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Fungi display diverse growth forms. Some grow as unicellular yeasts, some grow as multicellular 

hyphae, while others switch between these two growth forms, i.e., the dimorphic fungi. 

Dimorphism is found in many pathogenic fungi, and it is thought to be a strategy to maximize their 

fitness during different stages of life cycles. The corn smut fungus Ustilago maydis serves as a 

renowned model organism for studying fungal dimorphism and its role in pathogenesis. However, 

knowledge only from the model species may not be expanded to other species unless multispecies 

studies have been demonstrated. In this dissertation, I performed comparative analyses to examine 

if knowledge from U. maydis is translational to other dimorphic fungi. First, a physiological study 

was conducted to find what can serve as a common signal for dimorphic transition of several 

Ustilaginomycotina species. I found that the lipid serves as a potential common cue for yeast-to-

hyphal transition in most dimorphic species, while alternate types of energy-source carbohydrate 

do not affect fungal dimorphism. In addition, pectin and high temperature can also trigger 

filamentous growth in some Ustilaginomycotina species. Second, I performed comparative 

transcriptomics to determine if a mechanism for yeast-to-hyphal dimorphic transition is conserved 

across multiple dimorphic species. Three species of Ustilaginomycotina (U. maydis, Tilletiopsis 

washingtonensis and Meira miltonrushii) plus one species from Ascomycota (Ophiostoma novo-

ulmi) were included in the analyses. I found that the similarity of transcriptomic alteration is not 

dependent on phylogenetic relatedness. Genes in amino acid transport and metabolism, energy 

production and conversion and cytoskeleton are commonly altered during the dimorphic transition 

of all studied species. Moreover, I discovered several core genes which can play a conserved role 

in transducing signals for the dimorphic transition. Finally, I performed comparative analyses of 

190 fungal genomes to determine genomic properties that are associated with types of fungal 

growth form. I found that small genome size is a characteristic for yeast-like fungi. Few indicator 

genes, such as genes encoding proteins in the NADPH oxidase complex and cytoskeletons, which 
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are predominantly lost in yeast-like fungi in both Ascomycota and Basidiomycota. However, many 

other genes are associated with types of growth form in a lineage-specific manner. Findings from 

this dissertation will serve as fundamentals for future research in fungal cell biology, especially in 

fungal dimorphism. Additionally, results from this study suggest cautions when extrapolating 

results from model species onto non-model species. 
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 LITERATURE REVIEW 

1.1 Fungal growth and development 

Fungi is one of the most diverse eukaryotic kingdoms with a recently estimated species number of 

5.1 million (1). Collectively the fungi utilize a variety of habitats, nutritional modes and strategies 

for survival and reproduction. In terms of growth and development, fungal growth varies from 

basic to very complex structures. Many fungi produce visible spore-bearing structures called 

fruiting bodies, which can be macroscopic to hundreds of thousands of cubic centimeters in size, 

such as produced by Phellinus ellipsoideus (2). One group, rust fungi in Pucciniomycotina (3), 

evolves five types of spores throughout their life cycle. Others produce vegetative structures that 

extend for kilometers in soils. An example is Armillaria bulbosa, which serves as the largest 

individual on the planet with a vegetative structure covering over 15 hectares (4). On the other 

hand, many fungi lack structural complexity. Some of these appear single cells and have not been 

observed to produce spores for reproduction. Some others, like microsporidians, have single cells 

with reduced forms of mitochondria and membranous organelles, and are obligately parasitic 

inside host cells (5). Despite this variation, the majority of members of the fungal kingdom display 

one of two common types of growth: filamentous growth and yeast growth. 

1.1.1 Filamentous/hyphal growth 

Most known fungi have an ability to grow as a tube-like and filamentous structure termed a hypha. 

The hypha contains multiple cells that may or may not have cross walls (termed ‘septa’) as a border 

between them. Hyphae can be branched to increase reticulation and growth direction of a colony. 

The hypha serves as a basic unit for complex multicellular structures such as a vegetative 

mycelium covering on a substrate, a dormant structure like sclerotia, an asexual spore-bearing 

structure or even a fruiting body that bears sexual spores (6). These developmental processes 

require many physio-chemical interactions between a fungus and an environment, as well as 

intercellular communications among cells in the hypha. 

 

A hyphal tip is an active area that has indeterminate apical growth. This area contains numerous 

machineries for building new cell wall and plasma membrane. One of the most conspicuous 

structures observed from microscopy is a dense aggregation of vesicular bodies called the 
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Spitzenkörper. It was first discovered in the mushroom-forming fungus Coprinus (7), and later 

found in many fungi having polarized growth such as Neurospora crassa, Aspergillus nidulans, 

Magnaporthe oryzae, Colletotrichum graminicola, Rhizoctonia solani and Ustilago maydis (8,9). 

In the model filamentous fungus N. crassa, the Spitzenkörper comprises two types of vesicle based 

on size. Macrovesicles contain glucan synthases, while microvesicles (also known as chitosomes) 

contain chitin synthases⎯these two enzymes produce major macromolecules for fungal cell walls 

(10). Other components near the hyphal tip include ribosomes and mitochondria, wires of actin 

filaments and microtubules, and endomembranous structures like endosomes, Golgi body, tubular 

endoplasmic reticulum and vacuoles. 

 

Establishment of polarity and vesicular transport are two major processes during hyphal extension. 

First, there must be positional markers that are consistently retained at the hyphal tip to indicate 

the direction of the polarized growth. These markers, bound to sterol-rich lipid rafts at hyphal tip 

membranes, are crucial for recruitment of other molecules to establish a polarity. One of them 

includes Cdc42 GTPase, which subsequently recruits formin and other proteins for nucleating actin 

filaments (11–13). A dense mass of actin filaments at the hyphal tip (termed actin cables) serves 

as a track for accumulation of secretory vesicles at the Spitzenkörper, as well as for exocytosis of 

the vesicles from the Spitzenkörper (14). In addition to the actin cables, the actin filaments are 

formed at the subapical region as actin patches. This actin structure, accompanied by other proteins 

such as fimbrin, coronin and Arp2/3 complex (15,16), is involved in endocytosis of the subapical 

region membrane. Endocytosis is proposed to be important for maintaining polarized growth in a 

few ways⎯to retract plasma membranes from excess exocytosis, to recycle positional markers 

and to degrade undesired membrane proteins (6,17).  

 

While the actin filaments play a critical role in vesicular transport at the hyphal tip, the microtubule 

serves as a railroad for long-distance transport. In addition to cell wall and membrane biogenesis 

machineries, vesicles transported through microtubules may be coupled with other cargos. 

Examples are endosome-mediated mRNA trafficking in U. maydis and endosome-coupled 

peroxisome transport in A. nidulans (18,19). Growing microtubules also help deliver positional 

markers of A. nidulans and Schizosaccharomyces pombe to the hyphal tip (20,21). Microtubules 

can be formed near a nuclear envelope, at a septum or even the hyphal tip, depending on where a 
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multiprotein complex called the microtubule-organizing center (MTOC) is assembled (22,23). 

Finally, vesicular transport requires many motor proteins that act as connectors between vesicles 

and cytoskeletons, both microtubules and actin filaments (24).  

 

In addition to vesicles and cytoskeletons, other components can play a role in hyphal growth. 

However, this area is much less studied. Veses et al. (25) summarized how a vacuole contributes 

to hyphal growth. For instance, U. maydis forms highly vacuolated compartments at a distal region 

instead of undergoing mitotic cell division (26). This is to maintain filamentous growth under 

limited resources as doubling of nucleus and cytoplasm is more costly than vacuole biogenesis. In 

N. crassa, the vacuole serves as a reservoir for chitin synthases before they are delivered to the 

Spitzenkörper, suggesting an alternative route of transporting secreted proteins (27). Mitochondria 

are also found near the hyphal tip, but their role in hyphal growth is poorly understood. Levina and 

Lew (2006) demonstrated that tip-localized mitochondria in N. crassa do not produce ATP through 

oxidative phosphorylation, but they sequester calcium ions. This maintained high Ca2+ 

concentration may contribute to constant hyphal growth as Ca2+ is involved in actin assembly and 

exocytosis (29,30). Finally, although the importance of tip-localized ribosomes is not empirically 

tested, an evidence of long-distance mRNA transport in U. maydis suggests their role in local 

translation of proteins required for hyphal formation (18).  

 

As the hypha grows longer, a new compartment is created to make a new daughter cell that remains 

active for apical growth, while the penultimate cell becomes the intact mother cell. Septum 

formation is a final step to complete cell division in most filamentous fungi. It requires the 

assembly of a contractile actomyosin ring at a cytoplasmic division site (14). The contractile ring 

causes membrane invagination, which occurs simultaneously with chitinous cell wall synthesis to 

create a septum. GTP-binding family proteins called septins are also assembled, through Cdc42 

signaling in S. cerevisiae, as a ring at a site where the septum will be formed (31). Several studies 

have shown that the septins do not only play a role in septum formation, but also establish cell 

polarity and morphogenesis in several filamentous fungi (32–36). It is still unclear how septins are 

associated with machineries for septum formation and polarized growth. However, a current model 

is that septin assembly at a plasma membrane serves as a physical barrier for membrane diffusion, 

and that generates membrane asymmetry that leads to polarity establishment (31).  
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Many yeast-like fungi can display filamentous growth under certain conditions. Some of them, 

like Candida albicans, produce true hyphae that are morphologically similar to filamentous fungi 

(37). However, many others have filamentous growth as a chain of yeast cells, termed 

pseudohypha (38). Pseudohyphae differ from true hyphae by a few properties. First, pseudohyphae 

consist of multiple yeast cells that have incompletely separated. For budding yeasts, pseudohyphal 

growth is easy to recognize by a constriction at the septum. In addition, unlike true hyphae, 

pseudohyphae are not slender and tube-like. Lateral walls of each pseudohyphal cell are convex 

or curved, resembling the morphology of a solitary yeast cell. Finally, while hyphal growth occurs 

by continual polarized growth at the hyphal tip, pseudohyphal growth is a consequence from an 

oscillation of polarized growth (to form a bud site) and isotropic growth (to expand a yeast cell) 

(39). Despite these differences, pseudohyphae are still counted as filamentous growth by three 

points⎯each cell in a filament is more elongated, the direction of growth is polarized and cell-to-

cell adhesion is enhanced (40). Moreover, many molecular machineries that control pseudohyphal 

growth in the budding yeast S. cerevisiae turn out to control hyphal growth in many filamentous 

fungi (40). 

1.1.2 Yeast growth 

Yeast is a collective term used to describe unicellular fungi that divide through budding or fission 

and do not enclose their sexual stages within a fruiting body (38). In other words, yeast can survive, 

grow and reproduce as a solitary cell. Traditionally, there are two major yeast groups belonging to 

Ascomycota: budding yeasts in Saccharomycotina and fission yeasts in Taphrinomycotina. Yeasts 

are also prevalent in certain lineages of Basidiomycota such as Tremellomycetes, 

Ustilaginomycotina and Pucciniomycotina (3,41,42). Other fungi may have a yeast-like strategy 

(i.e., they have at least one stage of their life cycles as a unicellular yeast). Exemplars are thermally 

dimorphic fungi in Eurotiomycetes (43). Figure 1.1 summarizes major lineages in the kingdom 

Fungi that harbor yeast-like species. The current hypothesis is that yeast-like growth has 

independently evolved in several lineages from ancestral filamentous fungi (44,45). 
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Figure 1.1 The Fungal Tree of Life depicting yeast-like lineages.  

The tree is partially modified from a recent study (44). Note that yeast-like fungi refer to fungi 

having at least one stage of the life cycle as a unicellular yeast. The yeast-like fungi lineages are 

shown in red color. Pale red lineages have a majority of members as filamentous fungi, but a few 

members appear as yeast-like fungi. 

 

There are several aspects that make yeast growth different from hyphal growth. In terms of cell 

wall composition, yeast cell walls have less chitin content than filamentous fungi (2-3% compared 

to 15% of cell wall dry weight). Also, there are different polysaccharide components between the 

cell walls of both (46). The second point is about growth direction. Yeasts do not have consistent 

polarized growth. Cells of the budding yeast Saccharomyces cerevisiae are mostly spherical, 

indicating that they have growth in every direction, termed as isotropic or symmetrical growth. 

Meanwhile, the fission yeast Schizosaccharomyces pombe has bipolar growth, making cells have 

a cylindrical shape. It has been shown that the localization of the polarity marker Cdc42 GTPase 
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determines yeast cell shapes⎯Cdc42 is oscillated between two opposite tips in 

Schizosaccharomyces pombe whilst being oscillated across different cell areas in Saccharomyces 

cerevisiae (47). This contrasts to filamentous fungi in which Cdc42 is constantly localized at a 

hyphal tip (6). 

 

Cytokinesis is another aspect that differs between yeast and filamentous growth. After reaching a 

critical cell size, yeasts undergo cell division to produce new cells. They have a complete 

separation of cell wall and plasma membrane between two daughter cells, whereas many 

filamentous fungi have interconnected plasma membranes or at least have shared cross walls. In 

the budding yeast models Saccharomyces cerevisiae and Candida albicans, there are two stages 

of septum formation (37,48). A primary septum (aka. a ‘shared’ cross wall) is formed during 

actomyosin ring contraction. After plasma membranes of two daughter cells are completely 

separated, both cells build their own secondary septa. Finally, the primary septum is degraded by 

enzymes to separate daughter cells apart. This cytokinesis mechanism is also conserved in the 

fission yeast Schizosaccharomyces pombe (49), except that fission yields two equal-sized daughter 

cells while budding yields unequal daughter cells. While the septin ring indicates where to form 

the septum in fission yeasts and filamentous fungi, it indicates a site of bud formation in 

Saccharomyces cerevisiae (31,48). The budding yeast cell then has an asymmetrical growth 

towards the bud site prior to nuclear division and cytokinesis. 

 

Although yeasts normally survive and reproduce as a single cell, they have some properties for 

multicellularity. Many of them can grow as a filamentous form (see below for ‘dimorphic fungi’). 

Moreover, recent studies have shown that Saccharomyces cerevisiae colonies can form two 

subpopulations based on their spatial locations. The upper layer consists of large cells with low 

respiration and metabolism under nutrient-limited condition, while the lower layer comprises 

smaller cells with active catabolism to transfer nutrients to the upper layer (50). Heterogeneous 

cell types are also found in more complex structures of Saccharomyces cerevisiae and C. albicans 

like biofilms and stalk-like colonies (51,52). Hence, these yeast species will continue serving as 

models to study cell differentiation, as well as how multicellularity is formed. 
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1.2 Dimorphic fungi 

Fungal dimorphism is a phenomenon by which fungi can grow both as a unicellular yeast form 

and a multicellular filamentous form. Which growth form they display is determined by several 

factors such as stages in a life cycle, ploidy status, environmental cues and intercellular 

communication (53). Many yeast-like fungi that can have polarized hyphal growth are considered 

as dimorphic fungi. However, defining ‘dimorphic fungi’ is often a challenging task, especially 

for less widely known species. One major reason is a lack of adequate observation. Many 

mycologists describe species based on their primary growth form observed in nature or in axenic 

culture. However, as dimorphic fungi may switch to the other growth form only under certain 

conditions, they may be misidentified as either yeasts or filamentous fungi instead of dimorphic 

fungi. For example, Moesziomyces aphidis was originally described as a yeast species with the 

presence of elongated cells resembling pseudohyphae (54), but recent studies showed that it can 

grow as hyphae (55–57). Moreover, distinguishing between true hyphae and pseudohyphae is 

somewhat difficult unless their cytology is carefully investigated. Hence, an inclusive term 

‘filamentous growth’ is often used to avoid any confusion. Finally, the problem comes from the 

term fluidity. Some researchers include any yeast-like fungi that can undergo filamentous growth 

as dimorphic fungi (58,59), some consider only yeast-like fungi that can form true hyphae (60), 

while some others do not provide a clear distinction (53). Moreover, recent literatures have erected 

the term ‘polymorphic fungi’ for any fungi that can grow as yeasts, pseudohyphae and true hyphae 

(53,60). In this dissertation, I use the term dimorphic fungi in an inclusive context. 

 

Dimorphic fungi are predominantly found in Dikarya (a subkingdom including Ascomycota and 

Basidiomycota), although this phenomenon was originally described in the zygomycetes genus 

Mucor (61). Some examples are provided in Table 1.1. In Ascomycota, the most renowned group 

with high research interest is “thermally dimorphic fungi”⎯many of which are also known as 

“black fungi” or “black yeasts” (45). These fungi are typically found as pathogens on humans, and 

temperature serves as a stimulus for morphological transition (43). Despite this shared character, 

they are a polyphyletic group. The thermally dimorphic fungi can be found in Sordariomycetes, 

Eurotiomycetes and Dothideomycetes (Table 1.1). Another renowned dimorphic fungus is 

Candida albicans (Saccharomycotina, Ascomycota), which is an opportunistic human pathogen. 

For dimorphic plant pathogens, the corn smut fungus Ustilago maydis (Ustilaginomycotina, 
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Basidiomycota) serves as a primary model for research in the field. Other exemplars include 

Taphrina deformans (Taphrinomycotina, Ascomycota) causing peach leaf curl disease, 

Ophiostoma ulmi and O. novo-ulmi (Sordariomycetes, Ascomycota) causing Dutch elm disease 

and Zymoseptoria tritici (Dothideomycetes, Ascomycota) causing Septoria tritici blotch on wheat. 

Recent literature has shown that early-diverging basidiomycetes lineages such as 

Pucciniomycotina, Ustilaginomycotina and Tremellomycetes comprise many dimorphic fungi 

(42,62,63). However, they receive minute attention because their members are neither 

economically important nor detrimentally harmful to humans. 

 

It has been hypothesized that dimorphic fungi utilize different growth forms to maximize fitness 

in different stages of their life cycle. For instance, filamentous growth in Saccharomyces cerevisiae, 

as a chain of elongated cells under nutrient-limited condition, is considered as a scavenging 

response to increase a chance of finding nutrients (40). In many dimorphic human pathogens, a 

unicellular yeast form has a drastic shift of cell wall composition to avoid the recognition of 

immune cells (60,64). Recent reviews also suggested that the yeast form is beneficial for 

dissemination through host bloodstream and respiratory tract (60,65). However, the opportunistic 

pathogen C. albicans resides on host’s skins and mucosal layers as a commensal yeast, while the 

hyphal form is used to penetrate host tissues and evade host immunity (37,52). Metarhizium rileyi 

switches to yeast-like growth when reaching the hemolymph of an insect. This helps the fungus 

spread throughout the host body. Once reaching a threshold critical density, it switches back, 

possibly by quorum sensing, to hyphal growth to finish colonization and kill the host (66). For 

dimorphic plant pathogens, filamentous growth is a primary form that penetrates the epidermis 

and colonizes host tissues (67). Genetic studies in U. maydis have shown that mutants with reduced 

filamentous growth often have attenuated virulence (36,68–71). On the other hand, the yeast form 

is beneficial for dissemination through plant vascular systems as shown in Ophiostoma and 

Verticillium (67). Moreover, it is tempting to propose that the yeast form is more advantageous for 

passive dispersal through wind, rain or even a vector. 
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Table 1.1 Examples of dimorphic fungi, life strategies, and environmental cues for 

morphological transition 

*The genus is widely known in literature as Cladosporium and Exophiala 

GlcNAc stands for N-acetyl glucosamine  

Lineages/Species Life strategy Environmental cues References 
Ascomycota 

- Saccharomycotina 

Saccharomyces cerevisiae 

Candida albicans 

 

Holleya sinecauda 

Yarrowia lipolytica 

 

- Taphrinomycotina 

Taphrina deformans 

Schizosaccharomyces pombe 

- Eurotiomycetes 

Blastomyces dermatidis 

Coccidioides immitis 

Talaromyces marneffii 

Histoplasma capsulatum 

- Sordariomycetes 

Sporothrix schenckii 

Ophiostoma ulmi and  

        O. novo-ulmi 

Verticillium albo-atrum 

Metarhizium rileyi 

- Dothideomycetes 

Zymoseptoria tritici 

Aureobasidium pullulans 

 

Hortaea werneckii* 

 

 

Saprobe 

Opportunistic human 

pathogen 

Plant pathogen 

Saprobe 

 

 

Plant pathogen 

Saprobe 

 

Human pathogen 

Human pathogen 

Human pathogen 

Human pathogen 

 

Human pathogen 

Plant pathogen 

 

Plant pathogen 

Insect pathogen 

 

Plant pathogen 

Saprobe 

 

Saprobe, opportunistic 

human pathogen 

 

 

Nutrient limitation (C, N) 

Temperature, serum, CO2, pH, 

farnesol, GlcNAc 

Media solidity 

Nitrogen source, GlcNAc, serum, 

citrate, pH, anaerobic 

 

Unknown cue from host leaves 

Nitrogen starvation 

 

Temperature, GlcNAc 

Temperature 

Temperature 

Temperature, GlcNAc 

 

Temperature 

Nitrogen source, inoculum density, 

quorum-sensing 

Culture agitation, inoculum density 

Host hemolymph, quorum-sensing 

 

Nitrogen starvation 

Nitrogen source, quorum-sensing, 

Zn2+ 

Temperature, CO2, cysteine, 

inoculum size, agitation 

 

 

(40) 

(37) 

 

(72) 

(73–75) 

 

 

(76) 

(77) 

 

(43,78) 

(43) 

(43) 

(43,78,79) 

 

(43) 

(80,81) 

 

(82) 

(66) 

 

(83) 

(84,85) 

 

(86,87) 

Basidiomycota 

- Ustilaginomycotina 

Ustilago maydis 

 

 

Malassezia spp. 

 

- Pucciniomycotina 

Microbotryum lychnidis- 

         dioicae 

- Agaricomycotina 

Cryptococcus neoformans 

 

Trichosporon cutaneum 

 

 

Plant pathogen 

 

 

Opportunistic human 

pathogen 

 

Plant pathogen 

 

 

Human pathogen 

 

Saprobe 

 

 

Mating, lipid, hydrophobicity, 

acidic pH, nitrogen starvation 

 

L-DOPA, lipid on mammal skin, 

high CO2 tension 

 

Unknown 

 

 

Mating, nitrogen starvation, 

temperature, CO2 

Nitrogen source, pH, temperature 

 

 

(88–91) 

 

 

(92–94) 

 

 

(95) 

 

 

(96) 

 

(97) 

Mucoromycota 

Mucor spp. 
 

 

Saprobe, opportunistic 

human pathogen 

 

Carbon source, CO2 
 

 

(98) 
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1.3 Smut fungi (Ustilaginomycotina) 

Smut fungi are plant pathogens that produce masses of dusty dark-colored spores called teliospores 

(99). The pathogens typically infect reproductive parts of plant hosts, but many others are also 

found to infect vegetative parts such as leaves, stems and roots. Some smut fungi also induce the 

hosts to form a gall, which serves as a nutrient supply for them. Current taxonomic studies reveal 

that smut fungi are a polyphyletic assemblage. Most smut fungi belong to an early-diverging 

basidiomycete lineage called Ustilaginomycotina (62). Minorities are anther smut fungi in the 

genus Microbotryum (Microbotryomycetes, Pucciniomycotina), root gall-forming smut fungi in 

the genus Entorrhiza (Entorrhizomycota) and false smut fungi in the genus Ustilaginoidea 

(Sordariomycetes, Ascomycota) (3,100,101) 

 

Currently Ustilaginomycotina has ca. 1,700 described species in 115 genera (62). Most widely 

known species are smut fungi on grasses belonging to the orders Ustilaginales and Tilletiales. 

Some representatives include the corn smut fungus Ustilago maydis, the wheat stinking smut fungi 

Tilletia spp. and the sugarcane smut fungus Sporisorium scitamineum. In addition, other smut 

fungi in Ustilaginomycotina, defined by the characteristic teliospores, infect other types of host 

like dicots, pines or even ferns (62,102). A recent study suggested that a smut pathogenic ancestry 

has originated at the emergence of the subphylum (41); however, not all members of this clade are 

considered as smut fungi. Some of these are known as non-smut phytopathogens such as 

Pseudomicrostroma juglandis and Microstroma album causing downy leaf spots on walnut and 

oak trees (103), Exobasidium spp. causing leaf and fruit spots on blueberries and cranberries (104), 

and Tilletiopsis spp. causing a white haze syndrome on postharvest apples (105,106). Many others 

are epiphytic yeast-like fungi commonly isolated from leaf phylloplane (107). Exemplars are 

genera Pseudozyma, Tilletiopsis, Meira and Sympodiomycopsis on various hosts (107), and 

Violaceomyces palustris, which is so far only known to be specific on aquatic ferns Salvinia spp. 

(108). Finally, although the majority of Ustilaginomycotina members are either plant pathogenic 

or plant-associated fungi, several species are found as animal-associated fungi. A renowned 

example is the genus Malassezia, which comprises lipophilic fungi on mammal skins (109,110). 

Other representatives are several species of Moniliella, Meira and Acaromyces (111,112). 
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The corn smut fungus U. maydis serves as a model species for several aspects of fungal biology, 

plant pathology and genetics. Historically, it was a pioneer system to study DNA recombination 

and gene conversion (113,114). Due to an ease for genetic manipulation, U. maydis is a good 

model to study molecular genetics of host-pathogen interaction and biotrophic development 

(88,115). The pace of research in this area has been expedited thanks to the completion of the U. 

maydis reference genome in 2006 (116). In terms of life strategy, U. maydis has a complicated life 

cycle that switches between saprobic and pathogenic phases (62). During a haploid stage (n), after 

teliospore germination and meiosis, the pathogen survives as a saprobic yeast and asexually 

reproduces by budding. This phase can be grown in axenic culture, but it is rarely detected in 

nature (62). When two compatible yeasts come close to each other, they form a conjugation tube, 

through pheromone signaling and responses (117), to undergo cytoplasmic fusion (termed 

‘plasmogamy’). After that, the fungus in a dikaryotic stage (n+n) switches to a pathogenic 

filamentous phase. It has polarized hyphal growth with a cell cycle arrest at a G2 stage (118), and 

the fungus forms retraction septa to separate a viable compartment at an apical region from highly 

vacuolated compartments at a distal region (26). When the pathogen perceives triggering signals 

from the host, like hydroxy-fatty acids and hydrophobicity (89,119), it forms an appressorium to 

penetrate a plant epidermis. After it grows and colonizes plant tissues, its hyphae become 

fragmented and transformed into teliospores (120), where two nuclei are fertilized to a diploid 

stage (termed ‘karyogamy’). The teliospores are dispersed and dormant until a favorable condition 

induces their germination to begin a next cycle. From this elaborated life cycle, U. maydis also 

serves as one of the primary models to understand the role of fungal dimorphism in pathogenesis 

(67,121). 

1.4 Mechanisms for fungal dimorphism 

As dimorphic fungi perceive signals from surroundings to determine their growth forms, it is 

important to investigate what signals affect dimorphism, as well as how signal transduction 

mechanisms trigger morphogenesis. Knowledge in this area is translational especially for 

dimorphic pathogens. It can lead to the design of chemicals/inhibitors that either block signal 

perception or disrupt downstream signaling pathways. These could prevent disease progression 

due to unsuccessful morphological switch, which consequently makes the pathogens unable to 

survive and overcome host defenses. 
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1.4.1 Physiological factors that trigger dimorphic transition 

Thanks to most dimorphic fungi that can grow under axenic cultures, cumulative physiological 

studies have provided an overview of what culturing conditions trigger dimorphic transition (Table 

1.1). Nitrogen starvation is widely known to trigger yeast-to-hyphal switch in several species such 

as Saccharomyces cerevisiae, Schizosaccharomyces pombe, Candida albicans, Cryptococcus 

neoformans, Ustilago maydis and Zymoseptoria tritici (37,40,77,83,90,96). In contrast, 

Trichosporon cutaneum and Yarrowia lipolytica represent an exception by which high nitrogen 

source promotes filamentous growth (75,97). Types of nitrogen source also impact types of growth 

form in several dimorphic species (73,81,85,97), albeit a general conclusion is hard to be drawn. 

In addition, the effect of carbon sources on fungal dimorphism has been reported in the literature, 

but with less attention. Fermentable hexoses have been shown to promote yeast growth in several 

Mucor species (98), while S. cerevisiae undergoes invasive filamentous growth when culturing 

without fermentable sugars (122). The sugar derivative N-acetyl glucosamine (GlcNAc) is found 

to be an elicitor for filamentous growth of C. albicans, Y. lipolytica, H. capsulatum and B. 

dermatidis (37,74,78). 

 

Rather than nutrient condition, other environmental factors can impact dimorphic switching. For 

example, acidic pH induces filamentous growth in two basidiomycetes dimorphic fungi⎯U. 

maydis and T. cutaneum (91,97). On the other hand, Y. lipolytica and C. albicans display yeast 

growth under the same condition, and they form hyphae under alkaline pH (73,123). Anaerobic 

condition, or high CO2 tension, was historically known for triggering yeast growth of several 

Mucor species (98). However, it was later recognized to promote hyphal growth in at least two 

ascomycetes dimorphic fungi C. albicans and Y. lipolytica (37,73). Interestingly, there is a single 

report showing an effect of Zn2+ on promoting filamentous growth in Aureobasidium pullulans 

(84). Finally, physical properties while culturing like temperature, media solidity and agitation can 

affect growth forms in some dimorphic fungi (72,82,97). 

 

Intercellular communication is another critical factor for determining growth forms in dimorphic 

fungi. Inoculum density plays a major role in dimorphism of several ascomycetes species like 

Ophiostoma ulmi and O. novo-ulmi, Verticillium albo-atrum, Metarhizium rileyi and A. pullulans 

(80,82,85), suggesting quorum-sensing activity in these fungi. Farnesol, as a renowned quorum-
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sensing molecule, is secreted by C. albicans to suppress filamentous growth and biofilm formation 

(37). Other quorum-sensing molecules involved in fungal growth and development are discussed 

in a recent  review (124). Although quorum sensing is poorly known in basidiomycetous fungi, 

mating is associated with dimorphism in a few model species. Yeast cells of Ustilago maydis 

perceive a farnesylated pheromone lipopeptide to initiate conjugation tube formation (117). After 

plasmogamy, a dikaryotic cell undergoes hyphal growth. The post-mating filamentous growth is 

also found in Cryptococcus neoformans (96), but it can revert back to yeast growth once it becomes 

a diploid stage through karyogamy. 

 

To become successful in infection and colonization, dimorphic pathogens utilize signals from their 

hosts for morphological switching. Temperature serves as a primary factor that triggers dimorphic 

transition in many human pathogenic fungi (Table 1.1). Most of these are adapted to grow as yeasts 

at 37 C (human body temperature), and as hyphae in cooler environmental temperatures 

(43,87,96). High CO2 tension, which is presumably found in human tissues, can also promote yeast 

growth in some dimorphic pathogens that cause systemic infection (87,96,98). However, human 

body temperature, high CO2 and blood serum are factors that promote filamentous growth in C. 

albicans (37). The commensal and opportunistic fungus Malassezia likely requires signals on 

mammal skins for filamentous growth, which is enhanced under microaerophilic environment 

(65,94). While signals involved in fungal dimorphism have been extensively studied in human 

pathogens, knowledge in plant pathogens remains scarce. The only well-studied dimorphic plant 

pathogen to date is U. maydis. Acid pH, lipid and hydrophobicity have been shown to promote 

filamentous growth of U. maydis (89,91,119). These cues are commonly found on a plant host 

surface (125), indicating that the pathogen perceives the host for dimorphic transition. The peach 

leaf curl pathogen Taphrina deformans is obligately filamentous only when it colonizes a host, 

possibly after perceiving an unknown signal. While temperature plays a major role in dimorphic 

transition of human pathogens, whether there is a common cue for dimorphic plant pathogens 

remains unknown. 

1.4.2 Signal transduction mechanisms 

After signal perception, dimorphic fungi require an elaborated system of signal transduction, gene 

regulation and biomolecular localization prior to morphogenetic reprogramming. Upstream 
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signaling pathways are the most intensively studied since they are widely conserved throughout 

the fungal kingdom. In Fungi, there are two major conserved pathways⎯the cAMP/Protein kinase 

A (PKA) pathway and the mitogen-activated kinase (MAPK) pathway (126,127). In this review, I 

will provide a comprehensive overview of these signaling pathways, as well as any upstream and 

downstream molecular players, using U. maydis as a model (summarized in Figure 1.2). Any 

remarkable difference in other dimorphic fungi may be reviewed and discussed. 

 

 

Figure 1.2 Overview of the regulatory network for fungal dimorphism in U. maydis.  

Filamentous growth of U. maydis can be triggered through a few pathways: the cAMP/PKA 

pathway, the MAPK pathway and the GTPase-mediated signaling pathways. These signal 

transductions are followed by the alteration of the transcriptional network that activates 

downstream effectors for morphogenesis. Details of molecular players in the figure can be found 

in Table 1.2. 
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Table 1.2 A list of known fungal dimorphism genes from the U. maydis literature 

Categories Gene name Function References 
Receptors Pra1 

Msb2 

 

Sho1 

Ump2 

Pheromone receptor 

Transmembrane mucin, multicopy 

suppressor of a budding defect 

Osmosensor transmembrane protein 

Ammonium transporter 

(128) 

(119) 

 

(119) 

(129) 

cAMP/PKA 

pathway 

Gpa3 

Bpp1 

Uac1 

Ubc1 

 

Adr1 

 

Uka1 

Umpde1/2 

Ucn1 

G protein alpha subunit 

G protein beta subunit 

Adenylate cyclase 

Regulatory subunit of cAMP-dependent 

protein kinase A 

Catalytic subunit of cAMP-dependent 

protein kinase A 

cAMP-dependent protein kinase A 

Phosphodiesterases 

Antagonist phosphatase of PKA 

(130) 

(131) 

(132) 

(132,133) 

 

(134) 

 

(134) 

(135) 

(136) 

MAPK pathway Ubc2 

 

Kpp2/Ubc3 

Kpp4/Ubc4 

Kpp6 

Fuz7/Ubc5 

Rok1 

Crk1 

Pheromone-responsive SH3 domain 

protein 

MAP kinase 

MAP kinase kinase kinase 

MAP kinase 

MAP kinase kinase 

Dual specificity protein phosphatase 

MAP kinase 

(137,138) 

 

(139,140) 

drew 

(141) 

(142,143) 

(144) 

(68) 

GTPase-mediated 

signaling 

Ras1, Ras2 

Sql2 

 

Rho1 

Pdc1 

Cla4 

Rac1 

Ras family GTPase 

Cdc25-like guanyl nucleotide exchange 

factor 

Rho family GTPase 

14-3-3 homolog 

PAK family kinase 

Rho family GTPase 

(145,146) 

(146) 

 

(147) 

(148) 

(149) 

(150) 
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Table 1.2 continued 

Categories Gene name Function References 
Transcriptional 

regulator 

Biz1 

 

Hap2 

Rop1 

 

Prf1 

 

Rbf1 

 

Cib1 

 

Gcn5 

Hos2 

Tup1 

Pac2 

Ros1 

Nit2 

 

Med1 

b locus-dependent Zn finger 

transcription factor 

CCAAT‐box binding protein 

High-mobility-group (HMG) domain 

transcription factor 

Pheromone response factor functioning 

as a transcription factor 

b locus-dependent Zn finger 

transcription factor 

b locus-dependent Zn finger 

transcription factor 

Histone acetyltransferase 

Histone deacetylase 

General transcriptional repressor 

WOPR family transcriptional repressor 

WOPR family transcriptional regulator 

GATA transcription factor responsive 

to low nitrogen 

Transcription factor 

(151) 

 

(152) 

(153) 

 

(71,154) 

 

(155) 

 

(156) 

 

(157) 

(158) 

(159) 

(159) 

(160) 

(70) 

 

(161) 

Other downstream 

molecular players 

Hgl1 

Rak1 

Myo5 

Kin1, Kin3 

 

Rrm4, Khd4 

 

Clb2 

Chs5 

Chs7 

Mcs1 

Clp1 

 

Yup1 

Sep3 

 

Tea1, Tea4 

Putative regulatory protein 

Seven-WD40 repeat motif protein 

Class V myosin 

Kinesin-1 and 3 required for hyphal 

growth 

RNA-binding protein for filamentous 

growth 

B-type cyclin 2 

Chitin synthase V 

Chitin synthase 

Myosin chitin synthase 1 

Function in nuclei distribution during 

cell division in dikaryon 

t-SNARE protein for vesicular cycling 

Septin 3 as an effector of cAMP/PKA 

pathway 

Cell end markers 

(162) 

(163) 

(164) 

(165) 

 

(166,167) 

 

(168) 

(169) 

(169) 

(169) 

(156) 

 

(9) 

(36) 

 

(170,171) 
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1.4.2.1 cAMP-PKA pathway 

The cAMP-PKA pathway is a well conserved signaling pathway across eukaryotic organisms 

(127). The signaling initiates by the perception of an extracellular stimulus through a G protein-

coupled receptor (GPCR). Once a ligand binds to the receptor, it interacts with a heterotrimeric G 

protein complex, which is bound to the receptor, to activate a Gα subunit by incorporating a GTP 

molecule. Then, the active Gα subunit dissociates from the G protein complex and subsequently 

binds and activates an enzyme called adenylate cyclase. This enzyme catalyzes a conversion of 

ATP to 3’-5’ cyclic AMP (cAMP). The cyclic AMP serves as a second messenger inside a cell 

that amplifies a signal to downstream targets. One of the most important targets is protein kinase 

A (PKA), a heterotetrameric enzyme constituting two regulatory subunits and two catalytic 

subunits. The cAMP molecule can bind to the regulatory subunits, causing them to release from 

the catalytic subunits. The PKA catalytic subunits can then phosphorylate many downstream 

proteins involved in various cellular responses. Finally, to provide a feedback control, a 

phosphodiesterase enzyme reduces an intracellular cAMP level by hydrolyzing a phosphodiester 

bond of cAMP, yielding AMP as a product. 

 

Most components of the cAMP-PKA pathway have been characterized in U. maydis. Regenfelder 

et al. (130) discovered four Gα genes (Gpa1 – Gpa4). Only Gpa3 shows a distinct phenotype; a 

mutant has a promoted filamentous growth but does not respond to a pheromone. A subsequent 

discovery of Gβ (Bpp1) reveals a similar biological function to Gpa3 (131). The gene Uac1 was 

identified as an adenylate cyclase in U. maydis (132), for which a mutant has constitutively 

filamentous growth. Although the heterotetrameric structure of PKA is yet to be validated, the 

regulatory subunit Ubc1 and the catalytic subunits Adr1 and Uka1 were characterized. The ubc1 

mutant has a defect on filamentous growth in vitro (132), while during a dikaryotic stage it can 

colonize a host with a presence of hyphae but not a gall formation (133). The adr1 mutant is 

constitutively filamentous during a haploid stage, but its pathogenicity is defective (134). The other 

PKA catalytic subunit Uka1 does not show any significant effects on growth form and 

pathogenicity (134). Finally, Agarwal et al. (135) recently performed functional characterization 

of two phosphodiesterase genes Umpde1 and Umpde2. The umpde1 deletion results in significantly 

reduced pathogenicity. While the umpde2 deletion mutant has a subtle effect on pathogenicity, its 

filamentous growth is strongly attenuated. 
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Overall, several molecular genetic studies have shown that the activation of the cAMP-PKA 

pathway promotes budding but reduces filamentous growth of U. maydis in vitro. The trend is 

confirmed by the addition of exogenous cAMP, which yields a similar outcome (132,172,173). 

This morphological response is opposite of C. albicans and S. cerevisiae by that filamentous 

growth is a consequence of the pathway activation (37,40). However, defects of several 

components in the pathway often lead to hampered pathogenic development. These findings 

suggest that the cAMP-PKA pathway plays a multiple role in both cellular and pathogenic 

developments. In addition, only dimorphic transition to filamentous growth is not enough for the 

switching from a saprobic phase to a pathogenic phase. 

1.4.2.2 MAPK pathway 

The mitogen-activated protein kinase (MAPK) pathway is another extensively studied pathway in 

many eukaryotic systems. The pathway is activated through a sequential phosphorylation of 

Ser/Thr/Tyr protein kinases, termed MAPK cascade. There are three major groups of kinases in 

the MAPK cascade. A MAPK kinase kinase (MAPKKK) is activated by an upstream molecular 

player such as a G-protein complex, a GTPase or a kinase. The active MAPKKK then 

phosphorylates a MAPK kinase (MAPKK) to enable its activity. After that, the MAPKK 

phosphorylates a MAPK to trigger its function as a final step in the cascade. The activated MAPK 

can either stimulate or inhibit many downstream targets such as protein kinases, protein 

phosphatases, transcription factors, etc. 

 

Major components of the MAPK cascade have been described in U. maydis⎯Kpp4/Ubc4 as a 

MAPKKK gene (143,174), Fuz7/Ubc5 as a MAPKK gene (142,143) and Kpp2/Ubc3, Kpp6 and 

Crk1 as MAPK genes (139–141,175). In addition, two additional genes directly involved in the 

cascade are identified. The pheromone-responsive adaptor protein Ubc2 physically interacts with 

Kpp4 (137,138). The other is a dual specificity phosphatase named Rok1, which negatively 

controls Kpp2 and Kpp6 through dephosphorylation (144). In S. cerevisiae, there are several gene 

members in the MAPK family. A recent comparative genomics analysis reveals that almost all of 

these genes have respective orthologs in U. maydis (126), but less than half of which have been 

characterized.  
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Currently, most known MAPK genes of U. maydis are involved in pheromone response, 

conjugation tube formation, filamentous growth and pathogenic development 

(68,139,140,142,143,174,175). An exception is Kpp6, of which the mutant has normal 

morphogenesis but attenuated pathogenicity (141). The Kpp4-Fuz7-Kpp2 MAPK cascade 

corresponds to the Ste11-Ste7-Kss1 cascade in S. cerevisiae⎯it affects the transition to 

filamentous growth (40,126). A Kss1 paralog named Fus3, another downstream target of Ste7, has 

a separate role in S. cerevisiae mating (40). However, in U. maydis the mating function is 

complemented by Kpp2, while its paralog Kpp6 has a single function in pathogenic development. 

The U. maydis Crk1 is another downstream target of Fuz7. Crk1 function, having a role in 

filamentous growth, mating and pathogenesis (68,69), can also be regulated through 

phosphorylation by Kpp2 and cAMP-mediated mechanism. Ime2, an ortholog of Crk1 in S. 

cerevisiae, is involved in pseudohyphal growth and meiotic progression via the cAMP-mediated 

pathway, albeit its upstream MAPK counterpart is still unknown (176). These examples 

demonstrate the functional diversification of the MAPK pathway, as well as its potential crosstalk 

to the cAMP/PKA pathway. Saccharomyces cerevisiae has at least two other MAPK 

cascades⎯the Bck1-MKK1/2-Sit2 cascade involved in cell wall integrity and the 

Ste11/Ssk2/Ssk22-Pbs2-Hog1 cascade involved in the high osmolarity pathway (126). None of 

these have been studied in U. maydis. Therefore, it is interesting to investigate the other MAPK 

members to understand how they affect U. maydis growth and development. 

 

The multidomain adaptor protein Ubc2 provides another example of functional diversification 

within a single molecule. Klosterman et al. (137) showed that the SAM and RA domains at the  

N-terminus region of Ubc2 are essential for U. maydis filamentous growth. A direct interaction of 

the SAM domain and Kpp4 is suggested as an underlying mechanism to activate the MAPK 

cascade. Meanwhile, the C-terminal SH3 domains of Ubc2 are dispensable for filamentous growth, 

but instead required for pathogenesis (137). Other proteins that interact with Ubc2 to trigger a 

different response are yet to be known. To summarize, the U. maydis MAPK pathway frequently 

has a coupled function for both filamentous growth and pathogenic development.  
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1.4.2.3 Alternative pathways 

In addition to the cAMP/PKA and MAPK pathways, GTPases are other important signaling 

components for filamentous growth. A few families of GTPases are described in U. maydis: Ras, 

Rac and Rho family. There are two genes in the Ras family, Ras1 and Ras2. Ras2, acting upstream 

of the MAPK cascade, contributes to filamentous growth, mating response and pathogenicity (145). 

A subsequent study showed that the Ras2 function is activated by the guanyl nucleotide exchange 

factor Sql2 (146). While Sql2 overexpression leads to constitutively filamentous growth, its 

deletion mutant has normal mating but also adversely affects pathogenic development (146). Ras1, 

less studied than Ras2, is only known to promote the expression of a pheromone gene (146). Rac 

is another GTPase family known for polarized growth and cell wall expansion in U. maydis (150). 

Overexpression of Rac1 causes U. maydis to display filamentous growth during its haploid stage, 

while the overexpression of a hyperactivated form leads to an isotropic cell wall expansion and 

cell lethality (150). Rac1 is activated by the guanyl nucleotide exchange factor Cdc24, but 

potentially inhibited by the Rho1 GTPase (147). The only downstream target of Rac1 currently 

known is the PAK family kinase Cla4, which modulates polarized growth, cell separation and bud 

neck formation (147,149). The cyclin-dependent kinase Cdk5 is also involved in cell polarity 

through modulating Cdc24 localization at a hyphal tip (177). 

 

There are few other signaling pathways that are related to fungal dimorphism, but not intensively 

studied in U. maydis. One is the two-component signaling system, which is thoroughly 

investigated in thermally dimorphic fungi (64). The pathway is activated by signal perception 

through a hybrid histidine kinase, which induces the phosphorylation of its response regulator at a 

histidine residue. After that, a histidine phosphotransfer protein mobilizes a phosphate group from 

the response regulator to a downstream target to activate/deactivate its function. Recent studies 

have shown that the class III hybrid histidine kinase plays a crucial role for dimorphic switching 

in Histoplasma capsulatum, Talaromyces marneffii and Blastomyces dermatidis (64). Another 

pathway is the calcium signaling pathway. Upon a signal perception that leads to calcium ion 

influx, an elevated intracellular Ca2+ concentration facilitates a calcium-binding protein called 

calmodulin to become active. The Ca2+-bound calmodulin then interacts with other downstream 

proteins to trigger their function. One of these is a Ser/Thr protein phosphatase named calcineurin, 

which is found to control dimorphic transition in two dimorphic human pathogens Mucor 
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circinelloides and Paracoccidioides brasiliensis (178,179). In M. circinelloides, calcineurin also 

contributes to spore size regulation, cell wall integrity and antifungal drug resistance (180). A 

single study in U. maydis identified the catalytic subunit of calcineurin Ucn1 as an antagonist of 

PKA, which consequently activates post-mating filamentation and pathogenicity (136). 

1.4.2.4 Upstream and downstream molecular players 

Among researches in signal transduction, signal perception is one of the least studied areas due to 

a couple of reasons. One is because most receptors are transmembrane proteins, which are difficult 

for studying protein structures and interactions. Another reason is the exhaustiveness of matching 

which ligands bind to which receptors. In U. maydis, the only confirmed ligand-receptor 

interaction is a lipoprotein pheromone and a seven-transmembrane pheromone receptor (117). The 

binding of the pheromone to the receptor results in the activation of a MAPK signaling cascade 

(138,143,174). The high-affinity ammonium transporter Ump2 has recently been described as 

affecting U. maydis filamentous growth under a low-ammonium condition (90,181). A physical 

interaction between Ump2 and the Rho1 GTPase suggests a mechanism for filamentous growth 

via the Rho1-Rac1 signaling pathway. Thus, it is tempting to hypothesize that Ump2 serves as a 

receptor for nitrogen starvation in addition to a transporter function. Sho1 and Msb2 are two other 

characterized transmembrane proteins found to interact with the MAPK cascade (119). These two 

proteins affect stress response and pseudohyphal growth in S. cerevisiae, whereas their orthologs 

in U. maydis play a role in appressoria formation but not filamentous growth (119). Other signals, 

like acidic pH and lipids, are involved in U. maydis filamentous growth. However, their 

corresponding receptors are yet to be discovered. 

 

The pheromone response factor 1 (Prf1) is a master transcription factor that controls the mating 

process, filamentous growth and pathogenic development of U. maydis (88,121). Primarily, it turns 

on genes⎯a and b⎯in the MAT loci. Genes at the a locus function in pheromone production, 

pheromone response and conjugation tube formation, while the b locus encodes two transcription 

factors (bE and bW) that become active through heterodimerization with their counterparts after 

plasmogamy (182). Considered as a key regulator in cellular and pathogenic development, many 

studies have investigated how Prf1 itself is regulated. The promoter region of Prf1 is relatively 

long with a length of at least 2 kilobases (153). Prf1 can autoactivate itself by binding to its 
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promoter to initiate transcription (153,154).  The promoter region is also subjected to several 

transcription factors such as Rop1, Pac2, Hap2 and Med1 (153,159,161), and the regulation 

network of these genes has been investigated (159,163). A recent study reveals that the histone 

deacetylase Hos2 facilitates Prf1 transcription through unwinding the Prf1 open-reading frame 

region from histone molecules (158). In addition to transcriptional control, the Prf1 activity is also 

regulated via post-translational phosphorylation. Prf1 has multiple Serine/Threonine sites that are 

subjected to phosphorylation by PKA and Kpp2 (183). The PKA phosphorylation sites are required 

to induce gene expression in both a and b loci, while the MAPK phosphorylation sites are essential 

for only b locus expression. Therefore, Prf1 represents one of a few known molecules that integrate 

signaling from different pathways and fine-tune downstream cellular responses. 

 

Once a dikaryotic stage is formed, through activities of MAT a genes, the homeodomain 

transcription factors encoded by the MAT b locus of each nucleus become functional in a 

heterodimerized form. The bE/bW heterodimer can transcriptionally regulate dozens of genes 

(184). However, Heimel et al. (155) revealed that the bE/bW heterodimer may not directly regulate 

these downstream targets, but instead functions through another master regulator called Rbf1. 

Several genes in pathogenesis and cell cycle regulation have been identified as targets of Rbf1 

(155). Considering this, the bE/bW regulatory cascade is crucial for filamentation and pathogenic 

development during the dikaryotic stage. After U. maydis fully colonizes the host, it undergoes a 

transition from vegetative growth to teliospore formation. A recent study has identified the WOPR 

family transcriptional factor Ros1 as a primary regulator for this switching (160). One of the Ros1 

functions includes a feedback inhibition of the bE/bW regulatory cascade. 

 

Although Prf1 serves as a central regulator for dimorphic transition, there are a few cases where 

U. maydis undergoes filamentous growth in a Prf1-independent manner. For instance, Lee and 

Kronstad (145) demonstrated that the hyperactivated Ras2 leads to constitutively filamentous 

growth in a prf1 mutant. The prf1 mutant can also form hyphae under an induction by acidic pH 

or lipids (173,185). According to these, there must be other alternate downstream molecular 

players that need to be discovered. Hgl1, a direct phosphorylation target of PKA (162), is so far 

not known to be linked to Prf1. The GATA transcription factor Nit2 is recently identified as a 

response factor for filamentous growth under nitrogen catabolite repression (70). The nit2 deletion 
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mutant does not have altered expression of Prf1 and its upstream genes, suggesting that Nit2 is 

either downstream or independent of Prf1. The gene encoding histone acetyltransferase Gcn5 also 

contributes to U. maydis dimorphism (157), but whether its function is Prf1-dependent remains 

unknown. To sum up, there are several alternative pathways inducing dimorphic transition in U. 

maydis. However, the Prf1-mediated regulatory pathway is still crucial for pathogenic 

development of U. maydis as it leads to mating, dikaryotization and the establishment of the bE/bW 

heterodimer, which turns on many downstream targets including effectors and pathogenesis 

proteins. Empirical evidence to support this argument is the construction of the solopathogenic 

strain SG200 (186). The strain contains bW2 and bE1 genes, making it form the bE/bW 

heterodimer by itself and it is pathogenic even in a haploid stage. 

 

After sequences of signal transduction and transcriptional regulation, target genes for cellular 

structures and morphogenesis are ultimately activated. Some of these characterized in U. maydis 

include cytoskeletal motors such as the class V myosin gene Myo5 and the kinesin genes Kin1 and 

Kin3 (26,164,165). Chitin synthases are another group of genes that affect fungal dimorphism. 

Weber et al. (169) found that the polar chitin synthases Chs5 and Chs7 are required for conjugation 

tube formation, dikaryotic hyphae formation and pathogenicity, while the Myosin V chitin 

synthase Mcs1 only influences polarized growth once entering into plant tissues. In addition, cell 

division genes like the B-type cyclin Clb2, the nuclei distribution gene Clp1, and the septin gene 

Sep3 are involved in U. maydis filamentous growth (36,168,187). Yup1 encodes an endosomal  

t-SNARE protein that is important for exocytosis and endocytosis; this is found to be critical for 

polarized growth (9). The cell end markers Tea1 and Tea4, indicating a site for polarized growth, 

have been recently characterized in U. maydis (170,171). Finally, the RNA-binding proteins Khd4 

and Rrm4 have been shown to control regular filamentous growth (166,167). They function in 

long-distance mRNA transport so that transcripts involved in polarized growth can be expressed 

at a precise location in a cell (121). 

1.5 Comparative studies 

Rather than differences in morphological appearance of two growth forms, how yeasts differ from 

filamentous fungi remains one of the fundamental questions in fungal biology. Thanks to 

advancements in DNA sequencing technologies, hundreds of fungal genomes have been generated 
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over the past decade, and they can be used in comparative studies (188,189). Nagy et al. (44) 

suggested that yeast-like fungi have independently evolved multiple times in several lineages of 

Dikarya. The commonality of emerging yeast-like clades includes massive gene loss and the 

diversification of genetic toolkits, like Zn-cluster transcription factors, to regulate yeast growth 

(44). More recently, Nguyen et al. (190) generated the reference genome of Neolecta irregularis. 

Despite belonging to the yeast-like clade Taphrinomycotina, this fungus appears to lose the ability 

to grow as yeasts, and instead produces hyphae and complex fruiting bodies. Their comparative 

genomics analyses reveal numerous candidate genes conserved in Neolecta and other ascomycetes 

filamentous fungi; many of these are either absent or divergent in Saccharomycotina and 

Taphrinomycotina (190). Although these two studies list potential genes that explain a difference 

between yeasts and filamentous fungi, representatives in each yeast-like clade were not extensively 

sampled⎯some of which have only 1–2 species. Analyses derived from incomplete taxon 

sampling may not reflect the biology of the whole fungal clades of interest.  

 

Dimorphic fungi also serve as a good system to understand the difference between yeast growth 

and filamentous growth. One interesting aspect is how dimorphic fungi perceive stimuli to undergo 

morphological switching. Although it is widely known in dimorphic human pathogens that 

temperature serves as a primary stimulus for dimorphic transition, little is known in dimorphic 

plant pathogens, as well as dimorphic plant-associated fungi. Another aspect is to investigate the 

gene expression profiles of yeast growth versus filamentous growth. This has been widely 

examined in some model species such as Candida albicans, Histoplasma capsulatum and Ustilago 

maydis (191–196). Recent researches have expanded transcriptomic studies to other non-model 

species (197,198). Nigg and Bernier (197,199) are the first group that performs multispecies 

comparison, which is based on the collection of results from multiple studies. However, their 

comparison only covers gene ontology, which is quite broad and not specific. In addition, they did 

not incorporate any bioinformatic analyses to discover any common core genes involved in each 

growth form among several dimorphic species. 

1.6 Thesis statement and objectives 

In this dissertation, I attempt to utilize multiple approaches, ranging from physiology to genomics 

and transcriptomics to understand the molecular bases of yeast and filamentous growth. Smut fungi 
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and allied members in Ustilaginomycotina are selected as a primary group of interest. Three main 

objectives of the dissertation are as follows: 

1. To determine potential factor(s) that trigger dimorphic transition of Ustilaginomycotina species. 

2. To discover potential ‘core’ genes that are involved in each type of growth form (yeast versus 

filamentous growth) through multispecies transcriptomic analyses. 

3. To determine if genomic profiles can distinguish yeast-like fungi from filamentous fungi, as 

well as to discover candidate genes associated with fungal growth forms 
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 EFFECTS OF ENVIRONMENTAL FACTORS ON 

FUNGAL DIMORPHISM OF USTILAGINOMYCOTINA 

2.1 Introduction 

Fungal dimorphism is a phenomenon by which fungi can grow both as unicellular yeasts and as 

multicellular hyphae. Each growth form is displayed at different stages of a life cycle to maximize 

survival and fitness of the fungus. Good examples are dimorphic fungi that parasitize plants and 

animals (60). In general, a yeast phase is beneficial for dissemination through the bloodstream and 

vasculature of hosts, while a filamentous phase is essential for primary infection and penetration 

through host tissues (60,67). 

 

Previous studies have investigated the physiology of fungal dimorphism both in industrially 

important and pathogenic fungi. In the widely-known genetic model Saccharomyces cerevisiae, 

pseudohyphal growth is promoted by nitrogen starvation, high osmolarity and ploidy status 

(200,201). Meanwhile, types of nitrogen sources, pH and temperature are major factors for 

determining growth forms in the biotechnologically important basidiomycete fungus Trichosporon 

cutaneum (97). In several human pathogenic fungi, temperature change is a primary factor to 

trigger dimorphic transition (60,64). While increased temperature to 37 C results in hyphal-to-

yeast transition in most dimorphic human pathogens (64,65), some opportunistic pathogens such 

as Candida albicans and Trichosporon spp. primarily grow as hyphae during human infection 

(37,65). Dimorphic fungi that are entomopathogenic undergo transition from hyphal growth to 

yeast-like growth after exposing to hemolymph inside insect bodies (66,202,203). In dimorphic 

plant pathogens, several factors have been shown to be involved in dimorphic transition such as 

nutrient starvation, types of nitrogen sources, inoculum density, high osmolarity and 

hydrophobicity (60,67). However, unlike dimorphic human pathogens that utilize temperature as 

a common cue, it is unknown if plant pathogenic fungi share any common signals for dimorphic 

transition. 

 

Smut fungi are a group of dimorphic plant pathogens that cause diseases on several economically 

important crops. Exemplars are the corn smut fungus Ustilago maydis, the wheat smut fungi 

Tilletia spp. and the sugar cane smut fungus Sporisorium scitamineum. The smut fungi grow as 
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free-living yeasts in nature during a haploid stage, and become filamentous and pathogenic after 

cytoplasmic fertilization between two compatible yeast cells as well as perception of external 

signals, potentially from plant hosts (65,67). Some signals include nutrient starvation, acidic pH 

and lipid compounds such as cutin and hydroxy-fatty acid (89,91,185,201). Although the 

knowledge of fungal dimorphism is currently expanding based on studies of the model organism 

U. maydis, it may not reflect the biology of other smut pathogens. “Smut” fungi are classified in 

seven orders in Ustilaginomycotina, some of which are not evolutionarily closely related to the 

others (41). In addition, most members of the subphylum are plant-associated fungi and have 

dimorphic growth strategy (41,62). This raises a question about whether these fungi share any 

common signals for growth form transition as temperature is found as a common signal for 

dimorphic human pathogens. 

2.2 Hypotheses 

- Since most Ustilaginomycotina species are plant-associated fungi, they may use a common 

biomolecule from plant hosts for dimorphic transition. 

- Lipids, abundantly found on plant surfaces, trigger dimorphic transition in the model species U. 

maydis. As most Ustilaginomycotina species either live on leaf phylloplane or use leaves as a 

penetration route for infection, lipids can be a promising candidate for the study. 

2.3 Methods 

2.3.1 Taxon sampling 

The following strains were included in the study: Ustilago maydis TKC58, Moesziomyces aphidis 

MCA6183 and Testicularia cyperi MCA3645 ( ATCC MYA-4640) for Ustilaginales; 

Violaceomyces palustris SA807 ( CBS 139708) for Violaceomycetales; Meira miltonrushii 

MCA3882 ( ATCC-MYA 4883  CBS 12591), Meira sp. MCA4637 and Acaromyces ingoldii 

MCA4198 ( CBS 140884) for Exobasidiales; Tilletiopsis washingtonensis MCA4186 ( NRRL 

Y-63783) for Entylomatales; Jaminaea rosea MCA5214 ( CBS 14051) and Pseudomicrostroma 

glucosiphilum MCA4718 ( CBS14053) for Microstromatales. We created species abbreviations 

by using the first three letters from genus names combined with the first two letters from specific 
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epithets. Therefore, all studied species were abbreviated as Ustma, Moeap, Tescy, Viopa, Meimi, 

Meisp, Acain, Tilwa, Jamro and Psegl, consecutively. 

2.3.2 Culturing experiments 

The Ustilago maydis strain TKC58 was selected for three pilot experiments, which tested the 

effects of three factors: carbon source concentration, pH and types of carbon source. We utilized 

the recipe of the Holliday’s minimal liquid medium (204) as the standard medium for the study. 

The Holliday’s minimal liquid medium has the following properties⎯1% glucose (w/v) as a 

carbon source, KNO3 as a nitrogen source, trace elements added in the medium and pH equal to 

7.0 under a phosphate buffer. For the pilot experiments, the medium recipe was adjusted according 

to each testing factor. We varied glucose concentration in three treatments as 0.2%, 1% and 5% 

for testing the effect of carbon source concentration. For the pH test, two types of media were used: 

the Holliday’s minimal medium (pH 3, 7 and 9) and the Holliday’s complete medium (pH 3, 5 and 

7). We used 1% glucose (w/v) and 1% Tween40 (w/v) as different types of carbon source. For 

inoculation, we cultured the fungal strain in yeast malt broth (YMB) at room temperature (25 C) 

and the shaking condition of ca. 180 rounds per minute (rpm) for 3 days. After that, cell 

suspensions were collected by centrifugation and rinsed three times in sterile water. The cell 

amount of 1 x 106 cells was inoculated into 5 ml of culture media, resulting in 2 x 105 cells/ml as 

an initial cell concentration. Based on microscopic observation, most cells in the inoculum 

appeared as yeast growth. There were five replicates for each treatment. The cultures were 

observed 1, 3 and 5 days after incubation at room temperature and 180 rpm shaking condition. 

 

As the pilot experiment of U. maydis suggested that its growth form becomes steady after five 

days of incubation, we selected this timepoint for data collection in subsequent experiments. The 

type of carbon source is a primary factor to test types of growth form for ten Ustilaginomycotina 

species/strains. Carbon sources used in the experiments are the following: glucose as a control 

carbon source used in the standard Holliday’s minimal medium, sucrose as a representative for a 

mobilized carbon source of plants, soluble starch as a representative for a storage carbon source of 

plants, pectin as a representative for a structural carbohydrate (e.g., a component of cell wall) of 

plants and Tween40 as a lipid mimic, representing a hydrophobic surface of plants. Glucose in the 

Holliday’s minimal medium was replaced by different carbon sources under 1% (w/v) 
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concentration. We also tested the effect of temperature (25C, 35C and 37C) on types of growth 

form using the Holliday’s minimal medium with 1% glucose as a carbon source. For all cultures, 

we followed the inoculation protocol as described above with five replicates for each treatment. 

The culture was observed five days after incubation at room temperature (25 C), with exceptions 

in the temperature experiment as noted (25C, 35C and 37C), and 180 rpm shaking condition. 

 

We also tested the effect of natural lipids on fungal dimorphism. Because the lipids are insoluble 

in an aqueous solution, a solid medium was used instead. The Holliday’s minimal liquid medium 

was adjusted to the solid medium by adding 2% agar (w/v). There were two treatments according 

to types of carbon source: 0.5% glucose (w/v) and 0.5% canola oil (w/v). The starting inoculum 

of 100,000 cells in 50 l was added on the agar as a suspension drop. We inoculated four 

suspension drops of the same strain for each agar plate. The cultures were incubated at room 

temperature and observed up to 7 days. 

2.3.3 Determination of growth forms and statistical analyses 

To determine fungal growth forms, cell morphologies of cultures were observed under BH-2 

Olympus microscopy (Olympus corp., Tokyo, Japan). We used 20X and 40X objective lens with 

a phase contrast. We adapted the method for growth form determination described by Manning 

and Mitchell (205). For each treatment, at least two hundred cells were counted and classified into 

two categories⎯yeast cells and filamentous cells. A cell bud was counted as one yeast cell, while 

an elongated fungal structure longer than two yeast cells without constriction between cells was 

counted as filamentous cells. For cultures on the solid medium, we utilized the Olympus SZ61 

stereomicroscope to visualize colony morphology. The Olympus SC30 camera was used to capture 

photomicrographs of fungal morphologies through the Olympus cellSens v. 1.8 software.  

 

A percentage of filamentous cells in each experimental unit was used as a proxy for types of growth 

form. We utilized R version 3.4.1 under RStudio version 1.0.153 for data analyses and 

visualization. Mean and standard deviation were reported for each treatment as line and bar graphs 

using the ggplot2 package version 3.1.0 (206). One-way analysis of variance (ANOVA) was used 

to analyze the difference in types of growth form among treatments. The Levene’s test was used 

to test the homogeneity of variance assumption. The data were log-transformed in case raw data 
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did not meet the assumption. Finally, the Tukey’s HSD test was used as a post-hoc comparison 

among treatments. P-values less than 0.01 were considered as statistically significant. 

2.4 Results 

2.4.1 Pilot experiments on physiological studies of U. maydis 

First, we tested which factors (types of carbon source, pH and glucose concentration) affect types 

of growth form of the model species U. maydis. Clearly, percentages of filamentous cells from all 

experiments are less than 50%, indicating that a majority of U. maydis cell populations still have 

yeast growth (Figure 2.1). According to our results, U. maydis has the highest filamentous growth 

when using Tween40 as a carbon source; it starts having a significant difference in growth forms 

after three days of incubation (Figure 2.1A). However, we did not see yeast-to-hyphal dimorphic 

transition under acidic condition (pH 3), as reported in the previous study of Ruiz-Herrera et al. 

(91). Furthermore, growth forms under different pH seem dependent on types of media used for 

culturing (Figure 2.1B and C). Finally, although there is a fluctuation of growth forms across 

different glucose concentrations, the percentages of filamentous cells under any timepoints are not 

significantly different across the treatments (Figure 2.1D). 

2.4.2 Effects of different carbon sources on fungal dimorphism of several Ustilaginomycotina 

species 

Next, we investigated the effects of different carbon sources on growth forms of several 

Ustilaginomycotina species (Figure 2.2 and 2.3). Tween40 is a carbon source that promotes 

filamentous growth of most dimorphic species⎯J. rosea, Meira miltonrushii, Tilletiopsis 

washingtonensis, U. maydis and V. palustris. Moesziomyces aphidis and Testicularia cyperi are 

the only two dimorphic species that do not have significant filamentous growth in Tween40. 

However, Testicularia cyperi and V. palustris have significantly increased filamentous growth 

when using pectin as a carbon source. Meanwhile, energy-source carbohydrates such as glucose, 

sucrose and soluble starch do not trigger filamentous growth in all dimorphic species (Figure 2.2 

and 2.3). Finally, three species included in our studies have only one growth form no matter what 

types of carbon source they are cultured in⎯Meira sp. MCA4637 and P. glucosiphilum as 

constitutive yeasts and A. ingoldii as constitutive filamentous fungus. 
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Figure 2.1. The pilot experiments on fungal dimorphism of U. maydis.  

Culturing experiments were conducted to determine which environmental factor affects 

dimorphic transition of U. maydis. Factors we tested are as follows: (A) Types of carbon source 

(glucose and Tween40), (B) pH (3, 7, 9) under the Holliday’s minimal medium, (C) pH (3, 5, 7) 

under the Holliday’s complete medium and (D) glucose concentration (0.2%, 1% and 5% w/v). 

The cultures were observed after 1, 3 and 5 days of incubation under room temperature (25 C). 

Growth forms were reported as a percentage of filamentous cells. Asterisks indicate statistical 

differences between treatments at certain timepoints (p < 0.01). Photomicrographs of U. maydis 

cell morphologies were shown in panels (A) and (C). Frame colors of photomicrographs 

correspond to colors of line graphs. Bars: 20 m. 
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Figure 2.2. Effects of carbon source and temperature on fungal dimorphism of 

Ustilaginomycotina. 

 Cell morphologies of ten Ustilaginomycotina species treated under different types of carbon 

source (glucose, sucrose, starch, pectin, Tween40) and high temperature (35 C) with glucose as 

a carbon source. Most treatments were incubated at 25 C, otherwise as indicated, for 5 days. 

The fungal cultures were observed under phase-contrast microscopy. Note that some species do 

not grow at 35C (indicated by black panels). Bars: 20 m. 
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Figure 2.3. Quantification of growth forms of Ustilaginomycotina under types of carbon source 

and high temperature. 

This figure provides statistical representation from Figure 2.2. Growth forms were reported as 

percentages of filamentous cells. One-way analysis of variance (ANOVA) was used to test 

differences among treatments for each species. Letters indicate groups inferred from the Tukey 

HSD post-hoc test. ND: no data, meaning that the fungal species do not grow under a certain 

condition. 

 

To demonstrate the effect of natural lipids on fungal dimorphism, we inoculated dimorphic species 

on the Holliday’s minimal solid medium amended with either glucose or canola oil as a carbon 

source. Three of these⎯U. maydis, V. palustris and T. washingtonensis⎯underwent filamentous 

growth at colony edges on the canola oil treatment compared to controls that have glucose as a 

carbon source (Figure 2.4). None of the other dimorphic species responded to the oil treatment. 
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Figure 2.4. The effect of natural lipids on growth forms of some Ustilaginomycotina species. 

All dimorphic Ustilaginomycotina were cultured on the Holliday’s minimal solid medium with 

either 1% glucose or 1% canola oil as a carbon source. The colony morphologies were observed 

up to seven days using a stereomicroscope. Three species, U. maydis, V. palustris and T. 

washingtonensis, display different growth forms at colony edges⎯the cultures on canola oil 

have filamentous margins while the ones on glucose do not. Bars: 200 m. 

2.4.3 Effects of temperature on fungal dimorphism of several Ustilaginomycotina species 

Finally, all Ustilaginomycotina species were challenged under high temperature. Several species 

failed to grow at 35C, including J. rosea, M. miltonrushii, Meira sp. MCA4637, P. glucosiphilum 

and T. washingtonensis. Filamentous growth was promoted at 35C for U. maydis, M. aphidis, T. 

cyperi and V. palustris (Figure 2.2 and 2.3). Three of the latter four species that were capable of 

growth at 35C failed to grow at 37 C, i.e., human body temperature. Only M. aphidis grew at 

human body temperature with high proportion of filamentous cells, while it grew well as yeasts at 

25C (Figure 2.5). 
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Figure 2.5 Growth forms of Moesziomyces aphidis under high temperature. 

Ustilaginomycotina dimorphic species were cultured in the Holliday’s minimal liquid medium 

and incubated at 25 C or 37 C for five days. Only M. aphidis can grow at 37C with extensive 

hyphal growth. Photomicrographs of cell morphologies and barplots are shown. An asterisk 

indicates statistical difference in the percentage of filamentous cells (p < 0.01). Bars: 20 m. 

2.5 Discussion 

We initiated our study by conducting pilot experiments on U. maydis, which serves as a renowned 

model species on fungal dimorphism and its role in pathogenicity (65,67,88). Our findings are 

congruent to previous studies (89,185), which found lipids including Tween40 as a cue for 

filamentous growth of U. maydis. However, we found that the dimorphic transition is not an all-

or-none response⎯the percentage of filamentous cells only increases to 50% under the Tween40 

treatment (Figure 2.1A). It has to be noted that several studies only reported a few 

photomicrographs as a representation of growth form (97,185,202). As the growth forms of 

dimorphic fungi are dynamic both in terms of cell population and time (66,97,207), we strongly 

encourage to use a quantitative approach, combined with statistical analyses, to support the 

findings as well as to determine the strength of biological phenomena. Moreover, protocols used 

to distinguish between yeast and filamentous cells should be clearly defined in the studies, as these 

can be critical for result interpretation. Detailed methods have described in systems like Candida 

albicans and Ophiostoma (80,205,208). 
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The previous study from Ruiz-Herrera et al. (91) showed that acidic pH can trigger yeast-to-hyphal 

transition in U. maydis. They also illustrated that the response is dependent on types of nitrogen 

source used in the media. Our results suggest an interaction effect between pH and types of media 

that consist of different nitrogen sources (Figure 2.1B and C). However, we do not find hyphal 

growth under acidic conditions (pH 3) in any settings. Due to this conflict, we decided not to 

proceed testing the pH effect in multispecies experiments. 

 

Our study shows that Tween40, as a lipid mimic, triggers dimorphic transition in most dimorphic 

Ustilaginomycotina species tested (Figure 2.2 and 2.3). Canola oil, as a natural lipid, also promotes 

filamentous growth of some species on solid media (Figure 2.4).These confirm findings from the 

previous of study of Klose et al. (185), showing that plant oils, fatty acids and Tween40 promote 

filamentous growth of U. maydis. More recent studies also revealed the effect of hydroxy-fatty 

acids and a hydrophobic surface on promoting hyphal growth of the U. maydis solopathogenic 

strain SG200 (89). As an external layer of plants (i.e. cuticle) is rich in lipid compounds (125), it 

is possible that plant-associated fungi utilize these biomolecules as signals upon their arrival on 

the host surface. Among species included in this study, J. rosea and M. miltonrushii are described 

as phylloplane fungi (209,210). Although T. washingtonensis is a common yeast-like fungus on 

leaf phylloplanes, it has recently been found producing extensive hyphal growth on apple skins, 

causing the postharvest disorder ‘white haze’ syndrome (105,106). Violaceomyces palustris is 

found as a phylloplane, and possibly endophytic, yeast of aquatic ferns in the genus Salvinia (108). 

In addition, hydrophobicity and lipid compounds are involved in morphogenesis in other plant 

pathogenic fungi, such as appressoria formation in the rice blast fungus Magnaporthe oryzae and 

the powdery mildew pathogen Blumeria graminis (211,212) and yeast-to-hyphal transition in the 

Dutch Elm disease pathogens O. ulmi and O. novo-ulmi (207,208). Even though all 

abovementioned fungi interact with a variety of plant hosts, they share similar types of signals to 

trigger their morphological transition. 

 

However, the lipid compounds do not promote hyphal growth in some other species such as the 

smut fungus T. cyperi and the epiphytic yeast-like fungus M. aphidis (Figure 2.2 and 2.3). It may 

be because they do not rely on hosts for growth and development. This is unlikely to be our case, 

as T. cyperi is a pathogen of the sedge Rhynchospora. Alternatively, different fungi may sense 
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different signal molecules from plants. For example, Magnaporthe oryzae can sense surface 

hydrophobicity, cutin monomers or leaf waxes to trigger appressoria formation as a same output 

(211). Since an environment on plant surfaces is rich in lipids but poor in nitrogen compounds 

(125), some plant-associated fungi such as Saccharomyces cerevisiae and Zymoseptoria tritici may 

perceive nitrogen starvation as a signal that they arrive at host surfaces (83,201). Whereas, others 

may perceive other biomolecules inside plant hosts. To our knowledge, this is the first report that 

pectin triggers growth form transition in dimorphic fungi⎯V. palustris and T. cyperi (Figure 2.2 

and 2.3). 

 

Temperature has been widely known as a cue for dimorphic transition in human pathogenic fungi 

(60,64). Intriguingly, our study has found that temperature can be a trigger for dimorphic transition 

in some Ustilaginomycotina species⎯U. maydis, M. aphidis, T. cyperi and V. palustris (Figure 

2.2 and 2.3). Among these, only M. aphidis is able to grow under 37 C with extensive hyphal 

growth (Figure 2.5). Recent reports found Moesziomyces aphidis as an opportunistic pathogen, 

growing as a hyphal form inside the tissues of immunocompromised patients (56,213). Its 

developmental response is similar to Candida albicans once entering human tissues (37). However, 

most human-pathogenic dimorphic fungi switch to yeast growth at 37 C. In terms of human 

pathogenicity, yeast growth is advantageous for evasion from host immunity and thermotolerance, 

whereas the benefit of hyphal growth in human tissues remains skeptical (37,60,64). As M. aphidis 

belongs to the smut fungi clade Ustilaginaceae, the transition from plant-associated fungi to 

opportunistic pathogens on humans is very notable. However, another M. aphidis strain has 

filamentous growth when culturing in soybean oil (57), while our study does not see a similar 

result. This indicates intraspecific variation at the level of fungal growth and development, which 

is rarely noticed in the literature. 

 

In summary, our studies support that an environment from a host plays a crucial role for 

determining growth forms of dimorphic fungi. Temperature is a general cue for dimorphic 

transition in human pathogenic fungi, both aggressive and opportunistic ones. We suspect lipid 

compounds, as found on plant surfaces, can trigger yeast-to-hyphal transition in many plant-

associated dimorphic fungi no matter whether they are true pathogens. However, the difference in 

triggering cues may depend on signal perception mechanisms and life strategies. It is notable that 
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none of the energy-source carbohydrates significantly promotes filamentous growth in our studied 

dimorphic species. Finally, although most Ustilaginomycotina members are considered as having 

a dimorphic life strategy (41,62), some others, like A. ingoldii and P. glucosiphilum, can display 

either only yeast growth or only hyphal growth. The inclusion of non-model but phylogenetically 

related species into future studies will lead to better understanding of fungal dimorphism in an 

evolutionary context.  
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 COMPARATIVE TRANSCRIPTOMICS OF YEAST AND 

FILAMENTOUS GROWTH FORMS ACROSS FOUR DIMORPHIC 

PLANT-ASSOCIATED FUNGI 

3.1 Introduction 

Dimorphic fungi have an ability to display both unicellular yeast growth and multicellular 

filamentous growth. This strategy is prevalent in many pathogenic fungi as it maximizes the fitness 

in different stages of their life cycles (60). In dimorphic plant pathogens, a yeast phase is thought 

to be predominant for  passive dispersal in an environment and dissemination through host 

vasculature, while a filamentous phase is crucial for initial stages of penetration and colonization 

(60,67). Therefore, studying how these fungi switch from yeast growth to hyphal growth is 

important since it could lead to disease management strategies. 

 

The corn smut fungus Ustilago maydis serves as a primary model to understand fungal dimorphism 

and its role in plant pathogenesis (88,121). Yeast-to-hyphal dimorphic transition of U. maydis 

involves multiple steps of pheromone sensing, mating and perception of host signals. These are 

regulated under complex intracellular processes⎯including activation of signaling pathways, 

alteration of transcriptional networks and recruitment of machineries for polarized filamentous 

growth (reviewed in Chapter 1). Researchers in the field are continuously discovering novel genes 

involved in fungal dimorphism. However, this type of study is so far limited to data from the model 

species, and only in U. maydis among dimorphic plant pathogens. Research derived from multiple 

species would be beneficial to determine if, for instance, the dimorphic mechanism is conserved. 

This can lead to the design of chemicals or inhibitors that target core molecular players to block 

development of dimorphic fungi, especially the pathogenic ones. 

 

Recently, transcriptomic sequencing has been a powerful tool to examine what types of genes have 

altered expression under different growth stages of dimorphic fungi (199). This high-throughput 

technique allows researchers to not only focus on primary genetic models, but also expand to other 

non-model species. However, current studies have been focusing on transcriptomic analyses of 

individual species. Comparative transcriptomics is an emerging strategy to discover common 

genes that affect the same trait across different species. For example, Krizsán et al. (214) performed 
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comparative transcriptomics across six mushroom species to determine common genes for 

complex multicellularity in Fungi. Nigg et al. (197) compared transcriptomic profiles between 

yeast growth and filamentous growth of three dimorphic fungi⎯Ophiostoma novo-ulmi, Candida 

albicans and Histoplasma capsulatum. They concluded that there is a poor conservation of global 

gene expression profiles across the studied species. More recently, Nigg and Bernier (199) 

reviewed multiple transcriptomic studies to find common biological processes associated with 

each growth form across several dimorphic fungi. However, these two studies did not intensively 

conduct bioinformatic analyses to find out whether there are any common genes, as well as any 

biological processes, involved in different types of growth form across multiple species. 

 

To address the abovementioned knowledge gap, we performed transcriptomic analyses across four 

dimorphic fungi that are associated with plants. Two Ustilaginomycotina species, Meira 

miltonrushii and Tilletiopsis washingtonensis, were selected as non-model species for 

transcriptomic sequencing. We also incorporated gene expression datasets from the model species 

Ustilago maydis, plus one non-model ascomycetous species (Ophiostoma novo-ulmi), for our 

study. We examined if the conservation of gene expression profiles is linked to phylogenetic 

relatedness. Finally, known U. maydis dimorphism genes were used to determine whether there is 

any common trend of altered gene expression across multiple species. 

3.2 Hypotheses 

- There are some common biological processes that regulate the transition from yeast to 

filamentous forms across multiple dimorphic fungi. These may be genes involved in 

cytoskeleton, signal transduction or cell division. 

- Being the most distantly related species in a phylogenetic context, the transcriptomic profile of 

O. novo-ulmi is the least similar to the other three Ustilaginomycotina species. 

- Known dimorphism genes from U. maydis have conserved functions, as well as conserved 

regulatory processes for expression, across different dimorphic species. Considering this, we 

expect similar expression patterns for these genes. 
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3.3 Materials and Methods 

3.3.1 Taxon sampling 

Four dimorphic species were selected for this study. Meira miltonrushii and Tilletiopsis 

washingtonensis represent non-model species in the “smut” subphylum Ustilaginomycotina, 

Basidiomycota. Meira miltonrushii (Exobasidiales) is described as a phylloplane epiphyte isolated 

from a magnolia leaf (209). Tilletiopsis washingtonensis (Entylomatales) is an epiphytic species 

commonly isolated from plant leaves (215), but it was recently found to colonize postharvest 

apples in Europe (105,106). Ustilago maydis (Ustilaginales) is a smut pathogen on maize and 

serves as a primary genetic model in this subphylum (88). We sampled another species from a 

different phylum, Ascomycota, to examine the conservation of transcriptional alteration in yeast 

growth versus filamentous growth when comparing to basidiomycetes species. Ophiostoma novo-

ulmi, a causal agent of the Dutch Elm disease on elm trees (216), was selected for this study. 

3.3.2 Orthology assessment and functional annotation 

Prior to comparative transcriptomic analyses, we need to determine which genes are 

phylogenetically equivalent across four species. To achieve this, the reference genomes, gene 

models and protein models of all studied species were downloaded from the DOE-JGI MycoCosm 

portal (189). Reference genomes we utilized are as follows: M. miltonrushii CBS12591 version 

1.0 and T. washingtonensis NRRL Y-63783 version 1.0 (41), U. maydis strain 521 version 2.0 

(116) and O. novo-ulmi version 1.0 (217). We ran orthology assessment through OrthoFinder 

version 2.1.2 (218) using the protein models as an input. Only single-copy orthogroups were 

retained. In case any orthogroups have paralogs, we inspected a gene tree phylogeny generated 

from the OrthoFinder to determine when a gene duplication happens. If there is a subtree which 

contains only one paralog per species, we assigned gene members in the subtree as a new 

orthogroup. Three sets of orthogroups were retained for subsequent analyses: orthogroups between 

M. miltonrushii and T. washingtonensis, orthogroups among Ustilaginomycotina (M. miltonrushii, 

T. washingtonensis and U. maydis), and orthogroups among all four species. 

 

Because all four fungal genomes may be annotated in different, we performed functional 

annotation of all protein models by eggNOG version 4.5 (219). The software provided different 

annotation properties such as eukaryotic clusters of orthogroups (KOG) ID number, KOG 
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functional class, gene ontology (GO) term ID and brief description for potential function. Finally, 

a list of genes involved in fungal dimorphism of U. maydis was retrieved from the literature (see 

Table 1.2 in Chapter 1). We used the results from OrthoFinder to determine respective orthologs 

in other species. In this case any potential paralogs were also included into the analyses. 

3.3.3 Experimental design, RNA isolation and data collection 

We did set up an experiment for yeast-to-hyphal dimorphic transition of M. miltonrushii MCA 

3882 ( CBS 12591) and T. washingtonensis MCA 4186 ( NRRL Y-63783). Each fungal strain 

was cultured in the Holliday’s minimal liquid medium (204). There were two treatments for types 

of carbon source in the medium: glucose and Tween40. We set up three and four replicates for M. 

miltonrushii and T. washingtonensis, respectively. Our results from previous experiments showed 

that these two species have yeast growth in glucose and filamentous growth in Tween40 (see 

Chapter 2). A total number of 5 x 106 cells were used as a starting inoculum in 5 ml of the liquid 

medium. The cultures were incubated at room temperature for three days under the shaking 

condition of 180 rpm. After that, we observed micromorphology under a phase-contrast 

microscope to confirm that the growth forms were as expected before RNA harvest. 

 

To harvest RNA, the fungal cultures were centrifuged at 15,000x g and rinsed with sterile water 

for three times. After that, they were ground in liquid nitrogen using plastic homogenizers and 

stored at -80 C until used. RNA samples were extracted from the frozen tissues using the Omega 

Fungal RNA kit (Omega Bio-Tek Corp., Norcross, GA). RNA quality was determined by 

Nanodrop spectrophotometry and 1% agarose gel electrophoresis. Finally, the RNA samples were 

sent to the Purdue Genomics Core Facility for transcriptomic sequencing. Briefly, poly A+ 

libraries were prepared using Illumina’s TruSeq mRNA Library Prep Kit (Illumina Inc., San Diego, 

CA). The cDNA libraries were sequenced under the NovaSeq S2 platform through 50-bp paired-

end reads (2x50). Approximately 30 million and 15 million reads were generated for each sample 

of T. washingtonensis MCA 4186 and M. miltonrushii MCA 3882, respectively. Summaries of 

read statistics were shown in Table 3.1. 

 

For U. maydis and O. novo-ulmi, we utilized published datasets from previous studies (196,198). 

Nigg and Bernier (198) performed time-lapse transcriptomic sequencing during yeast-to-hyphal 
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transition of O. novo-ulmi when transferring the cultures from the minimal medium to the complete 

medium. The Illumina reads were downloaded from the NCBI Sequence Read Archive (SRA) 

database: SRX1958716, SRX1958730 and SRX1958720 for three replicates of O. novo-ulmi 

displaying yeast growth (0 hr after media transfer) and SRX1958729, SRX1958719 and 

SRX1958725 for three replicates of O. novo-ulmi displaying filamentous growth (27 hrs after 

media transfer). Meanwhile, Lanver et al. (196) performed microarray analysis to examine 

transcriptional profiles of U. maydis under yeast-to-hyphal transition on hydrophobic surfaces. The 

normalized microarray data were downloaded from the NCBI GEO database (accession number 

GSE53947). We selected the expression data of two treatments⎯wild-type growing on glass plates 

(displaying yeast growth) and wild-type growing on hydrophobic surfaces (displaying filamentous 

growth)⎯for differential gene expression analyses. The microarray probes, under the AffyMatrix 

platform GPL3681, were converted to U. maydis gene IDs prior to transcriptomic comparison 

(Supplementary Material 1). 

3.3.4 Differential gene expression analyses 

We started processing Illumina sequencing data by trimming adapters and low-quality bases 

through  Cutadapt version 1.13 (220) and Trimmomatic version 0.36 (221). Quality check after 

read cleaning was performed using fastqc version 0.11.7 (222). Then, the clean reads were mapped 

to the reference genomic sequences through TopHat version 2.1.1 (223). BAM alignments were 

transformed into gene read counts using htseq version 0.7.0 (224). Finally, we performed 

differential gene expression analyses for each species using the DESeq2 package version 1.20.0 

(225), performed under R version 3.5.0 and RStudio version 1.1.463. For the normalized 

microarray data  of U. maydis, we performed the differential gene expression analysis using the 

limma package version 3.36.5 in the R platform (226). The log2 fold change value was calculated 

as the ratio of the gene expression level from the treatment displaying filamentous growth against 

the treatment displaying yeast growth. The log2 fold change and adjusted p-value were further 

used for comparative transcriptomic analyses. 

3.3.5 Comparative transcriptomics and functional analyses 

First, we compared differential gene expression results between M. miltonrushii and T. 

washingtonensis. Genes having adjusted p-value less than 0.01 were considered as differentially 
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expressed. Only genes having single-copy orthogroups in both species were examined. For 

orthogroups that are differentially expressed in both species, we checked expression patterns 

whether they were concordant (upregulated or downregulated in both species) or discordant 

(upregulated in one species but downregulated in the other). Numbers of orthogroups having 

different expression patterns were summarized as a Venn diagram. We used Chi-square (2) 

goodness of fit to test whether the concordant/discordant patterns occur randomly. Finally, the 

enrichment of KOG functional classes was determined by hypergeometric test (227). After that, 

we repeated the analyses for Ustilaginomycotina species (M. miltonrushii, T. washingtonensis and 

U. maydis) and all four species. As including multiple datasets may decrease the chance of getting 

genes that are differentially expressed in all species, we relaxed the critical p-value to 0.05 to make 

the call for differentially expressed genes more inclusive. 

 

Among differentially expressed genes in each species, we also determined whether the set of 

known dimorphism genes was enriched through the hypergeometric test. Finally, several genes 

were selected for exploring potential functions and hypothesizing how they are involved in fungal 

dimorphism. The selection criteria were such as genes having concordant expression patterns 

across all studied species, genes assigned in enriched KOG functional class and genes having 

functional annotation related to growth and development like genes in cell wall/membrane 

biogenesis, vesicular transport, cytoskeleton, transcriptional regulation and signal transduction. A 

bioinformatic pipeline was summarized in Figure 3.1. Data and scripts used in the bioinformatic 

analyses were provided in Supplementary Materials 2–11. 
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Figure 3.1 A designed bioinformatic pipeline for multispecies transcriptomic analyses. 

3.4 Results 

3.4.1 Orthology assessment 

We found 2,653, 2,527 and 2,502 single-copy orthogroups among M. miltonrushii and T. 

washingtonensis, among Ustilaginomycotina, and among all four species, respectively 

(Supplementary Material 12). However, genes in some orthogroups do not have available 

expression data and that results in the final numbers of 2,227 and 2,205 among Ustilaginomycotina 

and all four species, respectively. There were 56 described dimorphism genes of U. maydis from 

the literature. These genes are classified into six categories (see Chapter 1): receptor genes, the 

cAMP/PKA signaling pathway, the MAPK signaling pathway, GTPase-mediated signaling, 

transcriptional regulators and genes involved in other downstream processes. 

3.4.2 Dimorphic transition under lipid condition 

Two Ustilaginomycotina species, M. miltonrushii and T. washingtonensis, were cultured under 

two conditions. The cultures in the glucose treatment display unicellular yeast growth, while the 

ones in the Tween40 treatment display multicellular hyphal growth (Figure 3.2A). We harvested 

the cultures after three days of incubation since it is the earliest timepoint they had distinct growth 

forms between two treatments (see Chapter 2). The proportion of filamentous cells for each 

treatment prior to RNA extraction was shown in Figure 3.2B. 
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Figure 3.2 Dimorphic transition of Meira miltonrushii and Tilletiopsis washingtonensis. 

The two species have dimorphic transition from yeast to filamentous growths after culturing with 

Tween40 as a carbon source for 3 days. They retain yeast growth when using glucose as a carbon 

source. (A) Photographs of cell morphologies. Bars = 20 m and (B) Proportion filamentous 

cells. At least 200 cells were counted to determine growth forms. The two species were 

abbreviated as follows: Meimi for Meira miltonrushii and Tilwa for Tilletiopsis washingtonensis. 

Numbers of replicates are three for Meimi and four for Tilwa. 
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3.4.3 Transcriptomic analyses of individual species 

Illumina sequencing data of M. miltonrushii, T. washingtonensis and O. novo-ulmi were used to 

determine gene expression level. Summary statistics can be found in Table 3.1. Briefly, there are 

ca. 80% of sequencing reads of M. miltonrushii and T. washingtonensis that are transformed into 

gene read count data, except for the T. washingtonensis Glucose replicate 3 sample, which has a 

significant level of rRNA contamination. For O. novo-ulmi, however, only half of the total raw 

reads were uniquely mapped to the reference genome. This may indicate either potential 

contamination during the library preparation or incompleteness of the reference genome. 

 

In terms of differential gene expression analyses for each species, the transcriptomic profiles 

across samples are clustered based on treatments (Figure 3.3), indicating that the within-group 

variation is much less than between-group variation as expected. On average, around half of 

protein-encoding genes are differentially expressed (Figure 3.4 and Table 3.2). The MA plot of U. 

maydis appears different from the other species due to the nature of data (microarray hybridization 

data compared to high-throughput sequencing data). 

 

Table 3.1 Summary statistics of transcriptomic sequencing and read count transformation 

Species Sample name Number of 

raw reads 

Number of reads 

mapped to reference 

genomes 

Number of reads 

transformed into gene 

read count 

Meira miltonrushii Glucose rep1 

Glucose rep2 

Glucose rep3 

Tween40 rep1 

Tween40 rep2 

Tween40 rep3 

20,598,574 

13,807,724 

13,820,124 

8,844,964 

19,389,616 

11,274,474 

20,050,912 (97.3%) 

13,425,090 (97.2%) 

13,462,382 (97.4%) 

8,591,376 (97.1%) 

18,750,634 (96.7%) 

11,000,424 (97.5%) 

17,149,878 (83.3%) 

11,528,300 (83.5%) 

11,581,147 (83.8%) 

7,291,731 (82.4%) 

15,777,920 (81.4%) 

9,356,865 (83.0%) 

Tilletiopsis 

washingtonensis 

Glucose rep1 

Glucose rep2 

Glucose rep3 

Glucose rep4 

Tween40 rep1 

Tween40 rep2 

Tween40 rep3 

Tween40 rep4 

31,020,318 

27,998,824 

34,902,106 

38,816,072 

36,987,660 

37,490,828 

34,836,746 

15,744,164 

27,041,444 (87.2%) 

25,096,946 (89.6%) 

23,823,352 (68.3%) 

34,307,588 (88.4%) 

33,971,316 (91.8%) 

35,061,240 (93.5%) 

32,062,658 (92.0%) 

14,358,930 (91.2%) 

23,844,503 (76.9%) 

22,081,357 (78.9%) 

21,282,911 (61.0%) 

29,961,102 (77.2%) 

29,419,048 (79.5%) 

30,315,719 (80.9%) 

27,963,072 (80.3%) 

12,317,966 (78.2%) 

Ophiostoma novo-ulmi 0 hr rep 1 

0 hr rep 2 

0 hr rep 3 

27 hr rep 1 

27 hr rep 2 

27 hr rep 3 

12,558,694 

7,702,036 

12,521,615 

9,609,094 

7,708,972 

8,383,075 

6,745,116 (53.7%) 

3,645.220 (47.3%) 

7,009,633 (62.5%) 

5,145,382 (53.5%) 

3,550,559 (46.1%) 

4,533,933 (54.1%) 

6,098,740 (48.6%) 

3,389,323 (44.0%) 

6,385,574 (51.0%) 

4,536,259 (47.2%) 

3,052,262 (39.6%) 

4,046,773 (48.3%) 
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Table 3.2 Summarized numbers of differentially expressed genes in each species 

(adjusted p-value < 0.01) 

Species Total number of 

protein-encoding 

genes 

Genes 

included in 

the analyses 

Differentially 

expressed 

genes 

Upregulated 

genes 

Downregulated 

genes 

Meira miltonrushii 7,452 7,400 3,981 (53.8%) 2,011 (27.2%) 1,970 (26.6%) 

Tilletiopsis 

washingtonensis 

7,011 6,999 3,702 (52.9%) 1,838 (26.3%) 1,864 (26.6%) 

Ophiostoma novo-ulmi 8,640 8,393 4,112 (49.0%) 1,950 (23.2%) 2,162 (25.8%) 

Ustilago maydis 6,785 5,639 2,834 (50.3%) 1,339 (23.7%) 1,495 (26.5%) 

 

Figure 3.3 Principal component analyses (PCA) of gene expression data. 

 (A) – (C) PCA plots of transformed read counts for (A) Meira miltonrushii MCA3882, (B) 

Tilletiopsis washingtonensis MCA4186 and (C) Ophiostoma novo-ulmi. Most variability falls 

into the first PC axis. The plots show a clear separation between two treatments, which represent 

yeast growth and filamentous growth. (D) PCA plot of microarray expression data for U. maydis. 

Data points are clustered according to treatments.  
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Figure 3.4 MVA plots for differential gene expression analyses of four studied species. 

 (A) M. miltonrushii (B) T. washingtonensis (C) O. novo-ulmi and (D) U. maydis. The log2 fold 

change was calculated as a proportion of the expression level in filamentous growth against yeast 

growth. For the (A) – (C) plots, red dots indicate differentially expressed genes. For the (D) plot, 

blue and red dots indicate differentially upregulated and downregulated genes, respectively. 

3.4.4 Comparative transcriptomics 

Among 2,653 orthogroups between M. miltonrushii and T. washingtonensis, we found 831 

orthogroups that are differentially expressed in both species⎯338 and 493 of these have 

concordant and discordant expression patterns, respectively (Figure 3.5A and D). A larger number 

of discordant patterns do occur by chance (2 = 28.911, df = 1, p-value = 7.78 x 10-8). Among the 

831 differentially expressed orthogroups, KOG functional classes in amino acid transport and 

metabolism (class E) and translation, ribosomal structure and biogenesis (class J) are significantly 

enriched (Table 3.3). The functional class in cell wall and membrane biogenesis (class M) has the 

second highest representation of differentially expressed genes with the odd ratio of 1.811, but is 

not significantly enriched based on the hypergeometric test. 

 

There are 565 out of 2,227 orthogroups that are differentially expressed in Ustilaginomycotina 

species under yeast-to-hyphal transition (Figure 3.5B). Of this number, there are 43 commonly 

upregulated orthogroups, 100 commonly downregulated orthogroups and 422 discordant 
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orthogroups (Figure 3.5E). Notably, the discordant pattern between T. washingtonensis and the 

other two species is more prevalent than the other scenarios (2 = 82.172, df = 3, p-value < 2.2 x 

10-16). Among the 143 concordant orthogroups, KOG functional classes in energy production and 

conversion (class C), amino acid transport and metabolism (class E) and cytoskeleton (class Z) are 

significantly enriched (Table 3.4). Class M is not significantly enriched from the analyses despite 

having a high odd ratio of 1.984. 

 

When combining all four species into the analyses, only 49 out of 2,205 orthogroups have 

concordant expression patterns⎯16 and 33 of which are upregulated and downregulated during 

yeast-to-hyphal transition (Figure 3.5C and F). We found the discordant patterns of 328 

orthogroups are not randomly distributed (2 = 65.249, df = 7, p-value = 1.34 x 10-11). The most 

prevalent discordant patterns are found between T. washingtonensis and the other three species, 

and between T. washingtonensis + O. novo-ulmi and M. miltonrushii + U. maydis (Figure 3.5F). 

Functional enrichment analyses reveal that genes in the classes C, E and Z are significantly 

enriched among orthogroups that are differentially expressed in all species (Table 3.5). The class 

M also has a high odd ratio of 1.623, but is not statistically significant. 
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Figure 3.5 Summarized numbers of differentially expressed genes from comparative 

transcriptomics. 

The comparisons are among two species (Meimi and Tilwa; A and D), three species (plus Ustma; 

B and E) and four species (plus Ophnu; C and F). (A) – (C) Venn diagrams depicting numbers of 

differentially expressed genes in each species. For overlapping regions, differentially expressed 

genes are classified into two categories. Genes that have concordant expression patterns (either 

upregulated or downregulated in every species) are labelled in orange, while genes that have 

discordant patterns (with at least one species having a conflicting pattern) are labelled in blue. 

The total numbers of genes in each comparison are based on the number of orthogroups 

discovered from OrthoFinder: 2,653 genes for (A), 2,227 genes for (B) and 2,205 for (C).  

(D) – (F) Venn diagrams depicting numbers of upregulated/downregulated genes among 

differentially expressed genes in all species. Numbers of the center regions in (A) – (C) were 

enumerated for possible scenarios of concordant/discordant patterns. Abbreviations are as 

follows: Meimi, Meira miltonrushii; Tilwa, Tilletiopsis washingtonensis; Ustma, Ustilago 

maydis; and Ophnu, Ophiostoma novo-ulmi. 
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Table 3.3 Enrichment analyses of KOG classifications for differentially expressed genes in M. 

miltonrushii and T. washingtonensis. 

There are 831 out of 2,653 orthogroups that are differentially expressed in both species. 

KOG classification Total number of 

orthogroups 

Number of differentially 

expressed orthogroups 

Odd ratio p-value 

A - RNA processing and 

modification 192 44 0.649 0.995 

B - Chromatin structure and 

dynamics 49 12 0.712 0.882 

C -Energy production and 

conversion 141 51 1.295 0.091 

D - Cell cycle control, cell 

division, chromosome 

partitioning 81 21 0.771 0.874 

E - Amino acid transport and 

metabolism 108 51 2.083# < 0.001* 

F- Nucleotide transport and 

metabolism 61 18 0.925 0.655 

G- Carbohydrate transport and 

metabolism 86 28 1.077 0.416 

H- Coenzyme transport and 

metabolism 64 23 1.252 0.234 

I- Lipid transport and metabolism 76 24 1.026 0.503 

J- Translation, ribosomal structure 

and biogenesis 270 101 1.436 0.004* 

K- Transcription 153 35 0.648 0.991 

L- Replication, recombination and 

repair 124 32 0.767 0.916 

M- Cell wall/membrane/envelope 

biogenesis 20 9 1.811# 0.138 

O- Posttranslational modification, 

protein turnover, chaperones 256 90 1.277 0.045 

P- Inorganic ion transport and 

metabolism 43 14 1.068 0.478 

Q- Secondary metabolites 

biosynthesis, transport and 

catabolism 20 5 0.731 0.799 

S- Unknown function 388 116 0.994 0.543 

T- Signal transduction 

mechanisms 168 46 0.839 0.859 

U- Intracellular trafficking, 

secretion, and vesicular transport 242 77 1.073 0.337 

V- Defense mechanisms 9 2 0.626 0.827 

Y- Nuclear structure 14 4 0.878 0.683 

Z- Cytoskeleton 68 23 1.139 0.352 

*Significant (p-value < 0.01) 

#Odd ration > 1.5 
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Table 3.4 Enrichment analyses of KOG classifications for differentially expressed genes among 

Ustilaginomycotina.  

Of 2,227 orthogroups shared among M. miltonrushii, T. washingtonensis and U. maydis, there 

are 565 orthogroups that are differentially expressed in all species. 

KOG classification Total number of 

orthogroups 

Number of differentially 

expressed orthogroups 

Odd ratio p-value 

A - RNA processing and 

modification 164 39 0.935 0.669 

B - Chromatin structure and 

dynamics 43 10 0.895 0.677 

C -Energy production and 

conversion 122 50 2.211
#
 < 0.001* 

D - Cell cycle control, cell 

division, chromosome 

partitioning 75 19 1.010 0.531 

E - Amino acid transport and 

metabolism 96 49 3.360
#
 < 0.001* 

F- Nucleotide transport and 

metabolism 51 15 1.243 0.289 

G- Carbohydrate transport and 

metabolism 73 20 1.128 0.370 

H- Coenzyme transport and 

metabolism 49 16 1.453 0.147 

I- Lipid transport and metabolism 69 21 1.315 0.185 

J- Translation, ribosomal structure 

and biogenesis 229 35 0.512 1.000 

K- Transcription 139 33 0.930 0.671 

L- Replication, recombination and 

repair 109 21 0.700 0.944 

M- Cell wall/membrane/envelope 

biogenesis 20 8 1.984
#
 0.106 

O- Posttranslational modification, 

protein turnover, chaperones 216 49 0.878 0.801 

P- Inorganic ion transport and 

metabolism 38 12 1.375 0.231 

Q- Secondary metabolites 

biosynthesis, transport and 

catabolism 17 6 1.616
#
 0.243 

S- Unknown function 323 74 0.900 0.790 

T- Signal transduction 

mechanisms 150 32 0.802 0.881 

U- Intracellular trafficking, 

secretion, and vesicular transport 217 46 0.797 0.920 

Y- Nuclear structure 12 2 0.588 0.849 

Z- Cytoskeleton 63 23 1.745
#
 0.028* 

*Significant (p-value < 0.05) 

#Odd ration > 1.5  
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Table 3.5 Enrichment analyses of KOG classifications for differentially expressed genes among 

Dikarya. 

Of 2,205 orthogroups shared among M. miltonrushii, T. washingtonensis, U. maydis and O. 

novo-ulmi, there are 377 orthogroups that are differentially expressed in all species. 

KOG classification Total number of 

orthogroups 

Number of differentially 

expressed orthogroups 

Odd ratio p-value 

A - RNA processing and 

modification 164 19 0.623 0.982 

B - Chromatin structure and 

dynamics 43 4 0.493 0.952 

C -Energy production and 

conversion 122 34 1.998# 0.001* 

D - Cell cycle control, cell 

division, chromosome 

partitioning 75 14 1.126 0.395 

E - Amino acid transport and 

metabolism 93 33 2.878# < 0.001* 

F- Nucleotide transport and 

metabolism 51 10 1.194 0.365 

G- Carbohydrate transport and 

metabolism 72 11 0.876 0.703 

H- Coenzyme transport and 

metabolism 49 9 1.099 0.460 

I- Lipid transport and metabolism 69 13 1.138 0.389 

J- Translation, ribosomal structure 

and biogenesis 229 29 0.691 0.974 

K- Transcription 138 13 0.490 0.997 

L- Replication, recombination and 

repair 107 17 0.921 0.661 

M- Cell wall/membrane/envelope 

biogenesis 20 5 1.629# 0.246 

O- Posttranslational modification, 

protein turnover, chaperones 214 34 0.926 0.682 

P- Inorganic ion transport and 

metabolism 38 7 1.101 0.477 

Q- Secondary metabolites 

biosynthesis, transport and 

catabolism 17 4 1.500# 0.328 

S- Unknown function 319 49 0.889 0.783 

T- Signal transduction 

mechanisms 147 21 0.807 0.842 

U- Intracellular trafficking, 

secretion, and vesicular transport 217 34 0.909 0.715 

Y- Nuclear structure 12 1 0.440 0.895 

Z- Cytoskeleton 63 19 2.174# 0.006* 

*Significant p-value (< 0.05) 

#Odd ration > 1.5 
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3.4.5 Functional analyses 

First, we focused on genes assigned to the enriched functional classes (C, E, and Z). Most 

differentially expressed genes in class E (12 out of 33) are concordantly downregulated in all four 

species (Table 3.5). Genes encoding mitochondrial proteins, including receptors, membrane 

transporters, a ribosomal protein and a redox enzyme, are also concordantly downregulated (Table 

3.6). However, there are 17 orthogroups in class C that are upregulated in T. washingtonensis but 

downregulated in the other species. These genes are annotated as components in the electron 

transport system and ATP synthases (Table 3.7). 

 

For cytoskeletal orthogroups in class Z (Table 3.6), all four species have upregulation of the beta 

tubulin gene (UMAG_05828 for U. maydis) and the gene encoding a SEY1-like protein 

(UMAG_12136, (228)). Conversely, we found a few notable discordant patterns (Table 3.7). One 

is the described Septin-3 gene in U. maydis (UMAG_03449), which is downregulated in M. 

miltonrushii but upregulated in the others. Another is several components of the actin-related 

protein ARP 2/3 complex⎯they are upregulated in T. washingtonensis and O. novo-ulmi but 

downregulated in the other two species. 

 

Among concordantly upregulated genes in all four species, we detected some remarkable genes in 

signaling transduction mechanisms (Table 3.6). One is the gene encoding the cell end marker Tea4 

(UMAG_01012), which is found at a hyphal tip during polarized growth (170). Other components 

are orthologs of genes involved in phosphatidylinositol-mediated signaling (229–232) such as the 

phosphoinositide-4-kinase Stt4 (UMAG_06103), the membrane protein Efr3 for the assembly of 

Stt4 complex (UMAG_05218), the phosphatidylinositol-3,4,5-triphosphaste phosphatase PTEN 

(UMAG_03760, described as Ptn1 in U. maydis) and the E3 RING-type ubiquitin ligase Pib1 

(UMAG_12183). 

 

In addition, we examined the expression patterns of known U. maydis dimorphism genes and their 

orthologs (Table 3.8). Although the whole gene set is not significantly enriched from the 

hypergeometric test (p-value > 0.05), we detected a few interesting transcriptional alterations. The 

U. maydis kinesin 3 (Kin3, UMAG_06251) and the cell end marker gene Tea4 (UMAG_01012) are 

the only two orthogroups that have significant upregulation in all four species. Meanwhile, four 
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orthogroups are concordantly upregulated in Ustilaginomycotina species⎯the gene encoding 

ammonium permease Ump2 (UMAG_05889), the gene encoding the paralog of protein kinase A 

Uka1 (UMAG_11860), the gene encoding bZIP transcription factor Cib1 (UMAG_11782) and a 

paralog of the gene encoding guanyl nucleotide exchange factor Sql2 (UMAG_11476). These 

genes are not differentially expressed in O. novo-ulmi. Among discordant orthogroups (Table 3.8), 

we detected conflicting patterns in several signaling genes such as Kpp2 (UMAG_03305), Kpp6 

(UMAG_02331), Crk1 (UMAG_ 11410), Rho1 (UMAG_05734) and Cla4 (UMAG_10145). These 

genes are downregulated in T. washingtonensis but upregulated in the other species during yeast-

to-hyphal transition. 

 

Table 3.6 List of concordantly differentially expressed genes in all studied species 

*Patterns (up, down) are based on the expression level in filamentous growth compared to yeast growth. 

U. maydis  

gene id 

KOG 

class 

Pattern* Potential function 

UMAG_11268 C Down NADPH adrenodoxin oxidoreductase, mitochondrial 

UMAG_04530 C Down Mitochondrial carrier protein 

UMAG_05546 C Down Mitochondrial carrier protein 

UMAG_00311 E Down Asparagine synthetase 

UMAG_01402 E Down Chorismate synthase 

UMAG_10308 E 

 

Down 

Catalyzes two activities which are involved in the cyclic version of arginine 

biosynthesis 

UMAG_03537 E Down ornithine carbamoyltransferase 

UMAG_03974 E Down Phosphoribosyl-AMP cyclohydrolase 

UMAG_04584 E Down tryptophan synthase 

UMAG_04429 E Down Aminotransferase class I and II 

UMAG_04899 E Down aspartate-semialdehyde dehydrogenase 

UMAG_04939 E Down arginase EC 3.5.3.1 

UMAG_05671 E Down Aminotransferase class-III 

UMAG_10681 E Down Ketol-acid reductoisomerase 

UMAG_11807 E Down ATP phosphoribosyltransferase 

UMAG_11363 H Down Lumazine binding domain 

UMAG_03071 I Down Enoyl-CoA hydratase/isomerase family 

UMAG_00138 J 

 

Down 

This protein promotes the GTP-dependent binding of aminoacyl-tRNA to 

the A-site of ribosomes during protein biosynthesis 

UMAG_10154 J Down tRNA synthetases class I (E and Q), catalytic domain 

UMAG_11095 J Down Anticodon-binding domain of tRNA 

UMAG_01184 K Down Inherit from fuNOG: DNA-directed RNA polymerase I and III 

UMAG_04542 O Down UBCc 

UMAG_05030 O Down SPFH domain / Band 7 family 

UMAG_01421 S Down Cyclin 
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Table 3.6 continued 

UMAG_12200 S Down Sodium:solute symporter family 

UMAG_11758 S Down Protein of unknown function (DUF1014) 

UMAG_05890 S Down Mitochondrial ribosomal subunit protein 

UMAG_12321 S Down CTNS 

UMAG_00614 U Down Eukaryotic porin 

UMAG_11168 U Down Tim10/DDP family zinc finger, mitochondrial 

UMAG_01096 U Down Mitochondrial import receptor subunit Tom22 

UMAG_11021 U Down Tetratricopeptide repeat 

UMAG_05496 E, I Up cystathionine beta-lyase 

UMAG_03593 I Up Fatty acid hydroxylase superfamily 

UMAG_00798 L Up helicase, member of the UBC2 RAD6 epistasis group. 

UMAG_12183 M Up E3 RING-type ubiquitin ligase with FYVE and PI3K-binding domains 

UMAG_00510 O Up Holliday junction DNA helicase ruvB N-terminus 

UMAG_11751 P Up Domain of unknown function (DUF307) 

UMAG_05218 S 

 

Up 

Membrane protein orthologous to Efr3, a regulatory component for the 

assembly of phosphoinositide 4-kinase complex 

UMAG_05827 S Up Inherit from euNOG: filamentation protein (Rhf1) 

UMAG_01012 T Up SH3 domain protein orthologous to the cell end marker Tea4/Bud14 

UMAG_01737 T Up Haemolysin-III related protein 

UMAG_03760 T Up Phosphatidylinositol-3,4,5-trisphosphate 3-phosphatase 

UMAG_06103 T Up Phosphoinositide 4-kinase 

UMAG_10018 U Up EXS family orthologous to ER retention protein Erd1 

UMAG_11091 U Up Pfam:TBC orthologous to GTPase-activating protein Gyp5 

UMAG_12136 Z 

Up Cooperates with the reticulon proteins and tubule-shaping DP1 family 

proteins  

UMAG_05828 Z Up Beta tubulin 
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Table 3.7 List of some interesting discordant genes in four species.  

Shaded colors indicate discordant patterns: dark blue, discordance between M. miltonrushii and 

the other species; red, discordance between T. washingtonensis + O. novo-ulmi and M. 

miltonrushii + U. maydis; gold, discordance between T. washingtonensis and the other species; 

light blue, discordance between M. miltonrushii + T. washingtonensis and O. novo-ulmi + U. 

maydis; green, discordance between U. maydis and the other species; yellow, discordance 

between M. miltonrushii + O. novo-ulmi and T. washingtonensis + U. maydis; gray, discordance 

between O. novo-ulmi and the other species 

1 + sign means upregulated in a former group and downregulated in a latter group, - sign means in an opposite way. 
Patterns (upregulated/downregulated) are based on the expression level in filamentous growth compared to yeast 

growth. 
U. maydis  

gene id 

Pattern1 KOG 

class 

Potential function 

UMAG_11698 - C ATP synthase alpha/beta family, beta-barrel domain 

UMAG_04716 - C V-ATPase subunit C 

UMAG_03761 - C Aldehyde dehydrogenase family 

UMAG_10682 + C FMN-dependent dehydrogenase 

UMAG_03775 + C, H Oxidoreductase FAD-binding domain 

UMAG_03911 - C mitochondrial carrier protein RIM2 

UMAG_11517 + C ETC complex I subunit conserved region 

UMAG_11583 + C Zinc-finger domain 

UMAG_10804 + C 2-oxoacid dehydrogenases acyltransferase (catalytic domain) 

UMAG_00940 + C Ubiquinol-cytochrome C reductase hinge protein 

UMAG_01478 + C ubiquinol-cytochrome C reductase complex core protein 2 

UMAG_02477 + C Cytochrome c oxidase subunit Va 

UMAG_05625 + C Complex 1 protein (LYR family) 

UMAG_06324 + C ATP synthase delta (OSCP) subunit 

UMAG_06051 + C NADH dehydrogenase ubiquinone iron-sulfur protein 

UMAG_10820 + C Mitochondrial ribosomal protein L51 / S25 / CI-B8 domain 

UMAG_00975 + C Mitochondrial ATP synthase g subunit 

UMAG_05090 + C Mitochondrial membrane ATP synthase 

UMAG_05465 + C Cytochrome c oxidase subunit IV 

UMAG_02360 + C ATP synthase 

UMAG_10397 + 

C 

Produces ATP from ADP in the presence of a proton gradient across the 

membrane 

UMAG_10548 + C Mitochondrial ATP synthase B chain precursor (ATP-synt_B) 

UMAG_03956 + 

C 

NADH-ubiquinone oxidoreductase ASHI subunit (CI-ASHI or 

NDUFB8) 

UMAG_01686 - C PB1 domain 

UMAG_05754 + C The electron transfer flavoprotein 

UMAG_11740 + C Aldo/keto reductase family 

UMAG_01782 + C Mitochondrial carrier protein 

UMAG_10934 + C protein scd2 ral3 

UMAG_05061 + C FAD dependent oxidoreductase 

UMAG_11276 + C FAD linked oxidases, C-terminal domain 

UMAG_02683 - C Aldo/keto reductase family 
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Table 3.7 continued 

UMAG_04612 - E Methylenetetrahydrofolate reductase 

UMAG_03850 + E glutamate synthase 

UMAG_02792 + E Cysteine synthase 

UMAG_05776 - E Aminotransferase class-V 

UMAG_01048 - E Ornithine decarboxylase 

UMAG_04152 - E, J Elongation factor 

UMAG_10792 - E Adenosylmethionine decarboxylase 

UMAG_05531 + E Aminotransferase class-V 

UMAG_10708 + E Small subunit of acetolactate synthase 

UMAG_05032 + E Carbon-nitrogen hydrolase 

UMAG_04873 + E Isocitrate/isopropylmalate dehydrogenase 

UMAG_00872 + E Aspartokinase 

UMAG_11231 + E Histidine biosynthesis protein 

UMAG_04705  

- E 

N-acetylglutamate synthase involved in arginine biosynthesis (By 

similarity) 

UMAG_02685 - E Aminotransferase class I and II 

UMAG_01329 + E Isocitrate/isopropylmalate dehydrogenase 

UMAG_01328 + E Isocitrate dehydrogenase 

UMAG_04497 + E Argininosuccinate lyase 

UMAG_04253 - E, J mRNA export factor elf1 

UMAG_00950 

 

 

+ E 

Trifunctional enzyme bearing the Gln amidotransferase (GATase) 

domain of anthranilate synthase, indole-glycerolphosphate synthase, and 

phosphoribosylanthranilate isomerase activities 

UMAG_03449 - D, U, Z K16945 cell division control protein 11 (described Sep3 in U. maydis) 

UMAG_03599 - D, U, Z putative CDC12-septin 

UMAG_11479 + Z ARP2/3 complex 34 kda subunit 

UMAG_11265 + Z Putative actin-related protein (ARP) 3 

UMAG_10173 + Z ARP2/3 complex 20 kDa subunit (ARPC4) 

UMAG_04417 + Z Domain of unknown function (DUF1899) 

UMAG_10246 + Z ARP2/3 complex 21 kDa subunit 

UMAG_02388  

+ Z 

Functions as component of the Arp2/3 complex which is involved in 

regulation of actin polymerization 

UMAG_00582 + Z I/LWEQ domain 

UMAG_11114 + Z Type-I myosin implicated in the organization of the actin cytoskeleton 

UMAG_04218 - Z KISc 

UMAG_11985 - Z KISc 

UMAG_05761 - Z EB1-like C-terminal motif 

UMAG_10783 + Z CLASP N terminal 

UMAG_05405 + Z Actin binding protein 

UMAG_04603 + Z ACTIN 

UMAG_00950 - Z Spc97 / Spc98 family 
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Table 3.8 Gene expression patterns of known dimorphism genes from U. maydis literature and 

respective orthologs. 

Color codes in the table are the following: red, significantly downregulated; green, significantly 

upregulated (adjusted p-value < 0.05) and black, no ortholog is found. A decimal point after a 

gene name indicates a possible paralog discovered from OrthoFinder.   

Genes Meimi Ophnu Tilwa Ustma Genes Meimi Ophnu Tilwa Ustma 

Receptors, transmembrane proteins Transcriptional regulators 

Ump1 93504 1982531 299646 11661 Hap2 63435 1980515 291628 8469 

Ump2 154569 1981622 332386 13067 Rbf1 115089 1983016 64125 10444 

Msb2 153618 0 328964 7294 Rbf1.2 0 1985597 299149 10438 

Sho1 110010 1982322 329392 10427 Rop1 172680 1981843 341532 13209 

Pra1 123976 1986126 327221 9597 Rop1.2 0 0 0 8330 

Pra1.2 161223 0 0 0 Prf1 93068 0 349873 9949 

cAMP/PKA pathway Cib1 94769 1983493 361399 10796 

Gpa3 135672 1979563 44190 12001 Hos2 145967 0 328652 7483 

Bpp1 7852 1986096 301502 7530 Tup1 168580 1978797 330804 10556 

Uac1 159581 1983371 327954 9116 Gcn5 109940 1981996 330623 9050 

Ubc1 54131 1980275 0 7338 Gcn5.2 109940 1986361 330623 9050 

Adr1 164464 1986295 330674 11983 Gcn5.3 156372 0 288290 13064 

Uka1 121836 1985296 300158 7983 Ros1 116026 1985623 326807 13028 

Umpde1 92967 1985371 294947 9751 Pac2 160005 1985623 291463 9920 

Umpde2 160837 1979652 87503 12716 Med1 111975 1985348 290986 10879 

Ucn1 125436 1978938 331497 7783 Other effectors 

MAPK pathway Hgl1 158647 0 332249 7461 

Ubc2 150079 1986103 313073 12787 Rak1 162121 1983575 330968 9624 

Ubc2.2 0 0 285466 0 Myo5 167563 1984299 332564 11693 

Kpp4 171607 1981571 295377 11572 Kin1 161038 1979957 329004 11527 

Kpp2 159158 1986977 329263 10580 Kin3 161639 1982169 331589 13437 

Kpp6 151809 0 299388 9542 Kin3.2 0 1986700 0 0 

Fuz7 162086 1979960 315954 8392 Rrm4 160584 1985205 354933 10780 

Crk1 159064 1980766 133071 9733 Clb1 114513 1981400 331995 11051 

Rok1 80127 1979340 35755 10995 Clb1.2 152529 1983212 294025 9811 

GTPase-mediated signaling Clp1 173993 0 359281 9656 

Ras2 129751 1979529 300558 8517 Chs5 105722 1984583 329830 9792 

Sql2 110111 1984546 212730 8394 Chs7 62820   294408 12625 

Sql2.2 125181 1980682 338692 10079 Mcs1 127190 1979105 329339 10473 

Pdc1 120982 1981635 331796 8235 Mcs1.2 189370 1979106 362445 10310 

Pdc1.2 0 1984354 0 0 Yup1 137139 1979647 109250 12940 

Rho1 140715 1983803 336018 12322 Khd4 160354 1981069 342519 11129 

Rho1.2 148640 1984978 333050 9714 Sep3 161324 1982310 328207 10731 

Rho1.3 70836 0 343249 11063 Sep3.2 161603 0 331586 0 

Rac1 59096 1981722 335337 7605 Tea4 190143 1986114 345022 7865 

Cla4 161680 0 305688 9622      
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3.5 Discussion 

In this study, we performed comparative transcriptomics to discover candidate genes involved in 

yeast-to-hyphal transition across multiple dimorphic species. Our strategy aims to determine if 

findings from the corn smut fungus U. maydis, a renowned model organism for fungal dimorphism 

(67,121), are similar to other non-model species. These include T. washingtonensis, a phylloplane 

yeast-like fungus that causes the ‘white haze’ syndrome on postharvest apples (105,106), M. 

miltonrushii, a recently described species from a magnolia leaf phylloplane (209), and O. novo-

ulmi, a causal agent of the serious Dutch elm disease (216). The two former species belong to the 

same subphylum with U. maydis (Ustilaginomycotina), while the latter belongs to a different 

phylum (Ascomycota). Lipid or hydrophobicity was used as a trigger for yeast-to-hyphal transition 

of the three Ustilaginomycotina species (196), while nutrient richness was used for O. novo-ulmi 

(198). All four species have genomic resources available in public database (41,116,217), and that 

facilitated our comparative analyses. 

 

Our hypothesis is that these species share similar mechanisms during dimorphic transition, and the 

level of conservation is correlated with phylogenetic relatedness. According to the sampled taxa, 

we originally expected that the patterns of transcriptional alteration would be highly conserved 

between M. miltonrushii and T. washingtonensis, as both of them belong to the same taxonomic 

class Exobasidiomycetes (41). Moreover, the transcriptomic profile during yeast-to-hyphal 

transition of O. novo-ulmi was expected to be more different than the other three species. Based 

on the results, however, most discordant patterns of differentially expressed genes are found 

between T. washingtonensis and the other three species (Figure 3.5E and F). Exemplars of these 

include genes in the mitochondrial electron transport system, as well as several genes in the MAPK 

signaling pathway (Tables 3.7 and 3.8). Moreover, there are many other genes of T. 

washingtonensis that behave similar to those of O. novo-ulmi, especially several cytoskeletal genes 

(Figure 3.5F and Table 3.7). This conflict is unlikely due to experimental regimes as the discordant 

patterns are also prominent when we compared the transcriptomic profiles of T. washingtonensis 

to M. miltonrushii, a closely related species that was treated under a similar condition (Figure 3.5A 

and D, see Materials and Methods). Although it remains enigmatic to explain how the divergence 

of transcriptomic alteration occurs in T. washingtonensis, our study raises a concern that findings 
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from one species may not be inferable to a similar biological phenomenon in another species, even 

a closely related one. 

 

Many genes in amino acid transport and metabolism (the KOG class E) are downregulated in 

filamentous growth compared to yeast growth (Table 3.5). Previous studies have concurrently 

shown that genes in amino acid metabolism are either specific or induced during yeast phase of 

some dimorphic fungi such as Candida albicans, Histoplasma capsulatum and Paracoccidioides 

brasiliensis (199). Amino acid transport and metabolism can be involved in fungal dimorphism in 

a couple of ways. The first explanation is about the dynamics of resource allocation. Ustilago 

maydis perceives lipids or hydrophobicity as a signal that it has landed on a host surface 

(89,121,196). As nutrient condition on a host surface is very poor, the pathogen needs to expedite 

morphogenesis for infection and colonization prior to production of new fungal masses, and some 

metabolic processes are less prioritized. Whereas, the yeast-to-hyphal transition of O. novo-ulmi 

is triggered after transferring the cultures from the minimal medium to the complete medium (198). 

Due to nutrient-rich condition, the activation of amino acid transport and metabolism may be 

unnecessary. The second explanation is about intracellular signaling affected by metabolic 

alteration. Exogenous nitrogen sources play a critical role in determining growth forms in many 

dimorphic fungi (67). Many studies focused on how nutrient conditions affect morphological 

switching, but knowledge on how cellular metabolism interacts with a developmental program is 

poorly understood. In our study, M. miltonrushii and T. washingtonensis were cultured under the 

same nitrogen condition for both yeast and filamentous growth. In contrast to downregulation of 

many genes for amino acid transport and metabolism (Supplementary Material 13), these two 

species have upregulation of the ammonium transporter Ump2, so does U. maydis (Table 3.8). The 

increased Ump2 expression has been shown to induce filamentous growth of U. maydis under a 

nitrogen-deprived condition by interacting with Rho1 GTPase (90). Thus, it is possible that the 

manipulation of intracellular amino acids may yield a similar consequence to the starvation of 

exogenous nitrogen sources. An example is shown in Histoplasma capsulatum that the there is an 

alteration of intracellular cysteine levels during hyphal-to-yeast transition (79). 

 

Cytoskeletons have been widely known for determining cell shape and growth. Our transcriptomic 

study found at least two cytoskeletal components which are upregulated during filamentous growth 
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in all studied dimorphic species. Kinesin 3 and beta-Tubulin serve as machineries that transport 

secretory vesicles, containing components to build new hyphal mass, towards a hyphal tip (24,233). 

Another upregulated gene in all species is a homolog of a dynamin-like GTPase called SEY1 in 

Saccharomyces cerevisiae (228). SEY1 is involved in maintenance of tubular endoplasmic 

reticulum. As this tubular network can contribute to long-distance transport in several filamentous 

fungi (25), we speculate it may affect the transport of vesicles and other machineries for hyphal 

growth. 

 

In addition to cytoskeletal genes, a few signal transduction genes related to cytoskeletal 

arrangement are commonly upregulated during filamentous growth (Table 3.6). One is the gene 

encoding the cell end marker Tea4, named as TeaC in Aspergillus nidulans and Bud14 in S. 

cerevisiae. One function of this gene is to regulate actin cable architecture through interaction with 

formins (11,170,234). Actin cables are important for accumulation of secretory vesicles at the 

Spitzenkörper, and for exocytosis of vesicles at the hyphal tip (6). The function of Tea4 on 

polarized hyphal growth has also been demonstrated in A. nidulans and U. maydis (11,170). 

Orthologs of the phosphatidylinositol-4-kinase complex Stt4 and Efr3 are the other two genes 

upregulated during filamentous growth (231,232,235). This protein complex regulates the level of 

phosphatidylinositol-4-phosphate, which affects actin organization in a cell (231,235). 

 

On the other hand, we found a couple of conflicting expression patterns that reveal differences in 

hyphal microarchitectures. First is the downregulation of two septin genes in M. miltonrushii, Sep3 

and CDC12; these genes are upregulated in the other three species (Table 3.7). Sep3 is required 

for filamentous growth in U. maydis (36), while CDC12 is critical for maintaining polarized 

growth in C. albicans (33). The downregulation of these two genes may not indicate aberrant 

hyphal formation, but instead how frequently septation (i.e. cross-wall formation between cells) is 

formed along a hypha. The second case is significant upregulation of several components of the 

ARP2/3 complex in T. washingtonensis and O. novo-ulmi (Table 3.7). This actin-related protein 

complex assembles actin patches beneath the plasma membrane at a sub-apical region. The actin 

patches are involved in an endocytic process to recycle excess membranes resulting from 

continuous exocytosis at a hyphal tip (14,17). A previous study in C. albicans showed that 

although endocytosis is not impaired in an arp2/3 mutant, it has a severe defect in hyphal 
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development (236). As all studied species display a similar phenotype (yeast to hyphal transition), 

it is interesting to study how the alteration of ARP2/3 expression level affects the internal 

arrangement of the actin cytoskeleton, as well as morpho-physical properties of newly generated 

hyphae. 

 

Current research in dimorphic fungi has emphasized the characterization of genes involved in 

signal transduction and transcriptional regulation (37,88,121). The cAMP/PKA pathway and the 

MAPK pathway are conserved signaling pathways that regulate morphogenesis in many dimorphic 

fungi (37,64,67). Despite being highly conserved, a mechanism for how each molecular player 

transduces a signal can be diversified. According to our study, many genes in these two pathways 

are transcriptionally altered during filamentous growth, but none of these have concordant 

expression patterns across all four species (Table 3.8). Another striking finding is that filamentous 

growth of T. washingtonensis has the downregulation of genes in the downstream MAPK cascade 

such as Crk1, Kpp2/Ubc3 and Kpp6. Paradoxically, these genes are experimentally shown to be 

involved in filamentous growth of U. maydis (68,139,140,174). Furthermore, most genes in the 

GTPase-mediated signaling are also downregulated during filamentous growth of T. 

washingtonensis but are upregulated in the other three species (Table 3.8). 

 

Despite many dissimilarities in signal transductions among the studied species, we found 

commonly upregulated genes that are potentially involved in signaling through membrane-

localized phosphoinositides, which is widely known in a mammalian system like the 

PTEN/PI3K/mTOR pathway (237). Some upregulated genes include those in the abovementioned 

phosphatidylinositol-4-kinase complex Stt4 and Efr3. Phosphatidylinositol-4-phosphate on the 

plasma membrane is demonstrated as a signaling molecule to control morphologies of vacuole and 

Golgi body, vesicular secretion, actin organization and lipid storage (231,235). A recent study also 

demonstrated that phosphatidylinositol-4-phosphate is important for dimorphic transition in C. 

albicans (238). Another commonly upregulated gene is an ortholog of the phosphatidyl inositol-

3,4,5-triphosphate (PI3K) phosphatase PTEN. Although the deletion of PTEN in U. maydis does 

not show a direct effect on filamentous growth, the mutant has reduction of mating efficiency, 

virulence and teliospore formation (229). The other gene is the membrane-localized ubiquitin E3 

ligase Pib1. Since the encoded protein has the FYVE finger domain which specifically binds to 
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PI3K, it potentially acts as a downstream target of the PI3K-mediated signaling (230). In addition, 

we found four genes that are concordantly upregulated during filamentous growth of all 

Ustilaginomycotina species⎯the high-affinity ammonium transporter gene Ump2 (129), the bZIP 

transcription factor Cib1 (156), the paralog of protein kinase A Uka1 (134) and a paralog of the 

gene encoding guanyl nucleotide exchange factor Sql2 (146). These are interesting candidates for 

future investigation to test whether they play a common role in dimorphic transition. 

 

Even though this study allows us to gain insight about fungal dimorphism, there are a couple of 

limitations that need to be considered. First, our study examines the transcriptional profiles 

between yeast and filamentous growth forms at a single timepoint. This means we could not 

determine master “switching” genes that trigger the transition from yeast to filamentous growth. 

In addition, a developmental program in a fungal cell changes through time, and each species may 

have a different “peak” time for dimorphic transition. Therefore, time-course transcriptomic 

profiles are necessary to determine which genes have the transcript levels that are correlated with 

different stages of dimorphic transition. For example, Nigg and Bernier (198) utilized this strategy 

to discover that the upregulation of the MAPK cascade is involved during yeast-to-hyphal 

transition in O. novo-ulmi. The second limitation is based on the fundamentals of gene expression. 

Like most transcriptomic studies, we used the transcript level as a proxy to determine gene function. 

However, the gene function is also regulated at the translational and post-translational 

levels⎯obvious exemplars are kinase proteins that have phosphorylation to activate/inactivate 

their functions. Future combinations of transcriptomic, proteomic and phosphoproteomic data 

would improve the robustness of the analyses. Finally, our study consists of only dimorphic fungi 

that are either plant-associated or plant pathogenic. Yeast-to-hyphal transition is a common 

morphological switch when dimorphic plant pathogens encounter hosts (67). This is similar to the 

opportunistic pathogen C. albicans when it enters into a human body (37). Meanwhile, many 

dimorphic human pathogens such as H. capsulatum and Blastomyces dermatidis have a switch 

from hyphal to yeast growth in the human body (43). It will be intriguing to find out if the 

transcriptomic alterations between the yeast-to-hyphal stage in dimorphic plant pathogens and the 

hyphal-to-yeast stage in dimorphic human pathogens are mirrored with each other. 
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In conclusion, we performed multispecies transcriptomic analyses to understand how yeast and 

filamentous growth forms behave differently. During filamentous growth, functional classes in 

amino acid transport and metabolism, cytoskeleton and energy production and conversion are 

significantly enriched among differentially expressed genes in all studied species. Based on 

concordant expression patterns, we discovered several core candidates for yeast-to-hyphal 

dimorphic transition. However, many discordant expression patterns suggest several divergent 

biological responses, especially in T. washingtonensis. We also noticed that there are very few 

dimorphism genes that have similar expression patterns in all studied species. This raises a concern 

that knowledge derived from a model species like U. maydis may not be completely translational 

to other dimorphic fungi despite their phylogenetic relatedness.  
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 INVESTIGATING AN ASSOCIATION BETWEEN 

GENOMIC PROFILES AND GROWTH FORMS OF FUNGI IN DIKARYA 

4.1 Introduction 

With at least 5.1 million estimated species, the kingdom Fungi represents one of the most diverse 

eukaryotic groups in terms of modes of living, survival and reproduction (1,239). Most fungi 

produce a multicellular filament called a hypha as the basic component for complex structures like 

mushrooms, fruiting bodies, dormancy tissues, or even infection apparatuses. However, many 

other species survive and reproduce as a unicellular organism collectively termed ‘yeast’. Yeast 

growth appears to be interspersed in the fungal kingdom. Dikarya, the subkingdom comprising the 

two major phyla Ascomycota and Basidiomycota, is widely known to harbor yeast-like fungi 

(3,38,42,62). In Ascomycota, two major clades containing yeasts are Saccharomycotina (budding 

yeasts) and Taphrinomycotina (fission yeasts). In Basidiomycota, yeast-like fungi are 

predominantly found in Ustilaginomycotina (smut fungi), Pucciniomycotina (relatives of rust 

fungi) and Tremellomycetes (jelly fungi, an early-diverging group of mushroom-forming fungi). 

Yeast growth can be found in certain stages of some species from Pezizomycotina and 

Mucoromycotina (43,98), although both lineages primarily comprise filamentous fungi. In some 

cases, fungi that can grow both as yeasts and as hyphae are termed as dimorphic fungi. 

 

Understanding how yeasts are different from filamentous fungi remains a fundamental question in 

fungal cell biology, even in a post-genomic era. In terms of evolutionary aspects, it is also 

intriguing to understand how yeast-like fungi emerge in several lineages. Previous genomic studies 

have shown that the genomes of ascomycetes yeast-like fungi are relatively small and compact 

compared to filamentous fungi (240,241). A recent study of Nagy et al. (44) suggested that the 

filamentous growth form appeared as an ancestral state of Dikarya, and yeast-like fungi have 

independently evolved multiple times. They also found the parallel diversification of the Zn-cluster 

transcription factor as a potential regulatory toolkit for a yeast-like strategy. More recently, 

Nguyen et al. (190) discovered a set of complex multicellularity-associated genes that are mostly 

lost in yeast-like fungi in Saccharomycotina and Taphrinomycotina. However, these two studies 

provided limited sampling of yeast-like fungi in Basidiomycota, thus whether their findings are 

truly applicable for all yeast-like fungi throughout the fungal kingdom remains elusive. 
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Thanks to an advent of high-throughput sequencing and recent advances in bioinformatic analyses, 

numerous fungal genomes have been generated in the past few years (189). A huge number of 

currently available fungal genomes can help us revisit an idea of how genomes of yeast-like fungi 

are different from those of filamentous fungi, which can lead to explanation of potential 

mechanisms for their growth strategies. In this study we attempt to utilize multivariate approaches, 

commonly used in Community Ecology, to determine which genome properties, as well as which 

genes, are associated with types of growth form. We primarily focus on yeast-like and filamentous 

fungi in Dikarya since it is complicated to identify growth forms in many early-diverging fungi. 

4.2 Hypotheses 

- Genome statistics can be used to determine types of growth form of fungi in Dikarya. Being a 

simpler life form than filamentous fungi, yeasts have a simpler genome architecture like smaller 

genome size and fewer genes. 

- As yeast-like fungi have independently emerged in several lineages, gene gain for becoming 

yeast-like fungi is lineage-specific. However, they may have a general trend of gene loss that 

makes them unable to grow as a prolonged multicellular stage. 

- Genes involved in types of growth form would have functions in one of these categories: cell 

wall and membrane structures, cytoskeletons, vesicular trafficking, cell division, gene regulation 

and signal transduction pathway. Rationales behind this can be found in the literature review 

(Chapter 1). 

4.3 Materials and Methods 

4.3.1 Data collection 

The 190 fungal genomes, comprising 123 ascomycete species and 67 basidiomycetes species, were 

included in this study (41,116,190,217,242–366). A list of studied genomes is provided in Table 

S1. The DNA assembly and protein models of each genome were downloaded from the DOE-JGI 

MycoCosm fungal genome portal (189). We classified the 190 species into three categories based 

on types of growth form: hyphal/filamentous fungi (H), dimorphic fungi (D) and yeasts (Y). In 

some cases, we considered both dimorphic and yeast species as yeast-like fungi. We partitioned 

the studied genomes into three datasets⎯Dikarya dataset, Ascomycota dataset and Basidiomycota 
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dataset. The Ascomycota and Basidiomycota datasets were split into halves as cross-validation 

(CV) datasets. The CV datasets were used to verify the consistency of the analyses. The numbers 

of studied species are summarized in Table 4.1. 

 

Table 4.1 Numbers of genomes included in this study. 

Lineages  

Types of growth form  

Hyphal Dimorphic Yeast Sum 

Agaricomycotina 

   - Agaricomycetes 

   - Dacrymycetes 

   - Tremellomycetes 

   - Wallemiomycetes 

29 

2 

0 

1 

0 

0 

4 

0 

0 

0 

0 

0 

 

29 

2 

4 

1 

Pucciniomycotina 4 4 7 15 

Ustilaginomycotina 1 14 1 16 

Summary: Basidiomycota 37 22 8 67 

Pezizomycotina 

   - Dothideomycetes 

   - Eurotiomycetes 

   - Leotiomycetes 

   - Orbiliomycetes 

   - Pezizomycetes 

   - Xylonomycetes 

 

19 

16 

10 

1 

1 

1 

 

3 

9 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

 

22 

25 

10 

1 

1 

1 

Saccharomycotina 1 15 17 33 

Taphrinomycotina 1 1 5 7 

Summary: Ascomycota 67 34 22 123 

Summary: Dikarya 104 56 30 190 

 

Six genome statistics were obtained as follows: genome size (in megabases) by counting the total 

number of bases in a genome assembly, gene number by recording the number of genes reported 

in a published genome, gene density by dividing the total number of genes by the genome size, 

GC content by calculating the percentage of C and G bases divided by the total number of four 

DNA bases (A, T, C, G), the percentage of repetitive elements by dividing the number of repeat-

masked bases by the total base number of the genome assembly, and median number of exons per 

gene by finding the median of exons across all protein-coding genes. The genome statistics of the 

190 genomes are tabulated in Supplementary Material 14. 

 

Since the published 190 genomes were annotated under different platforms, we utilized eggNOG 

version 4.5 (219) as a standardized approach for functional annotation. Eukaryotic cluster of 
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orthogroup for the kingdom Fungi (fuNOG) was an annotation property selected for subsequent 

analyses. Then, we created a fuNOG gene distribution table. Each row represents each fungal 

genome/species and each column represents each fuNOG ID. In total, there are 37,732 fuNOG IDs 

among the 190 genomes. The gene distribution table can be found in Supplementary Material 15. 

4.3.2 Analytical platform 

All analyses were performed in RStudio version 1.1.463 equipped with R version 3.5.0. The 

following R packages were used: vegan version 2.5-3 (367), car version 3.0.2 (368), DescTools 

version 0.99.26 (369), indicspecies version 1.7.6 (370), phytools version 0.6.60 (371) and ggplot2 

version 3.1.0 (206). 

4.3.3 Multivariate analyses of genome statistics 

The six genome statistics of 190 genomes were included in multivariate analyses. Because the 

variables were measured in different scales, we standardized them by subtracting with a mean and 

dividing by a standard deviation. After that, we performed a multidimensional scaling (MDS) plot 

by using the Euclidean dissimilarity matrix as an input. Permutational analysis of variance 

(PERMANOVA) was performed, using the ‘adonis’ function from the vegan package, to test the 

difference between types of growth form. 

 

After that, we used logistic regression to determine which genome statistics could serve as 

predictors for types of growth form. A yeast-like property was set as a binary value (0 as 

hyphal/filamentous and 1 as yeast-like). Receiver operating characteristic (ROC) curves were used 

to assess the prediction efficiency from the logistic regression analyses. The area under the ROC 

curve larger than 0.80 indicates a good variable for the prediction. 

4.3.4 Multivariate analyses of gene composition 

Because there are numerous identified fuNOG IDs, a heuristic way was designed to subset the data 

for our multivariate analyses. We selected fuNOG IDs having functional classes that are likely to 

be involved in fungal growth and development: classes M (cell wall, membrane and envelope 

biogenesis), U (intracellular trafficking, secretion, and vesicular transport), Z (cytoskeleton), D 

(cell cycle control, cell division and chromosome partitioning), K (transcription) and T (signal 
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transduction mechanisms). For each functional class, we performed NMDS to see how data points 

are ordinated and PERMANOVA to test the difference among types of growth form. 

 

To determine which genes are associated with types of growth form, we utilized the function 

‘multipatt’ from the indicspecies package (370). In Community Ecology, the function calculates 

sensitivity and specificity values and combines them as the indicator value index for each species 

on each site group, like a habitat type or a treatment (372). A site group that has the highest 

indicator value index infers that a given species serves as an indicator for the site group. Finally, 

the significance of the indicator species is tested through permutation. We used the following 

analogies to adopt this analysis to our study: each sampled site in Ecology is analogous to each 

sampled genome, each species present in a site is analogous to each gene harbored in a genome, 

and each site group is analogous to a desired trait (types of growth form in this case). We selected 

only significant genes having the indicator value index > 0.7 for the Dikarya dataset or > 0.75 for 

the Ascomycota and Basidiomycota datasets (arbitrary cutoffs). After analyzing the gene 

distribution in six functional classes (M, U, Z, D, K and T), genes that passed the cutoff criteria 

were combined and re-analyzed one more time as the combined datasets. 

 

In addition to genes in the six functional classes, we adopted a list of 1050 complex 

multicellularity-associated genes from the previous study of Nguyen et al. (190) as an input for the 

analysis. These 1050 genes were annotated through eggNOG to get the fuNOG IDs, which were 

then used to subset the data and analyzed in a similar way as mentioned above. All analyses were 

performed under different scenarios (Dikarya, Ascomycota, Basidiomycota and cross-validation 

datasets). Genes associated with types of growth form are summarized as Venn diagrams and gene 

presence-absence matrices. 

4.4 Results 

First, we questioned if basic genome statistics can be used to explain fungal growth forms. Pairwise 

scatterplots of six variables reveal that there is a linear relationship between genome size and 

annotated gene number (Figure S1). There is also a correlation between genome size and gene 

density, but the trend is unlikely to be in a linear fashion. According to the NMDS plots, there is a 

clear separation between yeasts and filamentous fungi of Ascomycota (Figure 4.1). Dimorphic 
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ascomycetes fungi are found in both clusters, depending on which lineages they belong to. In 

Basidiomycota, yeast-like fungi (both dimorphic and yeast species) have distinct ordination from 

filamentous fungi. Results from PERMANOVA indicate that genome statistics are different 

among types of growth form, with R2 values around 0.18 – 0.30 (Table S2). The homogeneity of 

group dispersion is assumed in all cases. 

 

 

Figure 4.1 NMDS plots of genome statistics of 190 fungal genomes. 

Six variables of genome statistics were included in the analyses: genome size, gene number, gene 

density, percentage of transposable elements, GC content and median of exon numbers per gene. 

Data points are labelled based on (A) types of growth form (H, hyphal; D, dimorphic and Y, 

yeast), (B) phyla (Ascomycota and Basidiomycota), (C) lineages of Ascomycota and (D) 

lineages of Basidiomycota. 
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After that, we performed logistic regression analyses to find out which genome statistics are good 

predictors for types of growth form. Based on the areas under the ROC curves more than a standard 

cutoff (> 0.8), only genome size and gene number pass the criteria (Figure 4.2, S2). Boxplots show 

that yeast-like fungi have smaller genome sizes and lower gene numbers compared to filamentous 

fungi (Figure 4.2A, D). The critical values for yeast-like property (p = 0.5) are 27.28 Mb for 

genome size and 9119 for gene number, respectively (Figure 4.2B, E). The results are quite similar 

when analyzing across different datasets (Ascomycota, Basidiomycota and cross-validation 

datasets), except with slightly shifted critical values (Figure S3, Supplementary Material 16). 

 

Next, we analyzed gene composition for the six functional classes potentially involved in fungal 

growth and development (classes M, U, Z, D, K and T). The NMDS plots are similar for all 

analyzed functional classes (Figure S4 – S9). In particular, the data ordinations of Ascomycota 

and Basidiomycota do not overlap with each other. Data points of Ascomycota are split into at 

least two clusters⎯one is composed of many yeast-like fungi of Saccharomycotina and the other 

comprises filamentous and dimorphic fungi in Pezizomycotina. An ordination pattern of 

Taphrinomycotina varies for each functional class. For Basidiomycota, there is a separation 

between the data clusters of yeast-like fungi and filamentous fungi. However, the distance between 

the two clusters is much less than the one between Saccharomycotina and Pezizomycotina (Figure 

S5 – S9). The exception is in the class M; data points of yeast-like fungi in Ustilaginomycotina are 

clustered together with filamentous fungi in Agaricomycotina (Figure S4). Details on which genes 

are associated with types of growth form in each dataset can be found in Supplementary Material 

17, and numbers of indicator genes for each functional class are tabulated in Table S3. 
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Figure 4.2 Logistic regression analyses of predictive variables for types of growth form. 

From six genome statistics, we found that genome size and gene number are good predictors for 

yeast-like fungi. (A) and (B) Boxplots showing the distributions of (A) genome size and (B) gene 

number grouped by types of growth form and phyla. (C) and (D) Logistic regression curves of 

(C) genome size and (D) gene number to predict yeast-like fungi. Critical values indicate the 

values having a probability of being yeast-like equal to 0.5. (E) and (F) Receiver operating 

characteristic (ROC) curves to assess prediction quality of (E) genome size and (F) gene number. 
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As fuNOG distribution patterns are unique for both phyla, we analyzed indicator genes separately 

for Ascomycota and Basidiomycota (Figure 4.3). Data ordination of the combined dataset in 

Ascomycota (the number of indicator genes = 192) confirms the findings from individual 

functional classes⎯yeast-like fungi (both dimorphic and yeast species) in Saccharomycotina and 

Taphrinomycotina have distinct gene compositions, but yeast-like fungi in Pezizomycotina have 

very similar gene distributions to their filamentous fungi relatives (Figure 4.3A and C). There are 

152 out of 192 indicator genes present in all cross-validation datasets. Most of them are found in 

hyphal and dimorphic species of Pezizomycotina, while others are mostly found in 

Saccharomycotina (Figure 4.3E and S10). For the combined dataset in Basidiomycota (the number 

of indicator genes = 213), the data points are ordinated based on fungal lineages (Figure 4.3B and 

D). One major cluster comprises filamentous fungi in Agaricomycotina. This excepts 

Tremellomycetes, which consists of dimorphic species forming a distinct cluster. The other 

clusters are Pucciniomycotina and Ustilaginomycotina⎯these groups primarily contain yeast-like 

species with few exceptions of hyphal species. There are 133 out of 213 indicator genes present in 

all cross-validation datasets. Most of these are associated with hyphal growth form. However, gene 

presence/absence profiles do not show a distinct pattern between yeast-like fungi and filamentous 

fungi when compared to Ascomycota (Figure S11). Finally, there are only 16 indicator 

genes⎯four of which are present in all cross-validation datasets⎯found in both Ascomycota and 

Basidiomycota (Figure 4.3E and Table 4.2). Exemplars are NADPH oxidase regulator (fuNOG ID 

0PGC0), ubiquitin ligase (0PGFA), kinesin light chain (0PJ03) and components in the gamma-

tubulin complex (0PK2S, 0PKU6 and 0PFIT). The presence/absence matrix of the 16 indicators 

genes is shown in Figure 4.5A. 
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Table 4.2 Indicator genes, identified by fuNOG IDs, that are associated with types of growth 

form in both Ascomycota and Basidiomycota. 

Input genes selected for the analyses are from six functional classes: M (cell wall, membrane and 

envelope biogenesis), U (intracellular trafficking, secretion, and vesicular transport), Z 

(cytoskeleton), D (cell cycle control, cell division and chromosome partitioning), K 

(transcription) and T (signal transduction mechanism). Terms shaded in gray are indicator genes 

that are present in all cross-validation datasets. 

fuNOG 

ids Class Function 

0PGFA D ubiquitin ligase subunit CulD 

0PIG7 K homeobox transcription factor 

0PHAZ K Transcription factor 

0PHYK LT Cryptochrome DASH 

0PHGT M Trehalose synthase 

0PMDB MW conserved hypothetical protein 

0PJ6K T 

Neutral alkaline nonlysosomal 

ceramidase 

0PGC0 T NADPH oxidase regulator NoxR 

0PM0V T Triacylglycerol lipase 

0PJW1 U Dynamin family 

0PJ5A U Cell surface receptor MFS transporter 

0PK2S Z 

gamma-tubulin complex component 

GCP6 

0PJ03 Z Kinesin family 

0PKU6 Z Spc97 Spc98 family protein 

0PFIT Z 

gamma-tubulin complex component 

GCP5 

0PK98 Z conserved hypothetical protein 
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Figure 4.3 Analyses of indicator genes derived from six functional classes. 

Input genes are from six functional classes: M (cell wall, membrane and envelope biogenesis), U 

(intracellular trafficking, secretion, and vesicular transport), Z (cytoskeleton), D (cell cycle 

control, cell division and chromosome partitioning), K (transcription) and T (signal transduction 

mechanism). Significant indicator genes from each class that passed cutoff criteria were 

combined and analyzed. As there is a remarkable difference in gene composition between 

Ascomycota and Basidiomycota, we performed separate analyses for each phylum. (A) and (C) 

NMDS plots of the distribution of 192 indicator genes across 123 Ascomycota species. Data 

points are labelled based on (A) types of growth form and (C) lineages of Ascomycota. (B) and 

(D) NMDS plots of the distribution of 213 indicator genes across 67 Basidiomycota species. 

Data points are labelled based on (B) types of growth form and (D) lineages of Basidiomycota. 

(E) Venn diagrams depicting numbers of indicator genes for each type of growth form (H, 

hyphal; D, dimorphic; and Y, yeast) for Ascomycota and Basidiomycota. The middle diagram 

depicts gene numbers that are either shared or unique in both phyla. Numbers of genes found in 

cross-validation datasets are labelled in red texts. 
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Finally, we adopted the 1050 complex multicellularity-associated genes from the study of Nguyen 

et al. (190) to find out if they can be used to explain types of growth form in Dikarya. After 

annotation through eggNOG, 1016 fuNOG IDs were identified and further used for multivariate 

analyses. The NMDS plots follow the same pattern to the ones from each individual fuNOG 

functional class: there is a clear separation between data points of Saccharomycotina and 

Pezizomycotina, while the degree of separation between yeast-like and filamentous fungi in 

Basidiomycota is much less than in Ascomycota (Figure 4.4A–D). The indicator species analyses 

discover 256 genes (210 of these in all cross-validation datasets) that are associated with types of 

growth form in Ascomycota. Almost all of them are not found in yeast growth (Figure 4.4E and 

S12). In contrast, only 65 genes (42 of these in all cross-validation datasets) pass the cutoff in the 

Basidiomycota datasets. There are indicator genes that are also found in yeast growth forms, while 

some others are not found in hyphal growth form (Figure 4.4E and S13). Considering both phyla, 

there are only 25 shared indicator genes, only 10 of which are found in all cross-validation datasets. 

The presence/absence matrix indicates that the majority of indicator genes are lost in 

Saccharomycotina and Ustilaginomycotina. Exemplars include NADPH oxidase (fuNOG ID 

0PFUK), NADPH oxidase regulator (0PGC0) and Cytochrome p450 (0PGK3). Some others, like 

components in the gamma-tubulin complex (0PK2S, 0PKU6), are predominantly lost in 

Saccharomycotina and Pucciniomycotina yeasts. Conversely, there is a set of genes that is lost in 

Saccharomycotina but also Agaricomycotina (Figure 4.5B), suggesting that an association 

between gene presence/absence and types of growth form can be lineage-specific. These are such 

as GMC superfamily oxidoreductase (0PH8X), acyl-CoA dehydrogenase (0PFI9), branched-chain 

amino acid aminotransferase (0PI4C) and conserved hypothetical proteins (0PH3C and 0PHP9). 

The gene presence/absence matrix of the 25 indicators genes is shown in Figure 4.5B. 
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Table 4.3 Indicator genes, identified by fuNOG IDs, that are associated with types of growth 

form in both Ascomycota and Basidiomycota. 

Input genes selected for the analyses are derived from the 1,050 complex multicellularity-

associated genes from the previous study (190). Terms shaded in gray are indicator genes that are 

present in all cross-validation datasets. 

Family Class Function 

0PFAS E Alcohol oxidase 

0PH8X E GMC superfamily oxidoreductase 

0PI4C E 

Branched-chain amino acid 

aminotransferase 

0PM5M E Developmental protein fluG 

0QDQG EI 

NAD dependent epimerase dehydratase 

family protein 

0PG84 G Beta-glucosidases 

0PK1M G Tetracycline transporter 

0PFI9 I acyl-CoA dehydrogenase 

0PH37 O HSP70 family 

0PFUK PQ NADPH Oxidase 

0PGK3 Q Cytochrome p450 

0PH41 S decarboxylase 

0PH3C S conserved hypothetical protein 

0PHP9 S conserved hypothetical protein 

0PIG2 S conserved hypothetical protein 

X0PJIS S conserved hypothetical protein 

0PJX5 S conserved hypothetical protein 

0PM6F S conserved hypothetical protein 

0PNSC S Cystathionine beta-synthase 

0PGC0 T NADPH oxidase regulator NoxR 

0PM0V T Triacylglycerol lipase 

0PJ5A U Cell surface receptor MFS transporter 

0PK2S Z 

gamma-tubulin complex component 

GCP6 

0PK98 Z conserved hypothetical protein 

0PKU6 Z Spc97 Spc98 family protein 
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Figure 4.4 Analyses of indicator genes derived from multicellularity-associated genes recently 

published in a previous study. 

(A) – (D) NMDS plots of the distribution of 1016 fuNOG IDs across 190 fungal genomes. Data 

points are labelled based on (A) types of growth form (H, hyphal; D, dimorphic; and Y, yeast), 

(B) phyla (Ascomycota and Basidiomycota), (C) lineages of Ascomycota and (D) lineages of 

Basidiomycota. (E) Venn diagrams depicting numbers of indicator genes for each type of growth 

form (H, hyphal; D, dimorphic and Y, yeast) for Ascomycota and Basidiomycota. The middle 

diagram indicates gene numbers that are either shared or unique in both phyla. Numbers of genes 

found in cross-validation datasets are labelled in red texts.  
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Figure 4.5 Presence-absence matrices of indicator genes shared in both Ascomycota and 

Basidiomycota datasets. 

(A) 16 indicator genes derived from six functional classes. (B) 25 indicator genes derived from 

the complex multicellularity-associated genes published in Nguyen et al. (190). Growth forms 

are labelled by text colors: black, hyphal; green, dimorphic; and red, yeast. Gene presence and 

absence are indicated by blue and white fillings, respectively.  
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4.5 Discussion 

In this study, we investigated if there is an association between genomic profiles and types of 

growth form in Dikarya fungi. Our analyses of genome statistics show that genome size serves as 

a proxy for yeast-like fungi⎯the smaller genome size is, the more likely a fungus has yeast growth 

(Figure 4.2, S3). Gene density, however, is not a good predictor for yeast-like growth. A small, 

but not always compact, genome is an indicator for yeasts especially in Basidiomycota (Figure 4.2, 

S2). Considering yeasts as a simpler life form than filamentous fungi, our findings support a 

traditional view that haploid genome size is positively correlated with organismal complexity 

(373). However, this is not always true in many eukaryotes since non-coding DNA can be a major 

constituent for large genome size (373). In addition, exceptions exist in a few species. For example, 

Wallemia mellicola, Eremothecium gossypii and Neolecta irregularis are among the smallest 

genomes sampled from this study (9.82, 9.10 and 14.59 Mb, respectively), but they are all 

filamentous fungi. In particular, N. irregularis can produce several cell types to produce visible 

fruiting bodies similar to many filamentous ascomycetes, which have an average genome size of 

41.21 Mb (190). 

 

Gene composition in each fungal genome is highly dependent on its phylogenetic placement in the 

fungal tree of life, so is the occurrence of yeast-like fungi (Figure 4.3, S4–S11). Better 

bioinformatic algorithms are necessary to account for phylogenetic signals to examine only the 

effect of types of growth form. However, to date the method has poorly been developed in this 

field. One thing that can be inferred from our study is the divergent level across different yeast-

like lineages. Saccharomycotina has a unique gene composition from other fungal groups, 

suggesting a long evolutionary history for this clade to become yeast-like fungi. However, some 

Pezizomycotina species having a yeast stage harbor similar gene composition to their filamentous 

fungi relatives. This suggests alternative mechanisms, such as epigenetics or functional divergence, 

for their yeast-like strategy. Meanwhile, a degree of difference in gene composition between yeast-

like fungi and filamentous fungi in Basidiomycota is much less when compared to the one in 

Ascomycota (Figure S4– S9). In addition, very low number of candidate genes (16 out of 389 

genes) can explain types of growth form for both Ascomycota and Basidiomycota, most of which 

are lost in many yeast-like fungi (Figure 4.3E, 5A). Thus, our study supports the evolutionary 

hypothesis from Nagy et al. (44) that yeast-like fungi have independently evolved from 
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filamentous fungi ancestors. Loss of some genes may converge to the yeast strategy, but many 

other genes contribute to types of growth form in a lineage-specific fashion.  

 

A similar trend is found when analyzing the set of genes from Nguyen et al. (190)⎯there is a clear 

separation of data points between Saccharomycotina and Pezizomycotina (Figure 4.4). Based on 

their assignment as complex multicellularity-associated genes, our initial expectation was that they 

would be uniquely found in filamentous fungi, but not yeast-like fungi. All indicator genes derived 

from our analyses are mostly absent in yeast species, including most Saccharomycotina species 

and some Taphrinomycotina species (Figure 4.4E, S12). It is notable that Eremothecium gossypii, 

the only filamentous fungus in Saccharomycotina, harbors none of these genes. Surprisingly, when 

we analyzed the Basidiomycota dataset, some of the ‘complex multicellularity-associated genes’ 

are also associated with yeast growth form, and they are absent in most mushroom-forming fungi 

in Agaricomycotina (Figure 4.4B, S13). In addition, some of the indicator genes are mostly present 

in filamentous ascomycetes, but predominantly absent in filamentous basidiomycetes (Figure 

4.5B). As Nguyen et al. sampled fewer than 20 taxa for their study (190), this illustrates a case 

when limited taxon sampling can lead to a finding that may not be generalized in a broader context. 

 

Although yeast-like fungi are products of convergent evolution, we noticed several candidate 

genes that are repeatedly lost in multiple yeast-like lineages (Figure 4.5). Some of these have been 

experimentally characterized as involved in fungal growth and development. For example, the 

trehalose synthase (0PHGT) was shown to control sporulation under a circadian rhythm in 

Neurospora crassa (374). The Aspergillus nidulans glutamine synthetase gene named fluG 

(0PM5M) functions in producing an extracellular signal that triggers asexual spore formation 

(375,376). The NADPH oxidase complex is another component extensively shown to regulate 

hyphal growth, sporulation and multicellular development of several ascomycetes species (377). 

Our analyses reveal that two components of the complex, NADPH oxidase 1 (0PFUK) and 

NADPH oxidase regulator (0PGC0), are lost in Saccharomycotina and Ustilaginomycotina. This 

confirms similar results from previous studies (190,378). In addition, some candidate genes are 

likely involved in hyphal growth. For instance, the kinesin family gene (0PJ03) is absent in most 

yeast-like lineages. Kinesin proteins serve as motor proteins that transport a vesicle and/or 

organelle through microtubules. Some kinesins are crucial for hyphal tip growth (24). Three genes 
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encoding components of the gamma-tubulin complex (0PFIT, 0PK2S and 0PKU6) are prevalently 

absent in Saccharomycotina, Taphrinomycotina and Pucciniomycotina (Figure 4.5). The gamma-

tubulin complex controls where a microtubule spindle is formed, and it may guide a direction for 

polarized growth and septation (6). These listed genes, together with many other conserved 

hypothetical proteins (such as 0PK98, 0PMDB and 0PJX5), would be interesting targets for future 

molecular genetic studies to understand how they contribute to fungal growth and development. 

 

Overall, we conducted a pioneer study that utilizes publicly available genomic resources to 

determine how genomes of yeast-like fungi are different from those of filamentous fungi. Despite 

being independently evolved multiple times in the fungal tree of life, small genome size and loss 

of some homeotic genes are common traits for yeast-like fungi. Still, there are many more lineage-

specific genes that need to be investigated. Also, the numerical approach we used in this study 

indicates association but not causation. Further empirical studies would shed a light on how yeast 

growth emerges from ancestors with hyphal growth. Finally, we anticipate that our study may spur 

computational biologists to develop an algorithm which incorporates phylogenetic signals into a 

large-scale comparative genomics in the future. 
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 CONCLUSION AND FUTURE DIRECTIONS 

In this dissertation, I conducted multidisciplinary studies to understand the basis of fungal growth 

forms, especially in dimorphic fungi. Because the corn smut fungus Ustilago maydis serves as a 

model organism for fungal dimorphism and its role in pathogenesis (67,121), I selected 

Ustilaginomycotina, the subphylum to which U. maydis belongs, as the study framework to find 

out whether the dimorphic mechanism from the model organism is conserved throughout the 

lineage. 

 

Findings from comparative physiological studies reveal that lipids can be potential common cues 

for morphological switching of several dimorphic species. Lipids are abundantly found on waxy 

plant surfaces (125), thus it is possible that these fungi perceive the lipids as sensation of their 

arrival on host surfaces. Lipids from plant surfaces have also demonstrated morphogenesis of other 

plant pathogens such as Magnaporthe oryzae and Blumeria graminis (211,212). According to this, 

modification of plant surface properties may play a preventive role against pathogen infection and 

colonization. Intriguingly, few other signals can induce yeast-to-hyphal transition in some studied 

species. Pectin, as a component of the plant cell wall, is shown to induce filamentous growth in 

dimorphic fungi for the very first time. This suggests that host recognition may still occur after 

plant pathogens penetrate plant tissues. In addition, high temperature can promote filamentous 

growth of a few Ustilaginomycotina species. In particular, Moesziomyces aphidis is shown to have 

extensive hyphal growth under human body temperature (37C). This species, recently found as 

an opportunistic pathogen in immunocompromised patients (56,213), illustrates a case where a 

fungus belonging to a plant pathogenic group is able to facilitate a host jump by utilizing a cue 

from a new host for morphological transition. More researches are needed to determine whether 

these emerging pathogens can become a potential threat for human populations in the near future.  

 

Comparative transcriptomics is another powerful tool to discover candidate genes for a similar 

biological phenomenon across multiple species. Surprisingly, although genes known for 

filamentous growth are highly conserved, I found very few genes are upregulated in all studied 

species. This indicates dissimilarity in their molecular mechanisms during yeast-to-hyphal 

dimorphic transition. Despite having low numbers, discovered ‘core’ genes such as the cell end 
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marker Tea4 (170), the kinesin 3 Kin3 (165) and the high-affinity ammonium transport Ump2 (90) 

would be interesting targets for the design of chemicals or inhibitors to block morphological 

transition across different dimorphic fungi. Because dimorphic transition is often associated with 

pathogenicity (60), interfering with the transition would result in inhibition of disease development. 

My findings also discover other core candidate genes for which the roles in dimorphic transition 

are poorly understood. Examples are genes involved in the phosphatidylinositol-mediated 

signaling like genes in the Stt4 complex and PTEN (229,231,232,235). A recent study has shown 

that phosphoinositides affect dimorphic transition of Candida albicans (238). Therefore, I hope 

this study would initiate an interest in how lipids on the plasma membrane play a role in fungal 

growth and development. Future comparison with dimorphic animal pathogens would be useful to 

find out if there are any differences in their molecular mechanisms compared to dimorphic plant 

pathogens. 

 

To consider a bigger picture, I performed large-scale comparative genomics to examine the 

association between genomic properties and types of fungal growth form (yeast, filamentous fungi 

and dimorphic fungi). Clearly, a lot of genomic properties are more dependent on phylogenetic 

lineages than types of growth form per se. Basidiomycetes dimorphic fungi have similar genomic 

properties to basidiomycetes yeasts. Meanwhile, dimorphic fungi in Ascomycota can be divided 

into two major groups: one having similarity with yeasts in Saccharomycotina and the other having 

similarity with filamentous fungi in Pezizomycotina. This finding supports a previous study that 

yeast-like fungi, considering both yeasts and dimorphic fungi, have been independently evolved 

multiple times in the fungal tree of life (44). One thing that yeast-like fungi, excluding those found 

in Pezizomycotina, share in common are smaller genome size and fewer gene numbers than 

filamentous fungi. In addition, many yeast-like lineages do not harbor several genes which are 

typically found in filamentous fungi. Some of these have roles in fungal growth and development, 

while some others need further experiments to verify their functions. However, it remains 

challenging at this point to find out what emerging machineries are critical for a yeast-like strategy. 

Indeed, only orthology assessment is not an adequate tool to study convergent evolution, and better 

bioinformatic algorithms are required to take phylogenetic relatedness into account when 

performing this association study. 
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Finally, I anticipate that my dissertation would stress an importance of studying non-model species. 

It is true that most molecular and genetic knowledge in biology has been derived from studies of 

model organisms. However, some systems do not appear to be comparable across other biological 

systems. Comparative research with inclusion of multiple species could be used to determine if 

the findings from the model organisms can be generalized in a broader context. Some interesting 

topics that can be studied under this framework are such as the evolution of plant pathogenicity, 

the emergence of obligate parasites and the diversification of secondary metabolism. 
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APPENDIX A. SUPPLEMENTARY FIGURES AND TABLES 

 

Figure S1 Pairwise scatterplots of genome statistics. Six variables from 190 fungal genomes 

were used for the plots: genome size, gene number, gene density, percentage of transposable 

elements, percentage of GC content and median of exon numbers per gene. 
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Figure S2 Logistic regression analyses of three genome statistics for predicting types of growth 

form. (A), (D) and (G) Boxplots showing the distribution of (A) percentage of transposable 

elements, (D) percentage of GC content and (G) gene density. (B), (E) and (H) Logistic 

regression curves of (B) percentage of transposable elements, (E) percentage of GC content and 

(G) gene density to predict yeast-like fungi. Critical values mean the values having a probability 

of being yeast-like equal to 0.5. (C), (F) and (I) Receiver operating characteristic (ROC) curves 

to assess prediction quality of (C) percentage of transposable elements, (F) percentage of GC 

content and (I) gene density. 
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Figure S3 Logistic regression analyses of (A) – (D) genome size and (E) – (H) gene number for 

predicting types of growth form. The analyses were performed separately for (A, B, E, F) 

Ascomycota and (C, D, G, H) Basidiomycota. (A, C, E, G) Logistic regression curves of (A, E) 

genome size and (C, G) gene number to predict yeast-like fungi. Critical values mean the values 

having a probability of being yeast-like equal to 0.5. (B, D, F, H) Receiver operating 

characteristic (ROC) curves to assess prediction quality of (B, F) genome size and (D, H) gene 

number.  



103 

 

 

 

A 

C 

B 

D 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

Figure S4 NMDS plots of genes involved in cell wall, membrane and envelope biogenesis (class 

M). The 356 fuNOG IDs classified in class M were included in the gene distribution table of 190 

fungal genomes. Data points are labelled based on (A) types of growth form (H, hyphal; D, 

dimorphic; and Y, yeast), (B) phyla (Ascomycota and Basidiomycota), (C) lineages in 

Ascomycota and (D) lineages in Basidiomycota. 
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Figure S5 NMDS plots of genes involved in intracellular trafficking, secretion, and vesicular 

transport (class U). The 1045 fuNOG IDs classified in class U were included in the gene 

distribution table of 190 fungal genomes. Data points are labelled based on (A) types of growth 

form (H, hyphal; D, dimorphic; and Y, yeast), (B) phyla (Ascomycota and Basidiomycota),  

(C) lineages in Ascomycota and (D) lineages in Basidiomycota. 
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Figure S6 NMDS plots of genes involved in cytoskeletons (class Z). The 281 fuNOG IDs 

classified in class Z were included in the gene distribution table of 190 fungal genomes. As the 

NMDS plots could not be generated under 281 dimensions (genes), we trimmed the dimensions 

down by selecting only fuNOG IDs present in 5 – 95% of studied genomes. The 139 fuNOG IDs 

were ultimately used for constructing the plots. Data points are labelled based on (A) types of 

growth form (H, hyphal; D, dimorphic; and Y, yeast), (B) phyla (Ascomycota and 

Basidiomycota), (C) lineages in Ascomycota and (D) lineages in Basidiomycota. 
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Figure S7 NMDS plots of genes involved in cell cycle control, cell division and chromosome 

partitioning (class D). The 344 fuNOG IDs classified in class D were included in the gene 

distribution table of 190 fungal genomes. As the NMDS plots could not be generated under 344 

dimensions (genes), we trimmed the dimensions down by selecting only fuNOG IDs present in  

5 – 95% of studied genomes. The 134 fuNOG IDs were ultimately used for constructing the 

plots. Data points are labelled based on (A) types of growth form (H, hyphal; D, dimorphic; and 

Y, yeast), (B) phyla (Ascomycota and Basidiomycota), (C) lineages in Ascomycota and  

(D) lineages in Basidiomycota. 
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Figure S8 NMDS plots of genes involved in transcription (class K). The 1177 fuNOG IDs 

classified in class K were included in the gene distribution table of 190 fungal genomes. Data 

points are labelled based on (A) types of growth form (H, hyphal; D, dimorphic; and Y, yeast), 

(B) phyla (Ascomycota and Basidiomycota), (C) lineages in Ascomycota and (D) lineages in 

Basidiomycota. 
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Figure S9 NMDS plots of genes involved in signal transduction mechanisms (class T). The 1103 

fuNOG IDs classified in class T were included in the gene distribution table of 190 fungal 

genomes. As the NMDS plots could not be generated under 1103 dimensions (genes), we 

trimmed the dimensions down by selecting only fuNOG IDs present in 5 – 95% of studied 

genomes. The 582 fuNOG IDs were ultimately used for constructing the plots. Data points are 

labelled based on (A) types of growth form (H, hyphal; D, dimorphic; and Y, yeast), (B) phyla 

(Ascomycota and Basidiomycota), (C) lineages in Ascomycota and (D) lineages in 

Basidiomycota. 
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Figure S10 Presence-absence matrix of 152 indicator genes for types of growth form in 

Ascomycota. These indicator genes were derived from six functional classes (M, U, Z, D, K and 

T) that passed cutoff from the analyses in both full and cross-validation datasets. Growth forms 

are labelled by text colors: black, hyphal; green, dimorphic; and red, yeast. Gene presence and 

absence are indicated by blue and white fillings, respectively. 
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Figure S11 Presence-absence matrix of 133 indicator genes for types of growth form in 

Basidiomycota. These indicator genes were derived from the six functional classes (M, U, Z, D, 

K and T) that passed cutoff from the analyses in both full and cross-validation datasets. Growth 

forms are labelled by text colors: black, hyphal; green, dimorphic; and red, yeast. Gene presence 

and absence are indicated by blue and white fillings, respectively. 
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Figure S12 Presence-absence matrix of 210 indicator genes for types of growth form in 

Ascomycota. These indicator genes were derived from the complex multicellularity-associated 

genes published in Nguyen et al. (190) that passed cutoff from the analyses in both full and 

cross-validation datasets. Growth forms are labelled by text colors: black, hyphal; green, 

dimorphic; and red, yeast. Gene presence and absence are indicated by blue and white fillings, 

respectively. 
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Figure S13 Presence-absence matrix of 42 indicator genes for types of growth form in 

Basidiomycota. These indicator genes were derived from the complex multicellularity-associated 

genes published in Nguyen et al. (190) that passed cutoff from the analyses in both full and 

cross-validation datasets. Growth forms are labelled by text colors: black, hyphal; green, 

dimorphic; and red, yeast. Gene presence and absence are indicated by blue and white fillings, 

respectively.



 

 

 

 

 

1
1
3
 

Table S1 A list of fungal genomes included in this study 

Species Abbreviation Lineage.subphylum Lineage.coarse Growth.form References 

Acaromyces ingoldii MCA4198 Acain1 Ustilaginomycotina Basidiomycota H Kijpornyongpan et al. 2018 MBE 

Acidomyces richmondensis BFW Aciri1 Dothideomycetes Ascomycota H Mosier et al. 2016 Front Microbiol. 

Acremonium chrysogenum ATCC 11550 Acrchr1 Sordariomycetes Ascomycota H Terfehr et al. 2014 Genome Announc 

Agaricostilbum hyphaenes ATCC MYA-4628 v1.0 Agahy1 Pucciniomycotina Basidiomycota D Aime unpublished 

Alternaria alternata SRC1lrK2f v1.0 Altalt1 Dothideomycetes Ascomycota H Zeiner et al. 2016 PLoS One 

Amanita muscaria Koide v1.0 Amamu1 Agaricomycetes Basidiomycota H Kohler et al. 2015 Nat Genetics 

Amorphotheca resinae v1.0 Amore1 Leotiomycetes Ascomycota H Martino et al. 2018 New Phytologist 

Armillaria mellea Armme1 Agaricomycetes Basidiomycota H Collins et al 2013 J Proteome Res 

Arthroderma benhamiae CBS 112371 Artbe1 Eurotiomycetes Ascomycota H Burmester et al. 2011 Genome Biology 2011 

Arthrobotrys oligospora ATCC 24927 Artol1 Orbiliomycetes Ascomycota H Yang et al. 2011 PLoS Pathogen 

Blastobotrys (Arxula) adeninivorans Arxad1 Saccharomycotina Ascomycota D Kunze et al. 2014 Biotechnol Biofuels 

Ascochyta rabiei ArDII Ascra1 Dothideomycetes Ascomycota H Verma et al. 2016 Sci Rep 

Ascoidea rubescens NRRL Y17699 v1.0 Ascru1 Saccharomycotina Ascomycota D Riley et al. 2016 PNAS 

Ascocoryne sarcoides NRRL50072 Ascsa1 Leotiomycetes Ascomycota H Gianoulis TA et al., 2012 PLoS Genetics 

Eremothecium gossypii ATCC 10895 Ashgo1 Saccharomycotina Ascomycota H Dietrich et al. 2004 Science 

Aspergillus aculeatus ATCC16872 Aspac1 Eurotiomycetes Ascomycota H de Vries et al. 2017 Genome Biology 

Aspergillus bombycis NRRL 26010 Aspbom1 Eurotiomycetes Ascomycota H Moore et al. 2016 Genome Biol Evolution 

Aspergillus flavus NRRL3357 Aspfl1 Eurotiomycetes Ascomycota H Arnaud et al. 2012 Nucleic AcIDs Res. 

Aspergillus fumigatus A1163 Aspfu Eurotiomycetes Ascomycota H Fedorova ND et al., 2008 PLoS Genetics 

Aspergillus nidulans Aspnid1 Eurotiomycetes Ascomycota H Arnaud et al. 2012 Nucleic AcIDs Res. 

Aspergillus sydowii CBS 593.65 v1.0 Aspsy1 Eurotiomycetes Ascomycota H de Vries et al. 2017 Genome Biology 

Aureobasidium pullulans var. pullulans EXF-150 Aurpu Dothideomycetes Ascomycota D Gostincar et al. 2014 BMC Genomics 

Babjeviella inositovora NRRL Y-12698 v1.0 Babin1 Saccharomycotina Ascomycota Y Riley et al. 2016 PNAS 

Baudoinia compniacensis UAMH 10762  Bauco1 Dothideomycetes Ascomycota H Ohm et al. 2012 PLoS Patho 

Beauveria bassiana ARSEF 2860 Beaba1 Sordariomycetes Ascomycota D Xiao et al. 2012 Sci Rep 

Blastomyces dermatitidis SLH14081 Blade1 Eurotiomycetes Ascomycota D Munoz et al. 2015 PLoS Genetics 

Blumeria graminis f.sp. hordei DH14 Blugr1 Leotiomycetes Ascomycota H Spanu et al. 2010 Science 

Botryobasidium botryosum v1.0 Botbo1 Agaricomycetes Basidiomycota H Riley et al. 2014 PNAS 

Botrytis cinerea v1.0 Botci1 Leotiomycetes Ascomycota H Staats and Kan 2012 Eukaryotic Cell 
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Table S1 continued 

Byssochlamys spectabilis Byssp1 Eurotiomycetes Ascomycota H Oka et al. Genome Announc 2014 

Calocera viscosa Calvi1 Dacrymycetes Basidiomycota H Nagy et al. 2016 MBE 

Candida albicans SC5314 Canalb1 Saccharomycotina Ascomycota D Jones et al. 2004 PNAS 

Tortispora caseinolytica Y-17796 Canca1 Saccharomycotina Ascomycota Y Riley et al. 2016 PNAS 

Candida tanzawaensis NRRL Y-17324 Canta1 Saccharomycotina Ascomycota D Riley et al. 2016 PNAS 

Candida tenuis NRRL Y-1498 Cante1 Saccharomycotina Ascomycota D Wohlbach et al. 2011 PNAS 

Capronia coronata CBS 617.96 Capcor1 Eurotiomycetes Ascomycota D Teixeira et al. 2017 Studies in Mycology 

Cenococcum geophilum 1.58 Cenge3 Dothideomycetes Ascomycota H Peter et al. 2016 Nat Comm 

Ceriporiopsis (Gelatoporia) subvermispora B Ceriporiopsis Agaricomycetes Basidiomycota H Fernandez-Fueyo et al. 2012 PNAS 

Chaetomium globosum Chagl Sordariomycetes Ascomycota H Cuomo et al. 2015 Genome Announc 

Cladophialophora carrionii CBS 160.54 Claca1 Eurotiomycetes Ascomycota D Teixeira et al. 2017 Studies in Mycology 

Cladosporium fulvum Clafu1 Dothideomycetes Ascomycota H de Wit et al. 2012 PLoS Genet 

Clavispora lusitaniae ATCC 42720 Clalu1 Saccharomycotina Ascomycota D Butler et al. 2009 Nature 

Clohesyomyces aquaticus Cloaq1 Dothideomycetes Ascomycota H Mondo et al. 2017 Nat Genetics 

Cochliobolus carbonum 26-R-13 Cocca1 Dothideomycetes Ascomycota H Condon et al. 2013 PLoS Genet. 

Coccidioides immitis RS Cocim1 Eurotiomycetes Ascomycota D Sharpton et al. 2009 Genome Res 

Colletotrichum graminicola M1.001 Colgr1 Sordariomycetes Ascomycota H O'Connell et al. 2012 Nat. Genet 

Coniosporium apollinis CBS 100218 Conap1 Eurotiomycetes Ascomycota D Teixeira et al. 2017 Studies in Mycology 

Coniochaeta ligniaria NRRL 30616 Conlig1 Sordariomycetes Ascomycota H Jimenez et al. 2017 Genome Announc 

Coniophora puteana Conpu1 Agaricomycetes Basidiomycota H Floudas et al. 2012 Science 

Coprinopsis cinerea AmutBmut pab1-1 Copci Agaricomycetes Basidiomycota H Muraguchi et al. 2015 PLoS One 

Cordyceps militaris CM01 Cormi1 Sordariomycetes Ascomycota H Zheng et al. 2011 Genome Biol. 

Cronartium quercuum f. sp. fusiforme Croqu1 Pucciniomycotina Basidiomycota H Pendleton et al. 2014 Front Plant Sci 

Cryptococcus neoformans var neoformans JEC21 Cryne Tremellomycetes Basidiomycota D Loftus et al. 2005 Science 

Cyberlindnera jadinii NRRL Y-1542  Cybja1 Saccharomycotina Ascomycota Y Riley et al. 2016 PNAS 

Cylindrobasidium torrendii FP15055 Cylto1 Agaricomycetes Basidiomycota H Floudas et al. 2012 Science 

Dacryopinax primogenitus DJM 731 SSP1 Dacsp1 Dacrymycetes Basidiomycota H Floudas et al. 2012 Science 

Daedalea quercina Daequ1 Agaricomycetes Basidiomycota H Nagy et al. 2016 MBE 

Daldinia eschscholzii EC12 DalEC12 Sordariomycetes Ascomycota H Wu et al. 2017 App Microbiol Biotechnol 

Debaryomyces hansenii Debha1 Saccharomycotina Ascomycota Y Sacerdot et al. 2008 FEMS Yeast Res 

Dekkera bruxellensis Dekbr2 Saccharomycotina Ascomycota Y Piskur et al. 2012 Int J Food Microbiol 
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Table S1 continued 

Diaporthe ampelina UCDDA912 Diaam1 Sordariomycetes Ascomycota H Morales-Cruz A et al., 2015 BMC Genomics 

Diplodia seriata DS831 Dipse1 Dothideomycetes Ascomycota H Morales-Cruz A et al., 2015 BMC Genomics 

Dothistroma septosporum NZE10 Dotse1 Dothideomycetes Ascomycota H de Wit et al. 2012 PLoS Genet 

Erythrobasidium hasegawianum Eryha1 Pucciniomycotina Basidiomycota D Toome et al. unpublished 

Erysiphe necator c Erynec1 Leotiomycetes Ascomycota H Jones et al. 2014 BMC Genomics 

Exophiala dermatitidis UT8656 Exode1 Eurotiomycetes Ascomycota D Teixeira et al. 2017 Studies in Mycology 

Fibroporia radiculosa TFFH 294 Fibra1 Agaricomycetes Basidiomycota H Tang et al. 2012 Appl Environ Microbiol 

Fomitopsis pinicola FP-58527 SS1 Fompi3 Agaricomycetes Basidiomycota H Floudas et al. 2012 Science 

Fonsecaea nubica CBS 269.64 Fonnu1 Eurotiomycetes Ascomycota H Costa et al. 2016 Genome Announc 

Fusarium graminearum Fusgr1 Sordariomycetes Ascomycota H Cuomo CA et al., 2007 Science 

Fusarium verticillioides 7600 Fusve2 Sordariomycetes Ascomycota H Ma et al. 2010 Nature 

Gaeumannomyces graminis var. tritici R3-111a-1 Gaegr1 Sordariomycetes Ascomycota H Okagaki et al. 2015 G3 

Glarea lozoyensis ATCC 20868 Glalo1 Leotiomycetes Ascomycota H Chen et al. 2013 BMC Genomics 

Glonium stellatum CBS 207.34 Glost2 Dothideomycetes Ascomycota H Peter et al. 2016 Nat Comm 

Grosmannia clavigera kw1407 Grocl1 Sordariomycetes Ascomycota H DiGuistini et al. 2011 PNAS 

Gymnopus luxurians Gymlu1 Agaricomycetes Basidiomycota H Kohler et al. 2015 Nat Genetics 

Heterobasidion annosum Hannosum Agaricomycetes Basidiomycota H Olson et al. 2012 New Phytol 

Ogataea polymorpha NCYC 495 Hanpo2 Saccharomycotina Ascomycota Y Riley et al. 2016 PNAS 

Hanseniaspora valbyensis NRRL Y-1626 Hanva1 Saccharomycotina Ascomycota Y Riley et al. 2016 PNAS 

Hebeloma cylindrosporum h7 Hebcy2 Agaricomycetes Basidiomycota H Kohler et al. 2015 Nat Genetics 

Histoplasma capsulatum NAm1 Hisca1 Eurotiomycetes Ascomycota D Sharpton et al. 2009 Genome Res 

Hortaea werneckii EXF-2000 M0 Horwer1 Dothideomycetes Ascomycota D Lenassi et al. 2013 PLoS One 

Hyphopichia burtonii NRRL Y-1933 Hypbu1 Saccharomycotina Ascomycota D Riley et al. 2016 PNAS 

Hypholoma sublateritium Hypsu1 Agaricomycetes Basidiomycota H Kohler et al. 2015 Nat Genetics 

Jaminaea rosea MCA5214 Jamsp1 Ustilaginomycotina Basidiomycota D Kijpornyongpan et al. 2018 MBE 

Kazachstania africana Kazaf1 Saccharomycotina Ascomycota Y Gordon et al. 2011 PNAS 

Kluyveromyces lactis Klula1 Saccharomycotina Ascomycota Y Dujon et al. 2004 Nature 

Kockovaella imperatae NRRL Y-17943 Kocim1 Tremellomycetes Basidiomycota D Mondo et al. 2017 Nat Genetics 

Kuraishia capsulata CBS 1993 Kurca1 Saccharomycotina Ascomycota Y Morales et al. 2013 Genome Biol Evol 

Laccaria bicolor Lacbi2 Agaricomycetes Basidiomycota H Martin et al. 2008 Nature 

Leucosporidiella creatinivora 62-1032 Leucr1 Pucciniomycotina Basidiomycota Y Mondo et al. 2017 Nat Genetics 
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Table S1 continued 

Lipomyces starkeyi NRRL Y-11557 Lipst1 Saccharomycotina Ascomycota Y Riley et al. 2016 PNAS 

Lodderomyces elongisporus NRRL YB-4239 Lodelo1 Saccharomycotina Ascomycota D Butler et al. 2009 Nature 

Macrophomina phaseolina MS6 Macph1 Dothideomycetes Ascomycota H Islam et al. 2012 BMC Genomics 

Magnaporthe grisea Maggr1 Sordariomycetes Ascomycota H Dean et al. 2005 Nature 

Malassezia globosa Malassezia Ustilaginomycotina Basidiomycota D Xu et al. 2007 PNAS 

Malassezia sympodialis Malsy1 Ustilaginomycotina Basidiomycota D Gioti et al. 2013 Mbio 

Marssonina brunnea f. sp. multigermtubi  Marbr1 Leotiomycetes Ascomycota H Zhu et al. 2012 BMC Genomics 

Meira miltonrushii MCA 3882 Meimi1 Ustilaginomycotina Basidiomycota D Kijpornyongpan et al. 2018 MBE 

Melampsora lini CH5 Melli1 Pucciniomycotina Basidiomycota H Nemri et al. 2014 Front Plant Sci 

Meredithblackwellia eburnea Mereb1 Pucciniomycotina Basidiomycota Y Toome et al. unpublished 

Metarhizium acridum CQMa Metac1 Sordariomycetes Ascomycota D Gao et al. 2011 PLoS Genet 

Metschnikowia bicuspidata NRRL YB-4993 Metbi1 Saccharomycotina Ascomycota Y Riley et al. 2016 PNAS 

Meyerozyma guilliermondii ATCC 6260 Meygui1 Saccharomycotina Ascomycota D Butler et al. 2009 Nature 

Mycosphaerella graminicola Mgraminicolav2 Dothideomycetes Ascomycota D Goodwin et al. 2011 PLoS Genet 

Microsporum canis CBS 113480 Micca1 Eurotiomycetes Ascomycota H Martinez DA et al., 2012 Mbio 

Microbotryum lychnidis-dioicae p1A1 Lamole Micld1 Pucciniomycotina Basidiomycota D Perlin et al. 2015 BMC Genomics 

Mixia osmundae IAM 14324 Mixos1 Pucciniomycotina Basidiomycota Y Toome et al. 2014 New Phytol 

Moesziomyces aphidis DSM 70725 Moeaph1 Ustilaginomycotina Basidiomycota D Lorenz et al. 2014 Genome Announc 

Nadsonia fulvescens var. elongata DSM 6958 Nadfu1 Saccharomycotina Ascomycota Y Riley et al. 2016 PNAS 

Nakaseomyces bacillisporus CBS 7720 Nakbac1 Saccharomycotina Ascomycota Y Gabaldon et al. 2013 BMC Genomics 

Naohidea sebacea CBS 8477 Naose1 Pucciniomycotina Basidiomycota Y Toome et al. unpublished 

Neolecta irregularis DAH-1 Neoirr1 Taphrinomycotina Ascomycota H Nguyen et al. 2017 Nat Commun 

Neurospora crassa OR74A Neucr2 Sordariomycetes Ascomycota H Galagan et al. 2003 Nature 

Ophiostoma novo-ulmi subsp. novo-ulmi H327 Ophnu1 Sordariomycetes Ascomycota D Forgetta V et al. 2013  J Biomol Tech 

Paracoccidioides brasiliensis Pb03 Parbr1 Eurotiomycetes Ascomycota D Desjardins et al. 2011 PLoS Genet 

Paxillus adelphus Ve08.2h10 Paxru2 Agaricomycetes Basidiomycota H Kohler et al. 2015 Nat Genetics 

Penicillium chrysogenum Wisconsin 54-1255 PenchWisc1 Eurotiomycetes Ascomycota H van den Berg et al. 2008 Nature Biotech 

Penicillium griseofulvum PG3 Pengri1 Eurotiomycetes Ascomycota H Banani et al. 2016 BMC Genomics 

Penicillium solitum Pensol1 Eurotiomycetes Ascomycota H Nielsen et al. 2017 Nature Microbiology 

Penicillium vulpinum IBT 29486 Penvul1 Eurotiomycetes Ascomycota H Nielsen et al. 2017 Nature Microbiology 

Phaeoacremonium aleophilum UCRPA7 Phaal1 Sordariomycetes Ascomycota H Blanco-Ulate et al. 2013 Genome Announc 
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Table S1 continued 

Phanerochaete carnosa HHB-10118-Sp Phaca1 Agaricomycetes Basidiomycota H Suzuki et al. 2012 BMC Genomics 

Phialocephala scopiformis 5WS22E1 Phisc1 Leotiomycetes Ascomycota H Walker et al. 2016 Genome Announc 

Phlebia brevispora HHB-7030 SS6 Phlbr1 Agaricomycetes Basidiomycota H Binder et al. 2013 Mycologia 

Pichia membranifaciens Picme2 Saccharomycotina Ascomycota Y Riley et al. 2016 PNAS 

Pichia pastoris Picpa1 Saccharomycotina Ascomycota Y De Schutter et al. 2009 Nature Biotech 

Piriformospora indica DSM 11827 Pirin1 Agaricomycetes Basidiomycota H Zuccaro et al. 2011 PLoS Pathog 

Pisolithus tinctorius Marx 270 Pisti1 Agaricomycetes Basidiomycota H Kohler et al. 2015 Nat Genetics 

Pleurotus ostreatus PC9 PleosPC15 Agaricomycetes Basidiomycota H Riley et al. 2014 PNAS 

Pneumocystis jirovecii Pneji1 Taphrinomycotina Ascomycota Y Cisse et al. 2012 Mbio 

Podospora anserina S mat+ Podan3 Sordariomycetes Ascomycota H Espagne et al. 2008 Genome Biol 

Protomyces lactucaedebilis 12-1054 Prola1 Taphrinomycotina Ascomycota Y Mondo et al. 2017 Nat Genetics 

Pseudozyma antarctica T-34 Psean1 Ustilaginomycotina Basidiomycota D Morita et al. 2013 Genome Announc 

Pseudozyma hubeiensis SY62 Psehu1 Ustilaginomycotina Basidiomycota D Konishi et al. 2013 Genome Announc 

Pseudogymnoascus destructans 20631-21 Pseudest1 Leotiomycetes Ascomycota H Drees et al. 2016 Genome Announc 

Scheffersomyces stipitis NRRL Y-11545 Pstipitisv2 Saccharomycotina Ascomycota D Jeffries et al. 2007 Nature Biotech 

Puccinia graminis f. sp. tritici Pucgr2 Pucciniomycotina Basidiomycota H Duplessis et al. 2011 PNAS 

Puccinia triticina 1-1 BBBD Puctr1 Pucciniomycotina Basidiomycota H Cuomo et al. 2017 G3 

Pyrenophora teres f. sp. teres Pyrtt1 Dothideomycetes Ascomycota H Ellwood et al. 2010 Genome Biol 

Rhizoctonia solani AG-1 IB Rhiso1 Agaricomycetes Basidiomycota H Wibberg et al. 2013 J Biotechnol 

Rhizopogon vesiculosus Smith Rhives1 Agaricomycetes Basidiomycota H Mujic et al. 2017 G3 

Rhodotorula graminis strain WP1 v1.1 Rhoba1 Pucciniomycotina Basidiomycota Y Firrincieli et al. Front Microbiol 2015 

Pseudomicrostroma glucosiphilum MCA4718 Rhodsp1 Ustilaginomycotina Basidiomycota Y Kijpornyongpan et al. 2018 MBE 

Rhodotorula minuta MCA 4210 Rhomi1 Pucciniomycotina Basidiomycota Y Toome et al. unpublished 

Rhodotorula sp. JG-1b Rhosp1 Pucciniomycotina Basidiomycota Y Goordial et al. 2016 Genome Announc 

Rhodosporidium toruloides IFO0559_1 Rhoto Pucciniomycotina Basidiomycota D Zhu et al. 2012 Nat Comm 

Rhytidhysteron rufulum Rhyru1 Dothideomycetes Ascomycota H Ohm et al. 2012 PLoS Patho 

Saccharomyces cerevisiae S288C Sacce1 Saccharomycotina Ascomycota D Goffeau et al. 1996 Science 

Saitoella complicata NRRL Y-17804 Saico1 Taphrinomycotina Ascomycota Y Riley et al. 2016 PNAS 

Schizophyllum commune H4-8 Schco3 Agaricomycetes Basidiomycota H Ohm et al. 2010 Nat Biotechnol 

Schizosaccharomyces octosporus yFS286 Schoc1 Taphrinomycotina Ascomycota Y Rhind et al. 2011 Science 

Schizosaccharomyces pombe Schpo1 Taphrinomycotina Ascomycota Y Wood et al. 2002 Nature 
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Table S1 continued 

Sclerotinia sclerotiorum Sclsc1 Leotiomycetes Ascomycota H Amselem et al. 2011 PLoS Genet 

Septoria musiva SO2202  Sepmu1 Dothideomycetes Ascomycota H Ohm et al. 2012 PLoS Patho 

Serpula lacrymans S7.3 Serpula Agaricomycetes Basidiomycota H Eastwood et al. 2011 Science 

Spathaspora passalidarum NRRL Y-27907 Spapa3 Saccharomycotina Ascomycota D Wohlbach et al. 2011 PNAS 

Sphaerobolus stellatus Sphst1 Agaricomycetes Basidiomycota H Kohler et al. 2015 Nat Genetics 

Sporisorium reilianum SRZ2 Spore1 Ustilaginomycotina Basidiomycota D Schirawski et al. 2010 Science 

Stagonospora nodorum SN15 Stano2 Dothideomycetes Ascomycota H Hane et al. 2007 Plant Cell 

Stemphylium lycopersici CIDEFI-216 Stely1 Dothideomycetes Ascomycota H Franco et al. 2015 Genome Announc 

Suillus luteus UH-Slu-Lm8-n1  Suilu4 Agaricomycetes Basidiomycota H Kohler et al. 2015 Nat Genetics 

Talaromyces marneffei ATCC 18224 Talma1 Eurotiomycetes Ascomycota D Nierman et al. 2015 Genome Announc 

Taphrina deformans Tapde1 Taphrinomycotina Ascomycota D Cisse et al. 2013 Mbio 

Testicularia cyperi MCA 3645 Tescy1 Ustilaginomycotina Basidiomycota D Kijpornyongpan et al. 2018 MBE 

Thielavia terrestris  Thite2 Sordariomycetes Ascomycota H Berka et al. 2011 Nat Biotechnol 

Tilletiaria anomala UBC 951  Tilan2 Ustilaginomycotina Basidiomycota D Toome et al. 2014 Genome Announc 

Tilletiopsis washingtonensis MCA 4186 Tilwa1 Ustilaginomycotina Basidiomycota D Kijpornyongpan et al. 2018 MBE 

Tolypocladium inflatum NRRL 8044 Tolinf1 Sordariomycetes Ascomycota H Bushley et al. 2013 PLoS Genet 

Torulaspora delbrueckii CBS 1146 Torde1 Saccharomycotina Ascomycota Y Gordon et al. 2011 PNAS 

Trametes versicolor Trave1 Agaricomycetes Basidiomycota H Floudas et al. 2012 Science 

Tremella encephala 68-887.2 Treen1 Tremellomycetes Basidiomycota D Mondo et al. 2017 Nat Genetics 

Trichosporon oleaginosus IBC0246 Triol1 Tremellomycetes Basidiomycota D Kourist et al. 2015 Mbio 

Trichoderma reesei RUT C-30 TrireRUTC30 Sordariomycetes Ascomycota H Jourdier et al. 2017 Biotechnol Biofuels 

Trichophyton rubrum CBS 118892 Triru1 Eurotiomycetes Ascomycota H Martinez et al. 2012 Mbio 

Tuber melanosporum Mel28 Tubme1 Pezizomycetes Ascomycota H Martin et al. 2010 Nature 

Uncinocarpus reesii 1704 Uncre1 Eurotiomycetes Ascomycota D Sharpton et al. 2009 Genome Res 

Ustilago hordei Uh4857_4 Usthor1 Ustilaginomycotina Basidiomycota D Laurie et al. 2012 Plant Cell 

Ustilago maydis 521 Ustma2 Ustilaginomycotina Basidiomycota D Kamper et al. 2006 Nature 

Violaceomyces palustris SA807 Ustsp1 Ustilaginomycotina Basidiomycota D Kijpornyongpan et al. 2018 MBE 

Ustilaginoidea virens Ustvir1 Sordariomycetes Ascomycota D Kumagai et al. 2016 Genome Announc 

Venturia pirina Venpi1 Dothideomycetes Ascomycota H Deng et al. 2017 BMC Genomics 

Verticillium dahliae Verda1 Sordariomycetes Ascomycota H Klosterman et al. PLoS Pathog 2011 

Volvariella volvacea  Volvo1 Agaricomycetes Basidiomycota H Bao et al. 2013 PLoS One 
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Table S1 continued 

Wallemia mellicola Walse1 Wallemiomycetes Basidiomycota H Padamsee et al. 2012 Fungal Geneti Biol 

Wickerhamomyces anomalus NRRL Y-366-8 Wican1 Saccharomycotina Ascomycota D Riley et al. 2016 PNAS 

Xylona heveae TC161 Xylhe1 Xylonomycetes Ascomycota H Gazis et al. 2016 Fungal Biol 

Yarrowia lipolytica Yarli1 Saccharomycotina Ascomycota D Dujon et al. 2004 Nature 

Zygosaccharomyces rouxii CBS732 Zygro1 Saccharomycotina Ascomycota D Souciet et al. 2009 Genome Res 

Zymoseptoria brevis Zb18110 Zymbr1 Dothideomycetes Ascomycota D Grandaubert et al. 2015 G3 
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Table S2 Results from Adonis tests of multivariate genome statistics 

Dataset 

Adonis 

Beta dispersion TukeyHSD p-

value 

pseudo-

F 

pseudo 

R2? p-value Y-H D-H D-Y 

Overall 21.070 0.184 <0.001 0.982 0.988 0.998 

Ascomycota 19.863 0.249 <0.001 0.620 0.571 0.243 

Asco.cv1 9.571 0.245 <0.001 0.567 0.960 0.777 

Asco.cv2 10.467 0.265 <0.001 0.663 0.147 0.112 

Basidiomycota 13.452 0.296 <0.001 0.450 0.437 0.938 

Basid.cv1 6.423 0.293 0.002 0.439 0.843 0.641 

Basid.cv2 7.267 0.326 <0.001 0.661 0.371 0.970 

 

Table S3 Numbers of genes associated with types of growth form (statistically significant and 

passed the Indicator value cutoff) across datasets. The letter ‘n’ indicates a number of input 

genes. 

Dataset 

Class M 

(n=356) 

Class U 

(n=1045) 

Class Z 

(n=281) 

Class D 

(n=344) 

Class K 

(n=1177) 

Class T 

(n=1103) 

Nguyen2017 

(n=1016) 

Dikarya 4 3 6 2 12 5 42 

Ascomycota 12 31 16 11 78 44 255 

cv.Ascomycota 13 34 16 13 88 47 224 

cv2.Ascomycota 21 72 24 32 120 81 319 

Shared in all Asco datasets 7 23 14 9 63 36 214 

Basidiomycota 8 40 15 22 63 65 65 

cv.Basidiomycota 14 39 7 22 60 56 68 

cv2.Basidiomycota 9 47 16 25 70 67 73 

Shared in all Basid datasets 7 24 5 11 39 47 43 
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APPENDIX B. LIST OF SUPPLEMENTARY MATERIALS 

Supplementary Material 1 Gene ID and probe ID conversion of Ustilago maydis 

Supplementary Material 2 Scripts for processing Illumina data of Meira miltonrushii and 

Tilletiopsis washingtonensis 

Supplementary Material 3 Scripts for processing Illumina data of Ophiostoma novo-ulmi 

Supplementary Material 4 Raw gene read count of M. miltonrushii 

Supplementary Material 5 Raw gene read count of T. washingtonensis 

Supplementary Material 6 Raw gene read count of O. novo-ulmi 

Supplementary Material 7 Normalized microarray gene expression data of U. maydis 

Supplementary Material 8 R scripts for DESeq2 analyses 

Supplementary Material 9 R scripts for Microarray data analyses 

Supplementary Material 10 R scripts for comparative transcriptomic analyses 

Supplementary Material 11 R scripts for Functional analyses 

Supplementary Material 12 Single-copy orthogroups among the four studied species 

Supplementary Material 13 Summary tables for comparative transcriptomic analyses 

Supplementary Material 14 Table showing genome statistics of 190 fungal genomes 

Supplementary Material 15 Table showing fuNOG gene distribution of 190 fungal genomes 

Supplementary Material 16 Summary tables of analyses on genome statistics 

Supplementary Material 17 Summary tables of analyses on fuNOG gene distribution 
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