 863 ± 376 1278 ± 445 
Anti-GLS2-2 673 ± 265 919 ± 394 1423 ± 478 
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APPENDIX D (continued) 
 
 

Table D-4. Mean growth of M. phaseolina treated with 100 nM siRNA on half-strength PDA and 
incubated at 27 °C versus growth of control fungus at 36, 48, and 60 hpi. 

 

Treatment Mean area of fungal growth (mm2) 
36 h 48 h 60 h 

Control 619 ± 156 1470 ± 201 2187 ± 242 
Anti-CHS6-1 369 ± 121 1152 ± 236 1859 ± 252 
Anti-CHS6-2 323 ± 149 1095 ± 282 1759 ± 372 
Anti-GLS2-1 334 ± 87 1043 ± 192 1761 ± 197 
Anti-GLS2-2 345 ± 102 1093 ± 240 1819 ± 278 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

86 
 

APPENDIX E 
 
 
Photographs of siRNA-treated and control M. phaseolina at additional timepoints. 

 
Figure E-1. M. phaseolina grown with 100 nM siRNA concentration at 27 °C at 24 and 72 hpi. 
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APPENDIX E (continued) 
 
 

 
Figure E-2. M. phaseolina grown with 100 nM siRNA concentration at 22 °C at 72, 120, and 132 
hpi. 
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APPENDIX E (continued) 
 
 

 
Figure E-3. M. phaseolina grown with 100 nM siRNA concentration at 27 °C on half-strength PDA 
at 24 and 72 hpi. 
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APPENDIX F 
 
 

M. phaseolina grown with 250 and 500 nM siRNA at 27 °C at 48 hpi in preliminary studies. 
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