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ABSTRACT 

Phyllachora maydis is a fungal pathogen of Zea mays that causes the disease tar spot of 

maize. Though P. maydis was first identified in Mexico in 1904, the pathogen has only been 

detected in the United States since 2015. Since this introduction to the US, P. maydis has been 

observed in several states across the Midwest and Canada causing devastating yield losses under 

conducive conditions. P. maydis produces black stromata on maize foliage that resemble spots of 

tar. A secondary necrotic lesion, termed the fisheye lesion, can often form surrounding the tar 

spot stroma. Much speculation has arisen surrounding the causal agents of the fisheye lesion. 

Additionally, P. maydis is considered an obligate biotroph that only grows on living host tissue 

and cannot be cultured axenically. Artificial inoculations of P. maydis in controlled 

environments have previously not been reproducible, and previous understanding of this 

pathogen was scarce. Also, related species within the classified order have not been extensively 

studied. Therefore, this dissertation has focused on providing fundamental knowledge of the tar 

spot of maize pathosystem for future investigation. 

In Chapter 2, a detection and quantification assay was developed for specificity to P. 

maydis. A Taq-Man qPCR assay was designed to the internal transcribed spacer (ITS) region of 

P. maydis. Specificity to P. maydis was confirmed using herbarium specimens of closely related 

Phyllachora spp. and common maize pathogens and endophytic fungi. The assay was also 

sensitive, being able to reliably detect 100 femtograms of DNA or 150 P. maydis spores. Lastly, 

reproducibility of the qPCR assay was confirmed for future use in various laboratories. 

In Chapter 3, an improved P. maydis reference genome is provided. Using long-read 

sequencing, the contiguity and completeness of the P. maydis genome was significantly 

increased. Gene loss within nitrogen assimilation was found in the P. maydis genome indicative 

of its obligately biotrophic lifestyle. Furthermore, the genome annotation was improved with 

transcript evidence from RNA extracted in planta. A survey of the gene expression at this single 

timepoint was performed, and prediction of carbohydrate active enzymes and effector proteins 

was established for future elucidation. 

Chapter 4 reports maize differential gene expression in response to P. maydis over time. 

An enrichment of defense response genes was found activated in response to P. maydis. 

Specifically, activation of genes involved in biosynthesis of various compounds was observed. 

This included terpenoids, phenylpropanoids, flavonoids, and lignin which contain compounds 



with anti-fungal properties. Additionally, previously identified candidate genes for tar spot 

resistance loci were found significantly differentially expressed. 

 Lastly, in Chapter 5, the fungal and bacterial communities associated with tar spot and 

fisheye lesions were investigated across the US and Mexico. Bacterial communities did not show 

significant differences when compared by lesion type but were significantly different by 

location. Fungal communities showed clear differences between lesion types. Interestingly, 

different fungi were determined as indicator taxa of fisheye lesions between countries. 

In conclusion, the first molecular detection assay was developed for future study on the 

epidemiology of P. maydis. The P. maydis genome and annotation was improved. Also, the first 

differential expression analysis from maize in response to tar spot is reported. Lastly, the 

microbial communities in fisheye lesions were investigated across countries. Overall, these 

studies provide tools and initial knowledge on the tar spot of maize pathosystem. 
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Introduction 

Tar spot of maize is a fungal disease found in the Americas, caused by Phyllachora maydis. 

Initially observed in Mexico in 1904, the disease has since been confirmed in most of the tropical 

areas of Central and South America (Maublanc 1904; Valle-Torres et al. 2020). The disease was 

first confirmed in the continental United States (US) in Indiana and Illinois in 2015 (Ruhl et al. 

2016), and the disease quickly spread across the Midwest region of the US, affecting most of the 

top maize producing states. Tar spot of maize has been shown to cause large reductions in yield 

through early drying down of the plant (Ceballos and Deutsch 1992; Valle-Torres et al. 2020). In 

Mexico, Bajet et al. (1994) reported up to a 46% yield loss in fields while Loladze et al. (2019) 

showed yield losses up to 58% under high disease pressure on susceptible hybrids. In the US, 

maize hybrids showed yield losses ranging from 1,130 to 2,605 kg per hectare (16.8 to 38.7 

bushels per acre) under high disease pressure in 2018 (Telenko et al. 2019). Furthermore, high tar 

spot disease pressure in 2021 resulted in an estimated disease loss across the US of 5.97 million 

metric tons (235 million bushels) valued at $1.27 billion USD according to the Field Crop 

Disease and Invertebrate Loss Calculator Web Tool from the Crop Protection Network (Mueller 

et al. 2024). Effective management of tar spot disease includes the use of resistant hybrids and 

fungicide applications (Telenko et al. 2019; Ross et al. 2023; 2024). Further studies have looked 

at the effects of nitrogen fertilization, planting density, tillage, and irrigation (Check et al. 2023; 

Ross et al. 2023). 

Characteristics of Phyllachora maydis, causal agent of tar spot of maize 

Phyllachora maydis is characterized by the black spots known as stromata (singular stroma) 

that form on the maize foliage. Stromata are developed through colonization of the maize 

epidermal cells and formation of dense hyphal growth and melanization of the epidermal cells 

(Caldwell et al. 2024). This stromatic structure is defined as a clypeus providing a protective 

structure around the reproductive fruiting bodies. The oval- to irregularly-shaped stromata range 

in size from 0.5 to 2.5 mm by 2 to 3 mm and form elongated edges up to 10 mm in some cases 

(Orton 1944; Rocco Da Silva et al. 2021). Furthermore, stromata are embedded within the leaf 

tissue having a raised aspect with a convex surface and at later stages are visible on both the 

abaxial and adaxial sides of the leaf. Common misdiagnoses are observed from insect frass, 

pesticide damage, and other fungal diseases such as common rust and Physoderma brown spot 

(Solórzano et al. 2023). Microscopic observations of P. maydis fruiting bodies and spores can be 
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performed to confirm diagnosis. However, the identification of P. maydis structures and spores 

can be challenging depending on the sample quality and accessible resources.  

The key morphological characteristics of P. maydis include the sexual fruiting bodies known 

as perithecia where the infective ascospores are produced. P. maydis perithecia have a diameter 

ranging between 170 to 350 μm. Eight ascospores will form uniseriately in an ascus of length 

ranging 80 to 100 μm. P. maydis ascospores are hyaline and aseptate at sizes of 5.5 to 8 μm by 

9.5 to 14 μm (Maublanc 1904; McCoy et al. 2018; Rocco Da Silva et al. 2021). The microscopic 

identification of P. maydis ascospores in isolation can be challenging due to their indistinct 

characteristics. P. maydis also reproduces asexually within a single pycnidium centrally located 

within a stroma. A mature P. maydis pycnidium has a multilobed structure where the asexual 

spores are formed (Caldwell et al. 2024). These asexual spores are hyaline, filiform and aseptate 

with dimensions of 10 to 15 μm by 0.5 μm (Rocco Da Silva et al. 2021). Microscopic 

observations of P. maydis asexual spores can be difficult as the spores tend to traverse multiple 

viewing planes of compound microscopes. However, the asexual spores have distinct 

characteristics compared to the ascospores. Though diagnosis of tar spot of maize through 

morphological characteristics is relatively simple, molecular diagnostic assays would help in the 

proper identification of this emerging pathogen as well as provide a baseline for future studies on 

epidemiology and more. 

Infection mechanism and reproductive development of P. maydis 

P. maydis infection starts with germination of ascospores on maize foliage and formation of 

appressoria structures for penetration of the leaf surface (Dittrich et al. 1991; Caldwell et al. 

2024). Furthermore, within similar fungal species in the Phyllachora genus, appressoria began to 

develop within 2 to 6 hours and reach maturity within 6 to 12 hours after germination (Parbery 

1963a). Descriptions of the appressoria from the Phyllachora genus indicate that an infection peg 

will develop for penetration of the leaf epidermis, and the fungus will begin to colonize 

intracellularly in the epidermal cells (Parbery 1963b). Recently, Caldwell et al. (2024) showed P. 

maydis colonization of the epidermal cells and formation of appressoria-like structures to infect 

the neighboring plant cell. Dense mycelium will form the clypeus structure to act as protection of 

the fruiting bodies within the plant mesophyll cells (Parbery 1963b; Caldwell et al 2024). 

Melanization of the colonized plant epidermis will occur and eventually form the macroscopic 

black tar spot stroma. Survival of P. maydis between growing seasons in the Midwest showed 
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that viable ascospores were able to germinate from maize residue from the previous season 

(Groves et al. 2020). The stroma and clypeus may act as protection in overwintering of this 

fungus.  

During clypeus development, the pycnidial fruiting body will begin to form within the 

mesophyll cells with eventual release of the asexual spores onto the leaf surface (Caldwell et al. 

2024). The role of P. maydis asexual spores are still under investigation though observations 

have indicated they act as spermatia and are not infective (Breunig et al. 2023; Caldwell et al. 

2024). Spermatia are often pycnidiospores that act as non-motile male gametes for sexual 

reproduction. Microscopic observations showed that P. maydis sexual reproductive development 

occurs surrounding the plant stomatal chambers (Caldwell et al. 2024). P. maydis hyphae were 

observed coming out of stomata and presumably could interact with the asexual spores or 

spermatia for perithecia development, though further study is needed for confirmation.  

Epidemiology 

Tar spot of maize has been historically endemic to tropical regions. However, with the recent 

introduction into the Midwest region of the US, there has been speculation on the adaptation of 

this pathogen to more temperate climates (Mottaleb et al. 2019). Studies have shown the 

overwintering capabilities of P. maydis within residue from the US which had not previously 

been established from tropical climates where maize is grown most of the year (Groves et al. 

2020). Mottaleb et al. (2019) predicted the conducive environments in which P. maydis could 

spread and how tar spot disease could impact maize production within the US. Alas, epidemic 

outbreaks of tar spot have occurred within the US in 2018 and 2021 causing severe economic 

loss (Mueller et al. 2022; Telenko et al. 2019), and comparisons of disease outbreaks between the 

US and Honduras showed differences in the progression of tar spot development (Gongora-

Canul et al. 2024). Previous environmental factors that lead to disease development in Mexico 

included moderate temperatures ranging from 17 to 22 ºC, high relative humidity above 75%, 

and over 7 hours of night-time leaf wetness (Hock et al 1995). Recent investigations identified 

the most strongly correlated environmental factors for tar spot disease development were the 

average daily minimum and mean temperatures on a 30-day moving average, noting that 

relatively moderate temperatures no higher than 23ºC were conducive for disease development 

(Webster et al. 2024). Furthermore, they showed a negative correlation between disease 

development and moisture variables including relative humidity, dew point, and leaf wetness. 
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These findings seem counterintuitive to previous studies focused on initial infection but may 

indicate weather conditions needed for later stages of disease development. Recent disease risk 

models have been established to inform effective timing of fungicide applications (Webster et al. 

2024; Tar spotter). Relying on weather variables, tar spot disease development is assessed to 

provide management suggestions based on the risk. The biology and epidemiology of P. maydis 

still remain under investigation.  

Taxonomy and Phylogenetics 

The taxonomy and phylogenetics of the genus Phyllachora are poorly understood due to a 

lack of research within its entire order. The order Phyllachorales contains ascomycetous plant 

pathogens that produce mostly black stromata on the foliage of angiosperm hosts (W Silva-

Hanlin and Hanlin 1998). The Phyllachorales order contains three families: Phyllachoraceae, 

Phaeochoraceae, and the newly described Telimenaceae (Mardones et al. 2017, 2022). The 

Phyllachoraceae are tar spot fungi with mainly Poaceae hosts, while Telimenaceae infect 

angiosperm hosts apart from the Poaceae family. Phaeochoraceae are tar spot fungi on Aracaceae 

hosts and morphologically different in that they do not produce a clypeus (Mardones et al. 2017). 

All species within the Phyllachorales order are considered obligate biotrophs meaning they grow 

only on living host tissue. Classifications have been historically based on morphological 

characteristics and classification of the host plant. Furthermore, the host plant has been a main 

factor in the speciation of these obligate biotrophic pathogens leading to narrow host ranges of 

the species without proper host range testing. For example, P. maydis is thought to only infect 

Zea mays (maize) but this has not been extensively studied. However, Phyllachora graminis, a 

tar spot producing pathogen on grass hosts, is considered to have a wide host range being 

classified or described on 76 host genera according to the USDA (Farr & Rossman 2024). This 

may be indicative of the discrepancies in classification within the Phyllachorales order and 

possible over-splitting of species delimitations (Mardones et al. 2017).  

A recent phylogenetic analysis of the Phyllachora genus proposed species classifications 

based on sequences from the ribosomal internal transcribed spacer (ITS) region and large 

ribosomal subunit (LSU) markers (Broders et al. 2022). Within their collection of Phyllachora 

specimens, five distinct Phyllachora species were identified based on the phylogenetic clustering 

with four species being able to infect maize. Three Phyllachora sp. were found in contemporary 

maize. Phyllachora sp. 4 was found to have a wide host range able to infect several grass hosts 



6 
 

including maize from historical herbarium specimens. Previous analyses have also shown 

variation within the P. maydis ITS region (McCoy et al. 2018; 2019). Though these variants 

could indicate the different species or subspecies of P. maydis, the repetitive nature of the 

ribosomal units does suggest the possibility of intragenomic variation within the ITS region 

where multiple different copies could be contained within a single nucleus. Variation in the ITS 

region can be found in ectomycorrhizal and plant pathogenic fungi such as Phakopsora 

pachyrhizi, the causal agent of soybean rust (Rush et al. 2019; Simon and Weiß 2008; Smith et 

al. 2007). While it is postulated that multiple Phyllachora species are able to infect maize, 

further analysis is needed to confirm the species delineations with the Phyllachora genus. 

Fisheye Symptomology Background 

Tar spot stromata can often be accompanied by a secondary symptom commonly referred 

to as fisheye. Fisheye lesions are defined by the necrotic ring that surrounds the tar spot stroma. 

These symptoms were observed in the original tar spot description noting similarity to other 

diseases on maize (Maublanc 1904). Ovoid in shape, the fisheye lesion measures up to 10 mm by 

4 mm with the tar spot stroma centrally located (Müller and Samuels 1984). The fisheye lesion 

develops approximately 3 to 20 days after tar spot stromata are developed (Hock et al. 1992). 

Fisheye lesions are ubiquitous in Mexico and South America. However, in the US, observations 

are relatively random and only detected in some areas of a field and often in the later stage of the 

growing season. Being necrotic in nature, the fisheye lesion was previously described to be the 

leading factor in yield reductions (Hock et al. 1992), however early leaf necrosis across the entire 

leaf can be observed with or without fisheye lesions. Specifically, the infrequent observation of 

fisheye lesions in the US indicates that tar spot alone can produce reductions in yield under 

moderate to high disease severity (Valle-Torres et al. 2020; Mueller et al. 2024).  

Monographella maydis was first identified in 1984 and found associated with the fisheye 

lesion (Müller and Samuels 1984). Furthermore, it was hypothesized that M. maydis caused the 

fisheye lesion, however they were unable to confirm causality through Koch’s postulates. 

Currently this fungus has the accepted name of Microdochium maydis, however no type 

specimens exist for confirmations of this fungus (Hernández-Restrepo et al. 2016). Müller and 

Samuels (1984) found M. maydis perithecia immersed in the necrotic host tissue, and ascospores 

formed within asci. M. maydis ascospores were 18 to 22 by 3.5 to 5 μm in size described as 

hyaline, curved and fusiform with 1 to 3 septa. Additionally, M. maydis formed sporodochia 
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projecting from maize stomata, and asexual conidia were 20 to 46 by 3 to 4 μm in size and 

hyaline, elongate cylindrical and curved with 3 to 9 septa (Müller and Samuels 1984). 

Temperatures ranging from 24 to 27 ºC were found optimal for in vitro growth of M. maydis, 

aligning with climates where fisheye lesions are observed. 

Furthermore, a mycoparasite shown to grow within P. maydis reproductive structures was 

discovered as Coniothyrium phyllachoraea (Maublanc 1904). C. phyllachoraea was described to 

form globular structures within the stromata of P. maydis where brown elliptical spores of size 6 

to 8 by 4 to 4.5 μm would develop (Maublanc 1904). Recent studies have found the 

mycoparasitic fungus, Paraphaeosphaeria neglecta, associated with tar spot and fisheye lesions 

(McCoy et al. 2019; Caldwell et al. 2024). Interestingly, Paraphaeosphaeria spp. are 

taxonomically classified as Coniothyrium-like fungi, and many species within this clade have 

been re-classfied within the Paraphaeosphaeria genus (Verkley et al. 2014). P. neglecta has 

similar morphological characters to C. phyllachoraea forming globose conidiomata where 

ellipsoid hyaline to brown conidia develop and range in size 4–6 × 3–5 µm (Maublanc 1904; 

Verkley et al. 2014; Caldwell et al. 2024). Therefore, P. neglecta is thought to be the C. 

phyllachoraea from the original description. 

Depictions of tar spot and fisheye lesions termed the disease as a complex (Hock et al. 

1992; Mottaleb et al. 2019). The tar spot disease complex has previously included the three 

previously described fungi: Phyllachora maydis, Microdochium maydis, and Coniothyrium 

phyllachoraeae (Paraphaeosphaeria neglecta) (Maublanc 1904; Hock et al. 1992). While M. 

maydis and P. neglecta have been associated to the tar spot disease complex, the causal agent(s) 

of fisheye lesions remain unknown (Muller and Samuels 1984; McCoy et al. 2019; Luis et al. 

2024). Over the last 40 years, M. maydis has been the supposed causal agent of fisheye lesions 

(Müller and Samuels 1984; Dittrich et al. 1991; Hock et al. 1992). However, as mentioned, 

Koch’s postulates failed to confirm the causality, and no type specimens exist for M. maydis. 

(Müller and Samuels 1984). Sequence-based fungal communities of tar spot lesions alone and tar 

spot with fisheye lesions were compared to understand the possible causal agents of fisheye 

lesions in Michigan (McCoy et al. 2019). As expected, P. maydis was found abundantly within 

both tar spot lesions alone and tar spot with fisheye lesions. Interestingly, M. maydis was not 

found significantly associated with fisheye lesions while P. neglecta, a Fusarium sp., and a taxon 

most closely related to Neottiosporina paspali were (McCoy et al. 2019). Similarly, two 



8 
 

mycoparasitic fungi were found within P. maydis reproductive structures associated with fisheye 

lesions in Indiana (Caldwell et al. 2024). Sequencing confirmed that one of these fungi was P. 

neglecta, but the other mycoparasitic fungus remains unknown. Fusarium spp. have also been 

extensively isolated from fisheye lesions from the US and Mexico (Luis et al. 2023). Attempting 

to detect M. maydis from fisheye lesions, Luis et al. (2023) found that morphologically identified 

M. maydis isolates were sequence identified within the Fusarium genus. Furthermore, isolations 

from fisheye lesions from Mexico resulted in mostly Fusarium incarnatum-equiseti species 

complex (FIESC) while isolates from the US resulted in a mixture with FIESC, Fusarium 

tricinctum species complex (FTSC), Fusarium fujikuroi species complex (FFSC), and mostly 

from the Fusarium sambucinum species complex (FSAMSC) (Luis et al. 2023). While these 

species have been found associated with fisheye lesions, causality has still not been confirmed.  

Phyllachora maydis genomics and effector characterization 

Due to the obligate nature of these fungi, sequence data is lacking within the 

Phyllachorales order. In 2020, the first draft genome within the order was announced from 

Phyllachora maydis (Telenko et al. 2020). Due to the inability to culture this pathogen, the 

genome was sequenced from excised tar spot lesions and sequenced using Illumina short reads. 

The benchmarking universal single-copy ortholog (BUSCO) analysis, a common measure for 

genome completeness, reported 91% of fungal orthologs were present in the genome with 6.9% 

being fragmented. While this provided the first reference for further genetic analysis and 

understanding of this pathogen, the genome was highly fragmented having 11,228 scaffolds. 

Furthermore, the genome was found to be 56.46% repetitive which likely accounted for the high 

fragmentation that can occur from sequencing repetitive genomes with short reads such as 

Illumina technologies. Additionally, this can result in reads being misassembled together due to 

the similarity in the repeats and may result in incomplete genomes (Treangen and Salzberg 

2011). Telenko et al. (2020) further showed the P. maydis genome as 45 Megabasepairs (Mb) in 

size with 5,992 protein-coding genes.  

Alas, many fungal plant pathogens have increased repetitive genomic content (Duplessis 

et al. 2011; Sotiropoulos et al. 2022). These repetitive transposable elements can often contain 

important virulence genes and can help plant pathogens adapt to new environments (Müller et al. 

2019; Vossenberg et al. 2019). Often the increase in transposable element content correlates with 

an increased genome size without an increase in gene content (Raffaele and Kamoun 2012; 
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Spanu 2012; Aylward et al. 2017). Furthermore, within obligate biotrophic plant pathogens, gene 

losses within inorganic nitrogen and sulfur metabolism has been prolific (Duplessis et al. 2011). 

It is theorized that the gene losses within these primary metabolic pathways may be the 

evolutionary trade-off of advantageous traits involved in the obligate biotrophic plant pathogenic 

lifestyle (Spanu 2012). Telenko et al. (2020) further determined that the P. maydis genome 

encoded 462 secreted proteins which contained 59 effector proteins. Effector proteins are often 

secreted into the host to evade defense responses (Stergiopoulos and de Wit 2009). The effector 

repertoires of various plant pathogens can be highly diverse giving different virulence responses 

and specificity to certain hosts (Inoue et al. 2023). Additionally, the effector repertoires 

contribute to the population structure within plant pathogens and can help determine pathotypes 

within species (Amezrou et al. 2024; Eschenbrenner et al. 2020). A recent study looked to 

functionally characterize P. maydis effector proteins by looking at the localization of effectors in 

Nicotiana benthamiana (Helm et al. 2022; Rogers et al. 2024). Furthermore, microsatellite 

markers were established in P. maydis to determine population structure across geography (Ross 

et al. 2024). 

Maize Disease Resistance  

Effective management strategies for tar spot of maize include the planting of resistant 

hybrids. Currently, no commercial hybrids provide complete resistance to tar spot but partial 

resistance still provides effective management of tar spot disease (Ross et al. 2023). Tropical 

variety testing has been successful in identifying lines with increased tar spot resistance 

(Ceballos and Deutsch 1992; Cao et al. 2017). A major resistance locus to tar spot termed 

qRtsc8-1 have been identified in tropical maize (Cao et al. 2017, 2021; Mahuku et al. 2016; Ren 

et al. 2022; Yan et al. 2022). Currently, no candidate genes have been functionally characterized 

for tar spot resistance development. Several resistance (“R”) genes have been cloned in maize 

and provide defense to a race-specific pathogen (Johal and Briggs 1992; Collins et al. 1999; 

Chen et al. 2022). The deployment of R genes within commercial hybrids is highly effective in 

preventing disease, but often these genes lose efficacy rapidly as the pathogen adapts (Yang et al. 

2017). Therefore, small effect quantitative traits in combination provide responses that have a 

lasting impact and help in slowing the loss of R gene efficacy (Balint-Kurt & Johan 2009; Yang 

et al. 2017). Genetic mapping of tar spot disease resistance also found loci with minor loci that 

may be useful in future breeding pipelines (Cao et al. 2017, 2021; Mahuku et al. 2016; Ren et al. 
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2022; Yan et al. 2022). Furthermore, genetic mapping of resistance loci within temperate maize 

populations has been ongoing and preliminary results indicate different tar spot resistant loci than 

tropical lines (Trygestad 2021). Introgression of tropical resistant loci or newly identified 

temperate resistant loci will be important in future breeding for effective tar spot disease 

management. 
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CHAPTER 2:  

DEVELOPMENT OF A QPCR ASSAY FOR SPECIES-SPECIFIC DETECTION OF 

THE TAR SPOT PATHOGEN PHYLLACHORA MAYDIS 

Source 

Roggenkamp, E.M., Check, J.C., Biswal, A.K., Floyd, C.M., Miles, L.A., Camila P. Nicolli, 

C.P., Shim, S., Salgado-Salazar, C., Alakonya, A., Malvick, D.K., Smith, D.L., Telenko, D.E.P., 

Chilvers, M.I. (2024) Development of a qPCR for species-specific detection of the tar spot 

pathogen Phyllachora maydis. PhytoFrontiers 4(1): 61-71. Available at: 

https://doi.org/10.1094/PHYTOFR-04-23-0050-FI 
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Summary 

Molecular detection assays can be used to diagnose plant diseases and confirm 

indistinguishable samples. Furthermore, the quantification of pathogen can be helpful to 

understand disease dynamics before observation of disease. Currently, no molecular diagnostic 

or quantification assay exists for Phyllachora maydis, causal agent of tar spot of maize. In this 

chapter, the development of a TaqMan qPCR assay to P. maydis is depicted for future use as a 

diagnostic tool and quantification of latent infection and airborne spores. The internal transcribed 

spacer region was used to design primers and probe specific to P. maydis. Herbarium specimens 

of various Phyllachora spp. were used to confirm specificity through sequence and performance 

of the assay. No off-target amplification was reproducible from the various non-target 

Phyllachora spp. and fungal isolates from maize including common endophytes and pathogens. 

The sensitivity of the assay was tested, and the limit of detection was determined as 100 

femtograms of genomic DNA or 150 spores. Additionally, the assay was transferable across 

various institutions and qPCR thermal cyclers. Overall, this qPCR assay showed exceptional 

performance and will be used in future epidemiology studies from airborne spore samplers.  
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CHAPTER 3: 

ELUCIDATING THE OBLIGATE NATURE AND BIOLOGICAL CAPACITY OF 

PHYLLACHORA MAYDIS 

Source 

Roggenkamp, E.M.*, MacCready, J.S.*, MacCready, K.G., Chilvers, M.I. (2023) Elucidating the 

obligate nature and biological capacity of an invasive fungal corn pathogen. MPMI 36(7): 411-

424. Available at: https://doi.org/10.1094/MPMI-10-22-0213-R 
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Summary 

 A high-quality genome often advances the molecular understanding of an organism. The 

fungal order Phyllachorales, containing obligate biotroph plant pathogens that are unable to be 

cultured axenically, has a scarcity of high-quality genome assemblies making further genetic 

study difficult. In this chapter, an improved genome assembly and annotation for Phyllachora 

maydis, a pathogen of maize within the Phyllachorales order, was generated and investigated. 

The genome was assembled into 13 scaffolds totaling 64 Mb in length, being 59.1% repetitive 

and 98.6% complete according to BUSCO. Genomic elucidation showed that P. maydis is 

deficient in nitrogen assimilation and may be using amino acids as its primary source of nitrogen. 

The results also predicted that P. maydis uses heterothallic sexual reproduction. Furthermore, 

within the tar spot stroma, P. maydis highly expresses genes involved in autophagy and secretion 

that may play roles in pathogenicity. Lastly, P. maydis encodes unique secreted carbohydrate 

active enzymes and effector proteins that likely contribute to host recognition and subsequent 

infection. Overall, this study provided fundamental knowledge of the biological capacity of P. 

maydis and the foundation for future genetic research for improved understanding of this 

pathosystem.  
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CHAPTER 4: 

MAIZE DIFFERENTIAL GENE EXPRESSION UPON EXPOSURE TO THE TAR SPOT 

PATHOGEN, PHYLLACHORA MAYDIS 

Abstract 

Tar spot of maize, caused by Phyllachora maydis, is an emerging threat to crop 

production across the United States and Canada. Effective management of the disease includes 

application of fungicides when warranted and planting of partially resistant maize varieties as 

currently no commercial maize hybrids have complete resistance. Several studies have focused 

on mapping of tar spot resistant loci from various maize diversity panels resulting in candidate 

genes of interest. However, no further techniques have been performed for further understanding 

of the maize host defense response or resistant mechanisms to tar spot. In this study, the first 

differential expression analysis of maize in response to tar spot disease is presented. Potted B73 

maize plants were exposed to infection by placing them into a a tar spot infested maize field. 

Over the course of disease development, leaves were sampled at two timepoints: 10 days and 24 

days post exposure. Differential expression was determined by contrasting the exposed samples 

to non-exposed controls at the respective timepoints. 3,160 genes were significantly 

differentially expressed at 10 days post exposure while 3,953 genes were significant at 24 days 

post exposure. These significantly differentially expressed genes (DEGs) were enriched in gene 

ontology biological processes involved in defense response, photosynthesis, cell wall biogenesis, 

signaling cascades, and diterpenoid biosynthesis. At 24 days post exposure, DEGs were enriched 

in biosynthesis and metabolism of amino acids as well as biosynthesis of flavonoid and 

phenylpropanoid compounds according to KEGG orthology. Furthermore, several candidate 

genes from identified tar spot resistant loci were found to be differentially expressed. This study 

provides a survey of B73 maize response to tar spot and identifies several genes that may be 

important in host-pathogen interactions and resistance mechanisms. 
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Introduction 

Zea mays (maize) is an important cereal crop produced globally with an estimated 1.1 

billion metric tons produced in 2022 (FAOStat, 2024). In the United States (US) alone, 38.3 

million hectares were grown that yielded 388 million metric tons of maize in 2023 (USDA-

NASS, 2024). However, yield production may be limited by various abiotic and biotic stressors. 

Biotic stress from pathogens significantly limits maize yield and resulted in an estimated loss of 

11.8 million metric tons in the US in 2023 (Mueller et al. 2024). Management of biotic stress 

usually includes cultural practices, pesticide application, and host genetic resistance. Disease 

resistance in plants can be either “gene-for-gene,” providing major resistance to a race-specific 

pathogen from a single gene, or quantitative, providing partial resistance additive from several 

genes (Balint-Kurt & Johal 2009). In maize, single gene resistance has been employed for 

several fungal pathogens; however, most disease resistance has been quantitative and often 

protects against multiple pathogens (Yang et al. 2017).  

Major and minor resistance genes are often involved in eliciting or regulating an immune 

response from the plant. Furthermore, the innate immune system of plants had been described to 

provide defense to pathogens in two tiers: PAMP-triggered immunity (PTI) and effector-

triggered immunity (ETI) (Jones & Dangl 2006). In PTI, plants will recognize pathogen-

associated molecular patterns (PAMPs) using pattern recognition receptors (PRRs). In ETI, 

plants will recognize effector proteins secreted by the pathogen often using nucleotide-binding, 

leucine-rich repeat receptors (NLRs) (Zhou & Zhang 2020). Many NLRs are major resistance 

loci termed R genes involved in the “gene-for-gene” model of resistance. These immune 

responses will result in signaling cascades involving the mitogen-activated protein kinase 

(MAPK) cascade, efflux of calcium, and production of reactive oxygen species (ROS), leading to 

biosynthesis of secondary metabolites and, in ETI, a hypersensitive response (HR). 

Phyllachora maydis recently emerged in the US and Canada and causes the destructive 

disease commonly known as tar spot of maize (Maublanc 1904; Ruhl et al. 2016). This pathogen 

has remained largely understudied due to the inability to axenically culture and reproduce 

infection in a controlled environment and its somewhat unpredictable nature in the natural 

environment (Ceballos and Deutsch 1991). Many ongoing research efforts are dedicated to 

understanding the management, epidemiology, and genetics of P. maydis (Check et al. 2023; 

Telenko et al. 2019; Webster et al. 2024; MacCready et al. 2023). However, the host-pathogen 
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interactions of this pathogen have not been extensively studied. Recent work has functionally 

characterized a subset of P. maydis predicted effector proteins (Rogers et al. 2024; Helm et al. 

2021) as well as mapped maize resistant loci to P. maydis using genome-wide association studies 

(GWAS) and more techniques (Cao et al. 2017, 2021; Mahuku et al. 2016; Ren et al. 2022; 

Trygestad 2021). Currently, there are no publications elucidating the maize gene expression 

response to P. maydis. Therefore, this study reports the first differential expression analysis of 

B73 maize after exposure to P. maydis over two time-points.  

Materials and Methods 

Sample Collection 

B73 maize plants were grown in the Michigan State University (MSU) research 

greenhouse's outdoor courtyard space for 30 days. A subset of plants was then exposed to 

Phyllachora maydis by placing them in a tar spot infested maize field for 10 days at the MSU 

Plant Pathology Farm. After 10 days of exposure, plants were brought back to the outdoor 

courtyard and kept there for 14 days to develop tar spot stroma. A respective subset of plants was 

kept in the outdoor courtyard to serve as non-exposed controls with significantly reduced 

exposure to tar spot. Single leaves were sampled from three separate replicate plants for both 

exposed and non-exposed treatments at two timepoints. The first sampling timepoint occurred 

after the 10-day treatment while the second sampling timepoint occurred after the 14-day 

incubation period. The resulting sample groups included 10 days post exposure (10 dpe), 10 day 

non-exposed (10d nonexp.), 24 days post exposure (24 dpe), and 24 day non-exposed (24d 

nonexp.). From a single leaf, five leaf disks were collected using a 5 mm cork borer near the 

middle of the leaf lengthwise and spanning the width of the leaf. Leaf disks from the 24 dpe 

treatment were collected from visible tar spot stroma which varied in length from 0.5 to 2 mm. 

Leaf disks were flash frozen in liquid nitrogen and kept at -80ºC until ready for extraction. The 

collection process is illustrated in Figure 4.1.  

RNA Sequencing 

Samples were prepared for RNA extraction using RNAlaterTM-ICE Frozen tissue transition 

solution. Maize tissue was homogenized using lysing Matrix A in a FastPrep® homogenizer (MP 

Biomedicals, Irvine, CA, USA). Total RNA was extracted using the RNeasy® Plant Minikit with 

the RLC buffer for lysis (Qiagen, Venlo, Netherlands). Remnant DNA was removed from the 

RNA samples using the TURBO DNA-freeTM kit (Invitrogen, Waltham, MA, USA). RNA was 
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quantified fluorometrically using QubitTM RNA Broad Range assay kits (Invitrogen, Waltham, 

MA, USA), and the RNA quality was assessed using the Agilent 4200 TapeStation high 

sensitivity RNA ScreenTape® assays. Illumina Stranded mRNA library preparations were 

performed using the Ligation kit and IDT for Illumina TruSeq RNA Unique Dual Indexes. 

mRNA libraries were sequenced at 150 bp paired end format using the Illumina NovaSeq v1.5 

S4 flow cell with 300 cycle reagent kit. All RNA quality checks, library preparation, and 

sequencing were performed at the MSU Research Technology Support Facility Genomics Core. 

Differential Expression Analysis 

Read quality was assessed using FastQC v.0.12.1 (Andrews 2010). Adapters and low-

quality reads were removed using cutadapt v.4.6 (Martin 2011). Trimmed reads were aligned to 

the B73 reference genome version 5 (Zm-B73-REFERENCE-NAM-5.0; Hufford et al. 2021) 

using hisat2 v.2.2.1 (Kim et al. 2019). Read alignments were counted at gene locations using 

HTseq v.2.0.4 (Putri et al. 2022), and read counts were supplied to the DEseq2 package v.1.42.0 

(Love et al. 2014) for differential expression analysis in R v.4.3.2 (R core team 2023). 

Significantly differentially expressed genes were defined as having a log2foldchange greater 

than 1 with an adjusted p-value less than 0.05. Gene set enrichment analysis was performed on 

all differentially expressed genes with an adjusted p-value above 0.05 using the clusterProfiler R 

package v. 4.10.1 (Wu et al. 2021). Gene ontology (GO) for biological processes were extracted 

for Zea mays using the biomaRt R package v.2.58.2 (Durinck et al. 2009). KEGG orthology was 

extracted from the clusterProfiler package. Figures were produced using the ggplot2 package 

v.3.5.0 (Wickham 2016). 

Contaminant Microbiome and Meta-transcriptome Analysis 

Raw RNA reads were quality assessed, trimmed, and aligned to the B73 version 5 

reference genome as above. Unmapped reads were extracted using samtools v.1.19 and 

BEDtools v.2.30.0 (Li et al. 2009; Quinlan and Hall 2010) and aligned to the Phyllachora 

maydis genome PM02 (NCBI genome assembly ASM2933922v1; MacCready et al. 2023). The 

remaining unmapped reads were searched against the National Center for Biotechnology 

Information (NCBI) non-redundant (nr) protein database using the DIAMOND software v.2.1.9 

blastx function (Buchfink et al. 2021). Results were analyzed in the MEGAN6 software and 

results exported for visualization (Huson et al. 2016).  
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Figure 4.1: RNA sampling schematic. B73 maize plants were grown for 30 days in the 
greenhouse courtyard. Treated plants were exposed in a P. maydis infested field for 10 days and 
brought back to develop tar spot. Non-treated plants remained in the greenhouse courtyard to 
serve as non-exposed controls. Exposed plants were sampled at 10 days post exposure (10 dpe) 
and 24 days post exposure (24 dpe). Non-exposed plants were similarly sampled at 10 days and 
24 days. Images showing symptoms sampled on leaves at 10 dpe and 24 dpe. dpe = days post 
exposure. nonexp = non-exposed control. Illustration created using BioRender.  
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Results 

Alignment and assignment of meta-transcriptome sequences 

The alignment rates of the total quality trimmed RNA reads were assessed to determine 

the amount of P. maydis within the samples (Table 4.1; Supplemental Table 4.1). At 10 days 

non-exposed (10d nonexp), 90.5% of reads aligned on average to the B73 maize genome with an 

average 209 million reads mapped. The read alignment rates to the P. maydis genome at 10 days 

non-exposed were 0.001% with 2,578 reads mapped on average. Within the 10-day post exposed 

samples (10 dpe), the average alignment rate to the B73 maize genome was 96.1% with an 

average of 252 million reads mapped while the alignment rates to the P. maydis genome were 

0.008% with 21,667 reads mapped on average. At 24 days non-exposed (24d nonexp), 92.0% of 

reads aligned on average to the B73 maize genome with an average 168 million reads mapped. 

The average read alignment rate to the P. maydis genome at 24 days non-exposed was 0.003% 

with 5,655 reads mapped. Within the 24-day post exposed samples (24 dpe), the average 

alignment rate to the B73 maize genome was 50.7% with 119 million reads mapped while the 

average alignment rate to the P. maydis genome was 44.0% with 104 million reads mapped. 

Table 4.1: Summary of RNA sequence reads. Read counts of total reads after adapter and 
quality trimming, mapped reads to the Phyllachora maydis and Zea mays genomes, and 
remaining unmapped reads are presented as mean values of three replicates from the respective 
treatment groups. The average percentage of the total reads for each is listed in parentheses. dpe 
= days post exposure. nonexp = non-exposed. 
  

10 day 

nonexp 
10 dpe 

24 day 

nonexp 
24 dpe 

Unmapped reads 

(% reads) 

21,918,101 

(9.48%) 

10,202,719 

(3.89%) 

14,513,235 

(7.97%) 

12,354,060 

(5.25%) 

Phyllachora maydis  

mapped reads (% reads) 

2,578 

(0.001%) 

21,667 

(0.008%) 

5,655 

(0.003%) 

103,545,857 

(44.0%) 

Zea mays  

mapped reads (% reads) 

209,368,062 

(90.5%) 

252,044,952 

(96.1%) 

167,535,261 

(92.0%) 

119,407,961 

(50.7%) 

Total reads  

(quality trimmed) 

231,288,740 262,269,339 182,054,151 235,307,878 

 

On average, 14.7 million reads did not align to the maize and P. maydis genomes 
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accounting for 6.48% of the total reads. Further analysis was performed on these unaligned 

transcript reads to determine other environmental exposures. Taxonomically classified reads 

from all samples were mainly assigned to the Streptophyta phylum within the plant kingdom, 

and reads from the exposed samples were also assigned to the Ascomycota and Basidiomycota 

phyla within the fungal kingdom (Supplemental Figure 4.1). The plant genera classified within 

these unaligned reads included Zea, Vigna, Panicum, Oryza, and Lupinus while the classified 

fungal genera included Puccina, Exserohilum, Aspergillus, Melampsora, Coniochaeta, 

Alternaria, and Saitoella (Supplemental Table 4.2). Classified bacterial genera found within 

these unaligned reads included Acinetobacter and Streptomyces. Within these remaining 

unmapped reads, the genera with the highest number of reads were Zea with an average of 

46,146 reads and Puccinia with an average of 25,361 reads (Supplemental Table 4.2).  

Differential Expression Analysis 

Statistical analyses were performed to confirm that gene expression followed similar 

patterns between replicates. Principle coordinate analysis showed that each sample replicate 

separated by treatment and timepoint. Interestingly, the non-exposed control samples grouped 

separately from the P. maydis exposed samples (Supplemental Figure 4.2A). Pearson’s 

correlation between each sample showed that all three replicates were significantly correlated 

within the treatment and timepoint (Pearson’s correlation > 0.9) (Supplemental Figure 4.2B). 

Similarly, this clustering of sample replicates by timepoint and treatment is shown by the gene 

expression patterns (Figure 4.2A). Significant differentially expressed genes (DEGs) were 

determined by the thresholds of a log2foldchange greater than 1 with an adjusted p-value below 

0.05. When comparing the 10-day post exposure (10 dpe) to non-exposed samples (10d nonexp), 

3,160 genes were significantly differentially expressed with 2,161 genes down-regulated and 999 

genes up-regulated within the exposed samples (Figure 4.2B; Supplemental Table 4.3). When 

comparing the 24-day post exposure (24 dpe) to non-exposed samples (24d nonexp), 3,953 genes 

were significantly differentially expressed with 2,410 genes down-regulated and 1,543 genes up-

regulated (Figure 4.2B; Supplemental Table 4.4). 1,343 DEGs were found to overlap between 

the timepoints (Figure 4.2C). Several differentially expressed genes within each timepoint had 

previously been identified as candidate genes for tar spot resistance (Table 4.2). 
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Figure 4.2: Differential expression analysis. (A) Heat map indicating maize gene expression 
indicated by a Z-score and clustering of genes and sample replicates. Continuous scale with 
yellow being the highest expressed genes and purple being the lowest expressed genes. (B) 
Number of significant differentially expressed genes (DEGs) between exposed and non-exposed  
samples at each timepoint. Up-regulated in green and Down-regulated in purple. (C) Venn 
diagram showing overlap in DEGs between the 10 dpe and 24 dpe sample groups. dpe = days 
post exposure. nonexp = non-exposed control. 
Table 4.2: Selected significant differentially expressed candidate genes. Significant 
differentially expressed genes previously identified as tar spot resistant loci are listed with the 
log2foldchange values between the exposed and unexposed samples at each timepoint separately. 
dpe = days post exposure. 

Gene Gene product 
Log2FoldChange 

10    
dpe 

24 
dpe 

Zm00001eb345910 putative leucine-rich repeat receptor-
like protein kinase family protein 2.59 NS 

 

C

24 dpe 10 dpe
24d

nonexp
10d

nonexp

A B
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Table 4.2 (cont’d)    
Zm00001eb126340 Sarcoplasmic reticulum histidine-rich 

calcium-binding protein 1.74 NS 

Zm00001eb344960 bHLH22 transcription factor FAMA NS -1.78 

Zm00001eb008920 3-ketoacyl-CoA synthase28 (KCS28)  -2.75 -1.77 

Zm00001eb253030 Aspartyl protease (AED1) -3.39 -2.08 

Zm00001eb327450 jasmonate ZIM domain-containing 
protein, TIFY transcription factor 3.26 2.02 

Zm00001eb133200 Terpene synthase (KSL2) 3.61 6.65 

 Zm00001eb275550 Putative STRUBBELIG family 
receptor protein kinase -8.66 NS 

Zm00001eb313660 AAA-ATPase -3.38 NS 

Zm00001eb038710 Brachytic2 (br2) ABC transporter -3.05 NS 

Zm00001eb157430 Uncharacterized protein -1.86 NS 

Zm00001eb041410 Putative mannan synthase 7, Glycosyl 
transferase family group 2 -1.71 NS 

Zm00001eb188770 Uncharacterized protein -1.62 NS 

Zm00001eb212520 Photosystem I subunit d1 (psad1) NS -3.45 

Zm00001eb008910 50S ribosomal protein L15 
chloroplastic NS -2.12 

Zm00001eb036920 NAC transcription factor 48 (nactf48) NS -1.84 

Zm00001eb279490 DEP domain, electron carrier NS 2.23 

Gene Set Enrichment Analysis 

Gene set enrichment analysis based on gene ontology (GO) biological processes was 

performed on all significant DEGs with an adjusted p-value below 0.05. Genes differentially 

expressed between the 10-day exposed to unexposed samples showed an enrichment of 22 GO 

biological processes (Supplemental Table 4.5; Figure 4.3). At 10 dpe, various defense response 

GO biological processes were activated. This included regulation of defense response 

(GO:0031347), defense response to other organism (GO:0098542), response to other organism 
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(GO:0051707), response to wounding (GO:0009611), defense response (GO:0006952), and 

response to stimulus (GO:0050896). Furthermore, activated DEGs were enriched in the 

diterpenoid biosynthetic process (GO:0016102), Mitogen-activated protein kinase (MAPK) 

cascade (GO:0000165), and cell surface receptor signaling pathways (GO:0007166). Suppressed 

or down-regulated GO biological processes at 10 dpe included photosynthetic processes 

(GO:0019684; GO:0009772), cell wall biogenesis processes (GO:0009834; GO:0009833), and 

response to heat (GO:0009408). 

 
Figure 4.3: Gene set enrichment analysis of differentially expressed genes at 10 days post 
exposure (10 dpe).  
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Figure 4.3 (cont’d) 

Figure 4.3: Gene set enrichment analysis of differentially expressed genes at 10 days post 
exposure (10 dpe). Gene ontology biological processes enriched are shown on the y-axis 
separated by activated (up-regulated) or suppressed (down-regulated). Gene ratio of genes 
enriched over genes within the pathway are shown on the x-axis. Adjusted p-value indicated by 
color. Gene count indicated by dot size. 

When comparing 24-day exposed to unexposed samples, DEGs were enriched in 68 GO 

biological processes (Supplemental Table 4.6; Figure 4.4A). Of these, several activated or up-

regulated biological processes were involved in defense. This included defense response to other 

organism (GO:0098542), response to other organism (GO:0051707), defense response 

(GO:0006952), and defense response to fungus (GO:0050832). Defense-related GO biological 

processes were also activated including response to oxidative stress (GO:0006979) and 

transmembrane receptor serine/threonine kinase signaling pathways (GO:0007178). Many 

biosynthetic and metabolic GO biological processes were enriched and activated at 24 dpe. 

These biological processes included the metabolism or biosynthesis of amino acids 

(GO:0009073; GO:0008652; GO:0006520; GO:0006559), aromatic compounds (GO:0019438), 

phenylpropanoids (GO:0009699), and terpenoids (GO:0016102; GO:0016114). Suppressed or 

down-regulated GO biological processes included response to herbicide (GO:0009635), response 

to light stimulus (GO:0009416), RNA modification (GO:0009451), and several photosynthetic 

processes (GO:0015979; GO:0019684; GO:0009772; GO:0009765; GO:0009768; GO:0009767). 

Gene set enrichment analysis was also performed based on KEGG pathways using only 

the significant DEGs (Supplemental Table 4.7). When comparing 10-day exposed to nonexposed 

samples, the KEGG pathway enriched only for an activation of the plant-pathogen interaction 

pathway. When comparing 24-day exposed to unexposed samples, 28 enriched KEGG pathways 

were identified within the DEGs (Supplemental Table 4.7; Figure 4.4B). Activated or up-

regulated KEGG pathways involved the biosynthesis or metabolism of various amino acids 

including phenylalanine, tyrosine, tryptophan, cysteine, and methionine. Furthermore, the 

enrichment of KEGG pathways involved in biosynthesis of various compounds were activated 

within the 24-day exposed samples. These pathways included the biosynthesis of the following 

compounds: isoquinoline alkaloids, phenylpropanoids, and flavonoids. Suppressed or down-

regulated KEGG pathways involved photosynthesis and the ribosome.  
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Figure 4.4: Gene set enrichment analysis of differentially expressed genes at 24 days post 
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Figure 4.4 (cont’d) 

exposure (24 dpe). Top graph depicting the gene ontology biological processes enriched. 
Bottom graph depicting the KEGG orthologous pathways enriched. Enriched processes or 
pathways listed on the y-axis. Gene ratio of genes enriched over genes within the pathway are 
shown on the x-axis. Adjusted p-value indicated by color. Gene count indicated by dot size. 
Discussion 

With recent tar spot epidemics in the US and Canada, improved understanding of the tar 

spot pathosystem is needed for disease management solutions.  Currently, no commercial maize 

hybrid provides complete resistance to tar spot, but research is being conducted to find tar spot 

resistant loci. Previous analyses using GWAS, linkage mapping, and genomic prediction 

methods have identified candidate genes for tar spot resistance (Cao et al. 2017, 2021; Mahuku 

et al. 2016; Ren et al. 2022; Trygestad 2021). However, no studies have investigated maize gene 

expression in response to P. maydis. This is likely due to the obligate biotrophy of P. maydis and 

inability to culture P. maydis axenically. Previously, artificial inoculations in controlled 

environments were unreliable, and optimization of recently published methods will be necessary 

(Breunig et al. 2023; Sólorzano et al. 2023). Additionally, much remains unknown about the 

timing and environmental conditions necessary for infection. Recent studies have shown 

conducible environmental factors and microscopic structures during tar spot development 

(Webster et al. 2024; Caldwell et al. 2024). However, initial infection mechanisms and the 

conditions necessary for spore release for continued infection cycles remain elusive. Thus, in this 

study, a trap plant method was used to ensure exposure of plants to a high load of natural P. 

maydis inoculum under field conditions (Chilvers et al. 2007). Furthermore, two timepoints 

during tar spot development were sampled to capture gene expression over time. 

Through these methods, maize expression response to the tar spot pathogen was 

examined, but the plants were also exposed to various environmental stressors. Therefore, the 

contribution of reads to different organisms was investigated. Within the 10-day timepoint 

samples, effective alignment of reads to the B73 genome was observed with greater than 88% 

mapping rates. On average, the number of P. maydis reads within the 10-day non-exposed 

samples accounted for 0.001% while the 10-day exposed samples showed an increase in P. 

maydis reads accounting for 0.008% of the reads on average . Since P. maydis is known to have 

at least a 14-day latency period between infection and tar spot development (da Silva et al. 

2020), the 10-day exposed samples were collected from asymptomatic leaf tissue. Therefore, the 
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increase in P. maydis reads confirmed that plants were effectively exposed to this pathogen, and 

the timepoint was collected during P. maydis colonization life stages. Similarly, within the 24-

day non-exposed samples, adequate alignment to the B73 genome showed 92% reads mapped on 

average while alignment to the P. maydis genome accounted for 0.003% of the reads on average. 

Within the 24-day exposed samples, 50.7% of the reads aligned to the B73 genome and 44.0% of 

the reads aligned to the P. maydis genome on average. Since visible tar spots were sampled 

within the 24-day exposed plants, the number of P. maydis reads markedly increased. When 

investigating the remaining unmapped reads, low numbers of reads were classified to the 

Exserohilum and Puccinia genera which are known to be pathogenic on maize (Leonard and 

Suggs; Schweinitz 1832). Maize is exposed to many pathogens in the environment, and gene 

expression response to different pathogens can often overlap (Wang et al. 2022; Ding et al. 2019; 

Yang et al. 2019; Swart et al. 2017; Hoopes et al. 2019). However, within our samples, these 

pathogens accounted for less than 0.001% of the reads. These results indicated that the main 

effect within the exposed samples was due to the tar spot pathogen, P. maydis, and the gene 

expression differences could be correlated to response to this pathogen.    

When investigating the GO biological processes and KEGG pathways within the maize 

expression data in response to the tar spot pathogen, significant DEGs at both timepoints were 

enriched in processes involved in defense. This included the common pathogen associated 

processes such as cell surface receptor signaling and regulation, MAPK cascade signaling, and 

response to ROS. Nine genes within the defense response GO biological process were found 

significantly differentially expressed when exposed to P. maydis at both timepoints. These genes 

encoded two Mildew locus O (Mlo) proteins (Zm00001eb182440 and Zm00001eb182450), two 

proteins with calcium-dependent lipid binding domains (Zm00001eb330300 and 

Zm00001eb038880), three terpenoid biosynthetic proteins (Zm00001eb047160, 

Zm00001eb222660, and Zm00001eb021200), a pathogenesis-related (PR) protein 

(Zm00001eb410040), and an osmotin-like protein (Zm00001eb047690). Furthermore, these 

genes were previously found differentially expressed in response to seven other fungal pathogens 

in maize indicating a conserved defense response (Swart et al. 2017; Hoopes et al. 2018; Ding et 

al. 2019; Yang et al. 2019; Wang et al. 2022). The significant DEGs encoding the PR protein, 

Mlo proteins, and terpenoid biosynthetic proteins were up-regulated in response to P. maydis at 

both timepoints. PR proteins can function as chitinases, oxidases, ribonucleases, and more to 
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defend against pathogens and often provide resistance (Loon and Strien 1999). Additionally, Mlo 

family proteins have been extensively studied in barley powdery mildew resistance, and the 

proteins function in response to pathogens as well as abiotic stress (Jørgensen 1992; Nguyen et 

al. 2016). These findings confirm defense responses to pathogens are induced in maize in 

response to the P. maydis, and future work will be needed to understand the specific plant-

pathogen interactions. 

Furthermore, as previously stated, three genes encoding biosynthetic proteins of 

terpenoid compounds were also activated in response to the tar spot pathogen. Defense response 

to biotic stress in maize often results in biosynthesis of phytoalexin terpenoid compounds such as 

zealexins and kauralexins (Block et al. 2019; Christensen et al. 2018; Kim et al. 2021) which 

have anti-fungal activity in vitro (Huffaker et al. 2011; Schmelz et al. 2011). When looking 

further at the zealexin biosynthetic pathway, an up-regulation of the following genes in response 

to P. maydis were found at 24 dpe: Zm00001eb412960 (Zx1), Zm00001eb412970 (Zx2), 

Zm00001eb412980 (Zx3), Zm00001eb222540 (CYP71Z19/Zx5), Zm00001eb222660 

(CYP71Z18/Zx6), Zm00001eb222680 (CYP71Z16/Zx7), Zm00001eb058050 (CYP81A37/Zx8), 

Zm00001eb058050 (CYP81A38/Zx9), and Zm00001eb058050 (CYP81A39/Zx10). Similarly, 

within kauralexin biosynthesis, several kaurene synthases and oxidases were found up-regulated: 

Zm00001eb047160 (KSL4), Zm00001eb133200 (KSL2), Zm00001eb176190 (KSL6), 

Zm00001eb415430 (KSL5), and Zm00001eb385070 (KO2). These genes were recently 

implicated in biosynthetic pathways of maize diterpenoid defense compounds, which contribute 

to defense response to fungal pathogens (Ding et al. 2019; 2020). Furthermore, these compounds 

were found to accumulate in response to the maize pathogens Fusarium verticillioides, 

Cercospora zeina, and Puccinia sorghi (Meyer et al. 2017; Veenstra et al. 2018; Kim et al. 

2021). The enrichment in these pathways indicates that zealexin and kauralexin compounds may 

be accumulating at the site of tar spot infection to defend against the pathogen. 

Other defense compound biosynthetic genes were also found up-regulated in response to 

P. maydis at 24 dpe. Within the KEGG pathways, phenylpropanoid and flavonoid biosynthesis 

were enriched. Phenylpropanoids are specialized metabolites in plants that have roles in defense 

and plant development containing several metabolite classes including monolignols, flavonoids, 

and anthocyanins (Douglas 1996). Various phenylpropanoid compounds including flavonoids are 

important to pathogen defense, and many have been shown to have in vitro antimicrobial activity 
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(Dixon et al. 2002). Additionally, production of many phenylpropanoid compounds were 

observed in maize leaves in response to the pathogens Cochliobolus heterostrophus and Puccinia 

sorghi (Obanni et al. 1994; Kim et al. 2021). Biosynthesis of phenylpropanoid compounds arises 

from the substrate amino acids phenylalanine and tyrosine (Dixon et al. 2002; Gomez-Cano et al. 

2020). In the current study, DEGs in response to P. maydis were also enriched for KEGG 

pathways in the biosynthesis and metabolism of amino acids including phenylalanine, 

tryptophan, tyrosine, cysteine, and methionine. These results indicate these phenylpropanoid 

defense compounds may also be accumulating at the localized P. maydis infection site. 

 Interestingly, two DEGs (Zm00001eb172420 and Zm00001eb234730) within the 

phenylpropanoid pathway were up-regulated in response to P. maydis at 24 dpe. Mutations 

within these genes, termed brown midrib mutants, result in a decrease in lignin, which changes 

the plant cell wall and gives the midrib a brown color (Halpin et al. 2002; Guillaumie et al. 2007; 

Morrow et al. 1997). Brown midrib maize hybrids are often grown for silage production for their 

increased digestibility for livestock (Sattler et al. 2010); however, this increase in digestibility 

also applies to pathogens. Lignin is important in cell wall integrity and often provides a physical 

barrier to prevent pathogen penetration and colonization (Sattler and Funnel-Harris 2013). These 

results indicate the plant may be forming a rigid cell wall to prevent the further colonization of P. 

maydis. However, looking further at lignin processes, three genes at 24 dpe (Zm00001eb408530, 

Zm00001eb254960, and Zm00001eb127360) and two genes at 10 dpe (Zm00001eb012250 and 

Zm00001eb148270) were highly up-regulated in response to P. maydis and involved in the 

breakdown of lignin. Additionally, plant cell wall biogenesis was an enriched process within the 

down-regulated DEGs at 10 dpe. The maize cell wall could be a primary target of P. maydis for 

improved infection and colonization. Previous analyses have annotated various secreted cell wall 

degrading enzymes and carbohydrate active enzymes that would allow for pathogenesis and 

colonization to occur (MacCready et al. 2023; Rogers et al. 2024). The divergent lignin response 

in maize shows a complex regulation of the processes at the cellular level, that could result from 

interaction with P. maydis. 

While expression of downstream defense responses was shown in response to P. maydis, 

candidate genes for resistance or direct interaction with P. maydis needed investigation. Previous 

studies have shown quantitative trait loci for tar spot resistance in tropical maize varieties (Cao et 

al. 2017, 2021; Mahuku et al. 2016; Ren et al. 2022). Three candidate genes from the identified 
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significant resistant loci were also significantly differentially expressed in the current analysis 

(Zm00001eb345910, Zm00001eb344960, and Zm00001eb126340). All three of these candidate 

genes were also found differentially expressed in response to another pathogen, Cochliobolus 

heterostrophus (Ding et al. 2019). Zm00001eb345910 is characterized as a putative leucine-rich 

repeat receptor-like kinase (LRR-RLK). This class of kinases are often found to interact with 

pathogens at the plasma membrane and are often NLRs involved in ETI response (Jones & 

Dangl 2009). Furthermore, this specific gene was found significantly differentially expressed in 

response to Exserohilum turcicum and Colletotrichum graminicola (Hoopes et al. 2018; Yang et 

al. 2019). Zm00001eb344960 is characterized as a basic helix-loop-helix Myc transcription 

factor involved in stomata formation. Interestingly, P. maydis growth has been shown to protrude 

from the maize stomata near the site of infection (Caldwell et al. 2024), and several pathogens 

use sensing and regulation of plant stomata to invade the host tissue (Melotto et al. 2008; Ye et 

al. 2020). Lastly, Zm00001eb126340 is characterized as a sarcoplasmic reticulum histidine-rich 

calcium-binding protein. Calcium ion signaling is an important plant response to different 

stressors. In wheat, mutations to a histidine-rich calcium binding protein provided resistance to 

Fusarium head blight (Kushalappa et al. 2022). 

Additionally, preliminary studies of tar spot resistant loci in temperate maize varieties 

have identified candidate genes across the chromosomes with no overlap with the published 

tropical variety studies (Trygestad 2021). When comparing to the current study, four tar spot 

resistance candidate genes were also significantly differentially expressed in response to P. 

maydis at both timepoints (Zm00001eb008920, Zm00001eb133200, Zm00001eb253030, and 

Zm00001eb327450). Zm00001eb008920 encodes 3-ketoacyl-CoA synthase28 (KCS28) 

functioning in biosynthesis of fatty acids for the leaf cuticle (Campbell et al. 2019). KCS28 was 

found down-regulated in response to P. maydis which may relate to increased permeability of the 

leaf cuticle. Zm00001eb253030 was also down-regulated in response to P. maydis and encodes 

an aspartyl protease. These proteins have been shown to be involved in plant-pathogen 

interactions often cleaving a signaling peptide to elicit a defense response (Figueiredo et al. 

2021). Zm00001eb327450 encodes a TIFY transcription factor considered a jasmonate ZIM 

domain-containing protein (JAZ). JAZ proteins have been extensively studied in Arabidopsis 

thaliana and function as transcriptional regulators of jasmonate signaling involved in stress 

responses (Thireault et al. 2015; Wang et al. 2024). Zm00001eb133200 encodes the kauralexin 
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synthase (KSL2) as previously mentioned that is involved in synthesizing antifungal kauralexin 

compounds (Ding et al. 2019). All these gene products are good candidates for future studies on 

tar spot resistance mechanisms.  

In this study, the first expression analysis of maize in response to the tar spot pathogen, 

Phyllachora maydis, is presented and provides an initial molecular understanding of the host 

defense response. Differentially expressed genes of interest were identified that could be 

important in host-pathogen interactions or resistance mechanisms. Future work will rely on 

inoculation methods in controlled environments, which may show a clear effect due to P. 

maydis. With further understanding of the infection mechanisms and timing of this pathogen, 

detailed experiments on gene expression, translation, and defense compound accumulation will 

be possible. This study along with recent functional characterization of candidate P. maydis 

effectors proteins have provided a baseline for study of plant-pathogen interactions (Helm et al. 

2022; Rogers et al. 2024). 
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CHAPTER 5: 

FUNGAL AND BACTERIAL COMMUNITIES ASSOCIATED WITH TAR SPOT AND 

FISHEYE LESIONS IN THE UNITED STATES AND MEXICO 

Abstract 

Tar spot of maize is an emerging disease within the United States and Canada. Originally 

described in Mexico in 1904, the disease was observed as a complex involving the formation of 

tar spot stroma followed by necrotic rings termed fisheye lesions developing around the tar spots. 

The tar spot disease complex consisted of Phyllachora maydis, causal agent of tar spot stroma, 

Microdochium maydis, supposed causal agent of fisheye lesions, and Coniothyrium 

phyllachoraea, supposed mycoparasite of P. maydis. Previous identification of isolates from 

fisheye lesions did not find M. maydis which has led to speculation over this species. Within 

Michigan, fungal communities also showed that M. maydis was not significantly associated with 

fisheye lesions. In this study, the fungal and bacterial libraries of tar spot and fisheye lesions 

were investigated across the United States and Mexico. The significant indicator taxa for fisheye 

lesions differed by country. A related Microdochium sp. was found abundant in fisheye lesions in 

Mexico, while Parapherosphaeria sp., Fusarium sp., and a taxon closely related to 

Neottiosporina paspali were found in the US. This study provides confirmation of 

Microdochium sp. associated with fisheye lesions, but points to differences in location that 

indicate more complex interactions resulting in fisheye lesion development.  
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Introduction 

Tar spot of maize is a devastating fungal disease distributed across the Americas (da 

Silva et al. 2020; Mueller et al. 2022). The disease is defined macroscopically by the black, 

raised stromata resembling tar on the maize foliage. The stroma can often be surrounded by a 

necrotic ring termed fisheye. Tar spot and fisheye lesions were first described in Mexico in the 

early 1900s with Phyllachora maydis identified to cause the tar spot lesions and Coniothyrium 

phyllachoraea identified as a mycoparasite of P. maydis associated with fisheye lesions 

(Maublanc 1904). In 1984, Müller and Samuels reported another fungal species associated with 

fisheye lesions, Monographella maydis synonymous with Microdochium maydis (Müller and 

Samuels 1984; Hernández-Restrepo et al. 2016). This disease was then described as the tar spot 

disease complex with the three fungal species: Phyllachora maydis, causing tar spot lesions; 

Microdochium maydis, supposedly causing fisheye lesions; and Coniothyrium phyllachoraea, a 

reported mycoparasite of P. maydis. It is reported that the tar spot disease complex starts by the 

infection of maize foliar tissue with P. maydis and development of tar spot stromata. This is 

followed by the development of the fisheye lesion supposedly caused by colonization of another 

pathogen (Hock et al. 1992). Previous descriptions of the tar spot disease complex indicated the 

fisheye lesion was the leading cause of yield losses (Hock et al. 1992; Bajet et al. 1994). 

However, while the fisheye is commonly observed in Central and South America, it is only 

occasionally observed in the US, and severe tar spot outbreaks have caused significant yield 

losses without an abundance of fisheye lesions (Kleczewski et al. 2020; Valle-Torres et al. 2020; 

Mueller et al. 2024).  

Though M. maydis was identified to cause fisheye lesions, there has been much 

speculation and concerns over the claims. M. maydis has not been isolated from fisheye lesions 

in the US, and morphologically identified M. maydis isolates from central America were 

sequence identified to the Fusarium incarnatum-equiseti species complex (FIESC) (Luis et al. 

2023). Furthermore, molecular identification of M. maydis has not been confirmed as no 

sequences exist for this species in available databases nor are any type specimens available in 

culture or herbarium collections (Hernández-Restrepo et al. 2016). Recent isolations of 

Microdochium-like morphologies from fisheye lesions in the US and Mexico resulted in a high 

abundance of Fusarium spp. and no Microdochium spp. (Luis et al. 2023). It has been theorized 

that M. maydis could have been misclassified from a Fusarium sp. due to the overlap in 
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morphological characteristics and the lack of evidence in the original species description. 

Additionally, sequence-based analysis of fungal communities from fisheye lesions in Michigan 

did not find an abundance of M. maydis but showed a high abundance and significant association 

of a Fusarium sp., Paraphaeosphaeria sp., and a Neottiosporina paspali-related species when 

compared to tar spot lesions alone (McCoy et al. 2019).  

While this initial study has been the baseline for comparing fisheye and tar spot microbial 

communities, it only looked at the fungal communities from a single field in Michigan (McCoy 

et al. 2019). To further understand how the microbial communities from the various lesions of 

the tar spot disease complex differ by location, fungal and bacterial communities were analyzed 

from field sites in several states across the Midwest United States and Mexico. The lesion type 

comparisons made included: tar spot lesions alone (tar spot), tar spot with fisheye lesions 

(fisheye), and healthy leaf controls (non-symptomatic). Trends in average relative abundance of 

genera were observed on the whole dataset and comparisons were made between lesion types. 

Diversity measurements and pairwise comparisons were made to confirm the effect of variation 

from lesion type and location. Indicator taxa for each lesion type by location was determined, 

and co-occurrence networks were constructed to understand the differences in fisheye lesions 

between the US and Mexico. 

Materials and Methods 

Sample Collection and Processing 

Leaves were collected containing lesion types including tar spot only (tar spot), tar spot 

with fisheye lesions (fisheye), and symptom-free/healthy (non-symptomatic). Even sampling was 

attempted with ten leaves of each lesion type collected from fields where possible. Not all fields 

had fisheye lesions nor healthy/non-symptomatic leaves due to the prolific nature of this disease. 

Tar spot infested fields were sampled in August and September of 2019 from the United States 

(US), and the leaves were kept cool until samples could be processed. Fresh leaf samples from 

the US were sampled within two days of receiving to prevent contamination. Additionally, 

leaves from Mexico were collected and dried in March and April 2021. To capture the 

endophytic microbial communities, leaves were surface sterilized with 70% ethanol, and a single 

leaf disk surrounding the symptomatic lesion was sampled using a 7 mm cork borer. Freshly 

sampled leaf disks were stored in lysis buffer and kept at 4⁰C until ready for DNA extraction and 

purification. Leaf disks were homogenized in a FastPrep® homogenizer using lysing matrix A 
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(MP Biomedicals, Irvine, CA, USA), and DNA was extracted using the Mag-Bind® Plant DNA 

DS 96-well plate kit (Omega Bio-tek, Norcross, GA). Negative control DNA extraction samples 

were included in each 96-well plate extraction. 

Library Preparation and Sequencing 

Amplicon sequencing libraries were prepared as previously described (Noel et al. 2022). 

Briefly, a three step PCR process was used to amplify the target and ligate sequencing adapters 

with 10 base pair barcodes. To capture the associated fungal communities, the internal 

transcribed spacer (ITS) region was amplified using the ITS1F and ITS4 primers (White 1990) 

with DreamTaq Green PCR Master Mix (Thermo Fisher Scientific, Waltham, MA). For the 

bacterial microbiome, the 515F and 806R primers (Caporaso et al. 2010) and Platinum™ II Hot-

Start Green PCR Master Mix (Invitrogen, Waltham, MA) were used to amplify the 16S 

ribosomal subunit. Peptide nucleic acid (PNA) clamps were also used to inhibit the amplification 

of eukaryotic mitochondrial and chloroplast DNA. Negative control DNA extractions and no 

DNA negative controls were added to each 96-well plate in the analysis. Amplification was 

verified using gel electrophoresis. Normalization of PCR products was performed using the 

SequalPrep™ Normalization Plate Kit (Applied Biosystems, Waltham, MA). The barcoded and 

normalized amplicons were combined and concentrated using Amicon® Ultra Centrifugal Filters 

(Millipore Sigma, Burlington, MA). AMPure XP Bead-Based Reagent was used to remove 

unwanted primer-dimers (Beckman-Coulter, Indianapolis, IN). Libraries were quantified 

fluorometrically using QubitTM DNA Broad Range assay kits (Invitrogen, Waltham, MA, USA), 

and quality was assessed using the Agilent 4200 TapeStation HS DNA1000 assays and Colibri 

Illumina Library Quantification qPCR. Libraries were sequenced at 300 bp paired end format on 

the Illumina MiSeq v3 flowcell using MiSeq v3 600 cycle reagents at the Michigan State 

University Research Technology Support Facility Genomics Core.  

Data Analysis 

Raw sequence data was quality assessed using FastQC v.0.12.1 (Andrews 2010). The 

forward reads had higher quality and were analyzed further. Sequences were demultiplexed into 

the respective samples by matching the unique barcodes using USEARCH v.11.0.667 (Edgar 

2010). Following demultiplexing, the Cecilia pipeline was used to process the data 

(https://github.com/Gian77/Cecilia). In brief, phiX was removed using bowtie v.2.5.3 

(Langmead et al. 2019). Quality trimming and adapter sequence removal was performed using 
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cutadapt v.4.5 (Martin 2011). Clustering of operation taxonomic units (OTUs) and amplicon 

sequence variants (ASVs) was performed using the UPARSE and UNOISE algorithms of 

USEARCH v.11.0.667 (Edgar 2010). Taxonomic binning was performed using CONSTAX 

v.2.0.20 (Liber et al. 2021) with the UNITE eukaryotic database for fungi (version 25.07.2023; 

Nilsson et al. 2019) and the SILVA SSU reference database for bacteria (version 138.1; Quast et 

al. 2013). Statistical analysis was performed in R v.4.3.2 (R core team 2023). The phyloseq 

package was used to analyze the OTU clusters (McMurdie and Holmes 2013). Contaminant taxa 

were determined from negative control samples and removed from leaf samples using the 

decontam package (Davis et al. 2018). The betadisper and adonis functions from the vegan 

package were used to determine the PERMANOVA and Tukey pairwise comparisons (Oksanen 

et al. 2022). To determine indicator taxa, the multipatt function within the indicspecies package 

was used (De Caceres and Legendre 2009). The spiec-easi package was used to build the co-

occurrence networks (Kurtz et al. 2015), and cytoscape was used for visualization (Shannon et 

al. 2003). Figures from statistical analyses were built using ggplot2 (Wickham, 2016). 

To determine what phylogenetic groups the OTUs generated within this study belong to, 

a phylogenetic analysis was conducted. Representative internal transcribed spacer (ITS) and 

large subunit (LSU) rDNA sequences of the 5 Phyllachora genotypic groups from Broders et al 

(2023) were obtained through GenBank and used with the unique OTUs and zOTUs (ASVs) 

sequences generated in this study for phylogenetic analysis. Exserohilum turcicum (CBS 690.71) 

was used as an outgroup. ITS sequences were concatenated to the LSU sequences for 

Phyllachora genotypic groups and the outgroup before alignment. Sequences and OTUs were 

then aligned in Geneious (version 2024.0.4) and exported with free ends of the OTUs 

represented as missing data. Modeltest-NG (version 0.1.7) was then used to identify the best 

nucleotide substitution model for the dataset (Darriba et al 2020; Flouri et al 2014). TIM1+G4 

was identified as the best fitting model with the lowest AIC score of 11,273.94 and lowest AICc 

score of 11,298.94. Maximum likelihood phylogenetic analysis was conducted with the 

TIM1+G4 model and 1,000 bootstrap replicates using the RaXML-NG program (version 1.2.1; 

Kozlov et al 2019). The resulting trees were visualized, and consensus bootstrap tree was 

produced in Geneious. 
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Results 

Sequence Analysis 

The fungal Illumina MiSeq libraries produced 47 million raw reads combined. 

Decontamination analysis using the negative control samples found a single fungal contaminant. 

After filtering this contaminant, 34,832,908 million reads remained across 509 samples with 

63,508 median reads per sample representing 1,589 operational taxonomic units (OTUs). The 

bacterial Illumina MiSeq libraries produced 44 million raw reads combined. Decontamination 

analyzed from negative controls found 58 contaminants. After filtering, 25,140,475 million reads 

remained across 491 samples with 43,694 median reads per sample representing 1023 OTUs. 

Rarefaction curves showed the sequencing depth was sufficient to capture the fungal and 

bacterial diversity within our samples (Supplemental Figure 5.1). 

Abundant Genera 

The overall average relative abundance of classified taxa by lesion type is shown in 

Figure 5.1. The top abundant fungal genera in non-symptomatic samples were Alternaria, 

Hannaella, Neosetophoma, and Tilletiopsis (Figure 5.1A). The top abundant fungal genera from 

samples of tar spot lesions alone also show Alternaria and Neosetophoma, but a decrease in 

Hannaella and Tilletiopsis and increase in Phyllachora when compared to the non-symptomatic. 

Interestingly, in the fisheye lesion type samples, decreases in abundance of the Alternaria, 

Hannaella, Neosetophoma, and Tilletiopsis genera were observed with increases in abundance of 

the Fusarium, Paraphaeosphaeria, and Phyllachora genera when compared to the non-

symptomatic samples. Within the bacterial libraries, Methylobacterium and Sphingomonas were 

identified as abundant genera across all lesion types (Figure 5.1B). Interestingly, relative 

increases in abundance of the Hymenobacter and Pantoea genera were observed in both diseased 

sample types. Further analysis of average relative abundance separated by location was 

performed and showed differences depending on the location (Supplemental Figures 5.2 and 

5.3). 
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Figure 5.1: Abundant classified genera with microbial communities by lesion type.  

A

B



40 
 

Figure 5.1 (cont’d) 
Figure 5.1: Abundant classified genera with microbial communities by lesion type.  
Average relative abundances (%) of classified genera are plotted based on lesion type: fisheye, 
non-symptomatic, and tar spot only. A) Fungal genera abundance by color B) Bacterial genera 
abundance by color. 
Alpha Diversity 

Alpha-diversity was measured to establish within sample diversity by lesion type. The 

Shannon index showed that fisheye lesions were significantly less diverse in the fungal 

communities when compared to tar spot lesions alone and non-symptomatic samples for fungal 

communities (Figure 5.2A). The observed species richness was significantly higher, but species 

evenness was significantly lower in fisheye lesions when compared to the other lesion types. For 

the bacterial communities, the Shannon index showed the non-symptomatic sample type is 

significantly lower when compared to both diseased states (Figure 5.2B). Bacterial species 

evenness showed no significance between lesion types while the observed species richness 

shows significance of both diseased states when compared to non-symptomatic samples. There 

was no significant difference in alpha diversity between fisheye and tar spot only lesion types 

within the bacterial libraries. 

Beta Diversity 

Beta-diversity was measured using Bray-Curtis and Jaccard distances to understand how 

the abundance or presence/absence of taxa impacted the between-sample diversity respectively. 

Principle coordinate analysis (PCA) of the Bray-Curtis distances show the fungal communities 

separated by lesion type with 17.38% of the variance explained by axis 1 and 11.08% variance 

explained by axis 2 (Figure 5.3A). Confidence intervals (95%) indicated clear separations of 

samples based on lesion type based on the fungal communities. In the bacterial communities, 

PCA based on Bray-Curtis distances showed 14.07% of variance explained by axis 1 and 9.32% 

of variance explained by axis 2 (Figure 5.3B). Confidence intervals (95%) between lesion types 

based on the bacterial communities overlapped and showed no clear separation of samples. 

However, separation of samples along axis 2 was observed by country for the bacterial 

communities. PCA based on Jaccard distances showed similar results to Bray-Curtis distances 

for both fungal and bacterial communities (Supplemental Figure 5.4).  
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Figure 5.2: Alpha diversity measurements based on lesion type.  
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Figure 5.2 (cont’d) 
Figure 5.2: Alpha diversity measurements based on lesion type. Alpha diversity 
measurements separated by lesion type are shown as Shannon Index (left), Observed Species 
Richness (middle), and Species Evenness (right). The Wilcox test was performed to compare 
means between lesion type. * indicates P <0.1, ** indicates P < 0.01, *** indicates P < 0.001, 
and **** indicates P < 0.0001. ns = not significant. A) Fungal community alpha diversity. B) 
Bacterial community alpha diversity. 
 

 
Figure 5.3: Beta-diversity. Principle coordinate analysis based on Bray-Curtis distances. Colors 
indicate the lesion type. Shape indicates country of origin. 95% confidence interval ellipses 
based on lesion type. A) Fungal communities. B) Bacterial communities. 

To further understand if the differences in communities were due to lesion type or 

location, PERMANOVA and pairwise comparisons were performed. PERMANOVA results 

showed a significance by lesion type and country within both fungal and bacterial communities. 

Lesion type accounted for 9.9% R2 difference in fungal communities, while bacterial 

communities only showed 2.3% R2 difference. Investigations into microbial community 

differences by country identified 6.4% and 4.6% of the variance explained in fungal and bacteria 

communities, respectfully (Supplemental Table 5.1). Looking at Tukey pairwise comparisons of 

lesion types in fungal communities, the most significant comparison was between tar spot and 

fisheye lesions with a difference of -0.043 and adjusted p-value of 0.003. Furthermore, when 

A B
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comparing the US and Mexico, a difference of -0.036 was calculated with a 0.001 adjusted p-

value in fungal communities. Tukey pairwise comparisons of lesion types in bacterial 

communities was only significant between tar spot and non-symptomatic samples having a 

difference of -0.026 with an adjusted p-value of 0.03. However, the pairwise comparison 

between the US and Mexico showed a difference of -0.04 with an adjusted p-value less than 

0.0001 (Supplemental Table 5.2).  

Indicator Species 

Indicator species analysis was performed to identify taxa that may be significantly 

associated with each lesion type. Significant taxa (p-value < 0.05) that were highly abundant in 

samples (stat > 0.75) are reported and further analyzed. Three fungal OTUs were significant in 

fisheye lesions from all samples: OTU_1, OTU_3, and OTU_7. OTU_1 was identified as 

Paraphaeosphaeria neglecta (98.5% BLAST sequence similarity), OTU_3 was most closely 

related to Neottiosporina paspali (90.5% BLAST sequence similarity), and OTU_7 was 

identified as a Fusarium sporotrichioides (100% BLAST sequence similarity) (Table 5.1). 

Six fungal OTUs were found significant in tar spot lesions alone from all samples: OTU_2, 

OTU_80, OTU_13, OTU_18, OTU_21, and OTU_36 (Supplemental Table 5.3). OTU_2 and 

OTU_80 both classified as Phyllachora maydis. OTU_18, OTU_21, and OTU_36 was most 

closely related to Colletotrichum sp. in BLAST searches. OTU_13 was most closely related to a 

Thielavia sp. by BLAST. Two bacterial OTUs were found to be significant indicator species but 

only within the non-symptomatic samples from all data in this study (Supplemental Table 5.4). 

These included bacterial OTU_20 and OTU_884 classified within the Hafniaceae family and 

Pseudomonas genus respectively. 
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Table 5.1: Significant Indicator Taxa in Fisheye lesions. Fungal OTUs identified as 
significant indicator taxa in fisheye lesions based on all samples or samples from the various 
countries (Mexico and US). Indicator Taxa Stat shows the output from the indicspecies package 
and the measure attributing to the prevalence and abundance of the taxon within each sample in a 
group. N.S. = Not Significant. 

OTU_ID 
CONSTAX  

Taxonomy 

BLAST results 
Indicator Taxa 

Stat 

Taxonomy 
% 

Query 

% 

Similarity 
All Mex US 

OTU_1 Genus 

Paraphaeosphaeria 

Paraphaeosphaeria 

neglecta 

100 98.5 0.96 N.S. 0.99 

OTU_3 Order Pleosporales Neottiosporina 

paspali 

100 90.5 0.94 N.S. 0.96 

OTU_7 Genus Fusarium Fusarium 

sporotrichioides 

100 100 0.83 N.S. 0.84 

OTU_8 Class Sordariomycetes Microdochium 

seminicola 

100 100 0.70 0.99 0.47 

OTU_215 Species Moesziomyces 

aphidis 

Moesziomyces 

bullatus 

100 100 N.S. 0.77 0.26 

 

Additional analysis was performed to determine the effect of location on indicator species 

within fungal communities across each lesion type. Within the US alone, similar to above, fungal 

OTU_1, OTU_3, and OTU_7 were found to be significant in fisheye lesions (Table 5.1); 

likewise OTU_2, OTU_80, OTU_13, OTU_18, and OTU_21 were found significant in tar spot 

lesions alone (Supplemental Table 5.5). Two fungal OTUs were found significant within non-

symptomatic samples in the US: OTU_10 and OTU_272, both classified as Tilletiopsis 

washingtonensis. In contrast, two fungal OTUs were significant indicator taxa for fisheye lesions 

in Mexico: OTU_8, classified as Microdochium seminicola (100% BLAST sequence similarity), 

and OTU_215, classified as Moesziomyces bullatus (100% BLAST sequence similarity) (Table 

5.1). Nine fungal OTUs were significant in tar spot samples from Mexico: OTU_2, OTU_84, 

OTU_320, OTU_230, OTU_2095, OTU_25, OTU_31, OTU_1197, and OTU_73 (Supplemental 

Table 5.6). The Phyllachora maydis classified OTUs included: OTU_2, OTU_84, OTU_320, 
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OTU_230, OTU_1197, and OTU_2095. OTU_25 classified as Didymella glomerata, OTU_31 

classified as Epicoccum sorghinum, and OTU_73 classified as Papiliotrema sp. Three fungal 

OTUs were significant in non-symptomatic samples from Mexico: OTU_12 which classified as 

Curvularia lunata, and OTU_19 and OTU_1966 which both classified as Nigrospora oryzae 

(Supplemental Table 5.6). 

Abundance of the fungal indicator taxa within fisheye lesions was further analyzed due to 

the constraints of the UNITE database classifications (Supplemental Figure 5.5; Supplemental 

Tables 5.7 and 5.8). OTU_1, classified as Paraphaeosphaeria neglecta, was found in fisheye 

lesions at an average relative abundance of 33.78% in US samples and 7.94% in Mexico 

samples. OTU_3, classified as Neottiosporina paspali, was found at an average relative 

abundance of 16.79% in the US and only found in 60 samples from Mexico (0% average relative 

abundance). OTU_7, classified as Fusarium sporotrichioides, was found at an average relative 

7.9% in US samples and was found in 42 samples from Mexico (0% average relative 

abundance).  OTU_8, classified as Microdochium seminicola, was found at an average relative 

abundance of 37.18% within fisheye lesions from Mexico and was found in 153 samples from 

the US at low counts (0% average relative abundance). 

Co-occurrence network analysis 

Networks were constructed to understand the co-occurrence of fungal OTUs in fisheye 

lesions from each country separately (Figure 5.4). Phyllachora maydis OTUs were highly 

positively associated within both networks. The previously identified indicator taxa showed 

minor distant interactions with Phyllachora maydis OTUs. OTU_1, Paraphaeosphaeria 

neglecta, showed an indirect negative interaction with Phyllachora maydis in the US. 

Furthermore, OTU_3, Neottiosporina paspali, showed an indirect but highly positive interaction 

with a cluster of Phyllachora maydis OTUs while OTU_7, Fusarium sporotrichioides, had a 

direct negative interaction with Phyllachora maydis in the US. In the co-occurrence network for 

fisheye lesions from Mexico, OTU_8, Microdochium seminicola, is negatively associated with 

OTU_1, Paraphaeosphaeria neglecta, and OTU_1 is indirectly negatively associated with 

Phyllachora maydis OTUs. 
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Figure 5.4: Co-occurrence networks.  
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Figure 5.4 (cont’d) 
Figure 5.4: Co-occurrence networks. A) Fisheye within the US B) Fisheye within Mexico. 
Labeled OTUs indicator taxa and Phyllachora maydis OTUs. Color of edges indicate direction of 
interaction with negative being red. Size of edge indicate the strength of interaction. 
Blue diamonds = Phyllachora maydis OTUs Orange = Paraphaeosphaeria Green = Pleosporales 
order Pink = Fusarium sp. Yellow = Microdochium seminicola. 
Phylogenetic Analysis of Phyllachora maydis OTUs 

 Multiple Phyllachora maydis OTUs were identified in this study. A maximum likelihood 

phylogenetic analysis was performed to understand the various species groups and how they 

associated differently between lesion types (Supplemental Figure 5.6). Representative sequences 

for each of the previously determined Phyllachora species groups were aligned with P. maydis 

OTUs and ASVs. With 1,000 bootstraps, most OTUs associated with Phyllachora sp. groups 1, 2 

and 3 (Broders et al., 2023). Interestingly, no OTUs clustered with groups 4 and 5 with a few 

OTUs clustered separately from the species groups. 

Discussion 

Fungal and bacterial communities of the different lesion types associated with the tar spot 

disease complex from various locations in the US and Mexico were analyzed. Tar spot lesions 

alone (tar spot), tar spot with fisheye lesions (fisheye), and non-symptomatic controls (non-

symptomatic) were compared. As expected, the causal agent of tar spot, Phyllachora maydis was 

found associated abundantly within tar spot and fisheye lesions. Furthermore, multiple OTUs 

within the fungal communities were classified as Phyllachora maydis. P. maydis has been shown 

to have variation within the internal transcribed spacer (ITS) region (Broders et al. 2022; McCoy 

et al. 2019; Roggenkamp et al. 2023). Alas, multiple delineations of P. maydis were found within 

a phylogenetic study using the ITS and large ribosomal subunit (LSU) markers (Broders et al. 

2023). In the current study, the P. maydis classified OTUs and ASVs cluster with the three 

previously identified species groups found infecting contemporary maize leaves. Whether these 

delineations confer different species or haplotype separations has yet to be confirmed. Variation 

of the multicopy ITS region within a single individual does occur in other fungal species (Rush 

et al. 2019; Simon and Weiß 2008; Smith et al. 2007). The presence of multiple P. maydis OTUs 

within a single sample collected from single lesions from this study may indicate intragenomic 

variation of the ITS region. However, the abundance of these variations across locations is still 

not known. 

 Statistical testing was performed to understand the contributions to variance within the 
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fungal and bacterial communities. The fungal communities had significant differences when 

comparing the lesion types. Specifically, differences in abundant fungal genera and lower alpha 

diversity when comparing fisheye samples to the other lesion types were observed following the 

trends from the previous study (McCoy et al. 2019). Furthermore, changes in fungal 

communities by country of origin were observed. Lesion type differences were not as prolific 

within the bacterial communities. Generally, similar communities were observed between tar 

spot and fisheye lesions while both were significantly different from non-symptomatic 

communities. However, location did significantly contribute to the variation in bacterial 

communities. Several bacterial taxa were identified as indicators for fisheye lesions, but the 

calculated statistic value was low indicating the taxa were not abundant in all samples. These 

results show that fisheye lesions are not associated with a specific bacterial species and therefore 

likely not caused by a bacterium. Previous studies have indicated that the tar spot disease 

complex is associated with several fungi, and no signs of bacterial infection have been associated 

with the tar spot disease complex (Valle-Torres et al. 2020). 

Within the fungal communities, both lesion type and location contributed to variation. 

Further analysis was performed to understand the differences of lesion types from the US and 

Mexico separately. Significant indicator taxa of fisheye lesions from Mexico included an OTU 

that was binned to the Sordariomycetes class. A BLAST search showed 100% sequence 

similarity to Microdochium seminicola. Upon further analysis, this OTU was found abundantly 

in fisheye lesions from Mexico, but not abundant in US fisheye communities. Alas, fisheye 

lesions were previously described as associated and caused by the opportunistic pathogen, 

Microdochium maydis (Müller & Samuels 1984), and Microdohium seminicola has been 

described to cause necrotic lesions on sorghum (de Paula et al. 2022). Our analysis indicated that 

a Microdochium sp. does associate with fisheye lesions in Mexico. However, confirmation of the 

species with type specimens and sequences has not been performed (Hernández-Restrepo et al. 

2016). While Microdochium sp. was identified in fisheye lesions, species within this genus can 

live as saprophytes in the soil and on decaying plant tissue which could mean the fungus only 

becomes associated after the fisheye necrosis occurs (Hernández-Restrepo et al. 2016). The 

sampled leaves were collected from Mexico near the end of the spring field season and many of 

the samples were already senesced. Also, due to limitations in receiving foreign plant material, 

the samples were dried prior to shipment which may have led to changes within microbial 
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community makeup (Qui et al. 2020; Singh et al. 2023). Further experiments are needed to 

understand the association of Microdochium sp. within fisheye lesions and to what extent this 

species is important to fisheye lesions in Mexico. 

In contrast, the taxa found in high abundance in fisheye lesions in the US included 

Parapheospheria neglecta, a Fusarium sp., and a taxon classified to the Pleosporales order 

which had BLAST results of 90.5% sequence similarity to Neottiosporina paspali. These taxa 

were found as significant indicator taxa of fisheye lesions within the US, similar to the previous 

study from Michigan (McCoy et al. 2019). Additionally, both Fusarium spp. and 

Paraphaeosphaeria spp. have been isolated in abundance from fisheye lesions in the US (data 

not shown; Luis et al. 2023). Paraphaeosphaeria neglecta has also been shown to be a 

mycoparasite within P. maydis reproductive structures observed in fisheye lesions (Caldwell et 

al. 2024). Species within the Paraphaeosphaeria genus can act as endophytes, plant pathogens, 

or biocontrol agents due to their antifungal activity (Verkley et al. 2014; de Paula et al. 2022). 

Fusarium spp. are ubiquitous soil microbes with saprophytic lifestyles and are often found as 

plant pathogens (Blacutt et al. 2018; Chelkowski et al. 1989). Furthermore, colonization of plant 

tissue by Fusarium spp. is not inhibited by prior colonization of other seedborne organisms 

(Reyes Gaige et al. 2020). Due to these differences in indicator taxa by country, fisheye lesions 

could be caused by multiple different opportunistic pathogens. While most plant disease 

outbreaks have been associated with a single pathogen, many diseases can be caused by different 

similarly related pathogens (Wallace 1978; Fitt et al. 2006). Also, complexes of organisms can 

work synergistically leading to increased virulence and disease severity (Lamichhane and 

Venturi 2015), and the species involved in these disease complexes can have different 

distributions based on location and host genotypes (Fitt et al. 2006). This may indicate the tar 

spot disease complex may be more complicated than previously thought. In contrast, microbial 

communities are helpful in the defense response of plants, and associations within communities 

can also lead to disease outcomes (Gao et al. 2021; Singh et al. 2023). Alas, the microbial 

community may be a factor leading to disease development in fisheye lesions. 

In conclusion, in this study, the abundantly associated microbes in the tar spot disease 

complex differed by lesion type and location. No bacterial species were found significantly 

associated with the tar spot disease complex confirming that bacteria are not involved in the 

disease. Additionally, several differing Phyllachora maydis OTUs were observed and clustered 
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within three previously identified species groups. Future analysis of the geographic distribution 

of these Phyllachora maydis species groups would help in understanding disease dynamic 

differences between locations. The identification of a Microdochium sp. significantly abundant 

and associated with fisheye lesions in Mexico shows the controversial Microdochium maydis 

may exist, but confirmation of the taxonomy of this species as well as the causation of the 

fisheye lesion through Koch’s postulates will be needed. Furthermore, different associated taxa 

within the US show that fisheye lesions may be caused by multiple organisms, and the decreased 

prolific nature of fisheye lesions in the US may be due to the lessened prevalence of 

Microdochium spp. The identification and isolation of the closely related species to 

Neottiosporina paspali will be important to describe this unidentified species. Lastly, the fisheye 

lesions could be due to the plant response to the parasitization of P. maydis caused by 

Paraphaeosphaeria neglecta and other mycoparasitic fungi. Further elucidation of the cause of 

the fisheye lesions will aid in the understanding of the epidemiology of the tar spot disease 

complex will help in implications of the future of this disease within the US and future disease 

management. 
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CHAPTER 6:  

CONCLUSIONS 
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Tar spot of maize has quickly become one of the top yield reducing diseases in the United 

States being recently introduced in 2015. Though being of economic concern, this disease has 

been largely understudied with much still unknown with regards to genetics, biology, and 

epidemiology. This dissertation has attempted to bridge these gaps by providing foundational 

studies on detection assay development, genomics and transcriptomics of tar spot pathogen 

Phyllachora maydis, maize differential expression analysis in response to tar spot, and the 

microbial communities associated with the various lesion types across locations.  

Signs of tar spot of maize include the raised, black stromata which are known to be 

caused by the fungus Phyllachora maydis. While diagnostics of tar spot are relatively simple, 

similar signs and symptoms have been mistaken for tar spot to the untrained eye. Previously no 

molecular detection assay existed for P. maydis therefore the development of a specific and 

sensitive qPCR assay will be helpful in diagnostics as well as studying latency period and 

epidemiology of tar spot. The developed qPCR assay was shown to be specific to P. maydis and 

highly sensitive. Further testing showed reproducibility within different laboratories. In the 

future, this assay can be used in planta for detection of P. maydis prior to symptom development 

or for spore quantification from airborne samplers for epidemiology studies.  

A quality genome and annotation provide a solid foundation for future research. The first 

draft genome of P. maydis provided the first genetic knowledge of this pathogen besides the 

common ribosomal identification markers. Even with the challenges with working with this 

pathogen, they were able to assemble a quality genome with short-reads. However, the genome 

was highly fragmented due to the prolific transposable element content. In this dissertation, the 

use of long-read sequencing allowed for the increased contiguity within this second draft genome 

assembly of P. maydis. Additionally, the first transcript evidence is provided for P. maydis. This 

markedly improved gene annotation prediction due to no draft genomes existing within the entire 

order of fungi. Furthermore, the gene content was surveyed and provided the first description of 

genes encoded within the P. maydis genome. Ongoing research has started functionally 

characterizing P. maydis effectors for improved understanding of plant-pathogen interactions. 

Previous studies on the host side of the disease have focused on discovery of resistant 

varieties and resistance loci for breeding purposes. The response of maize to tar spot at the 

molecular level has not been previously investigated. In this dissertation, the first differential 

expression analysis of maize in response to tar spot over time is reported. Once again due to the 
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previous challenges with inducing disease in controlled environments, plants were exposed to tar 

spot within an infested field. Fortunately, the samples showed a significant effect from the tar 

spot pathogen and between sample variation was not significantly different. A survey of the 

associated defense response genes are provided. Furthermore, candidate genes of previous tar 

spot resistance loci from GWAS were found significantly differentially expressed. Future 

detailed studies can investigate earlier infection timepoints and differential expression between 

resistant and susceptible lines.   

Development of tar spot can be followed by development of necrotic halos encompassing 

the tar spot stroma. The observation of multiple fungi associated with these fisheye lesions 

initiated the description of the tar spot disease complex. The tar spot disease complex originally 

consisted of Phyllachora maydis, Microdochium maydis, and Coniothyrium phyllachoraea. 

Much contemplation over the existence of M. maydis has been of recent concern. Somewhat 

unexpectedly, a taxon most closely related to Microdochium semincola was found significantly 

abundant and indicative of fisheye lesions within Mexico which confirms the previous described 

association. However, the causality of fisheye lesions is still questionable given the saprophytic 

lifestyles of several Microdochium spp. Indicator fungal species of fisheye lesions identified 

within the United States included Paraphaerosphaeria sp., Fusarium sp., and Neottiosporina 

paspali similarly to the previous study from a single field in Michigan. Questions still remain 

regarding the cause of fisheye lesions. Can this be caused by multiple different fungi? Is this 

caused by response to mycoparasites within P. maydis structures? Future isolations of the 

associated fungi and confirmation of Koch’s postulates is needed for confirmation of causality.  

In conclusion, the tar spot pathosystem has been investigated using various methods 

within this dissertation. As stated, these initial studies will provide knowledge for future research 

and elucidation of this difficult, elusive, and interesting pathogen. 
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