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AAbstract 

The plant phyllosphere environment offers a habitat for multiple kinds of microbes, including 
bacteria, fungi, yeast, etc. Microbes can be beneficial, pathogenic, or mostly neutral to plants. 
Increasingly the interaction patterns and related plant immunity signaling pathways against bacteria 
and filamentous fungi have been extensively studied. However, the interaction between plants and 
yeast or yeast-like fungi is largely unclear. Phyllosphere yeast-like fungi from wild Arabidopsis were 
isolated and characterized in this study. Around a hundred yeast isolates, including ascomycete 
Protomyces species, were identified and cultured. Protomyces species have been described as 
pathogens of plants in the Umbelliferae and Compositae families, however, with questionable 
phylogeny and little genomic information. We isolated and investigated the interaction of a strain 
Protomyces sp. SC29 (SC29) with Arabidopsis. SC29 can persist in the Arabidopsis phylloplane, and 
activate Arabidopsis immune responses with MAPKs (mitogen-activated protein kinase) activation 
and upregulation of salicylic acid signaling and camalexin biosynthesis marker genes. Additionally, 
indolic compounds produced by Protomyces species are able to activate plant auxin responses. The 
genomes of SC29 and all currently available Protomyces species were sequenced, assembled, and 
annotated. Comparative genomic analysis revealed genomic characters of SC29 related to adaptation 
to the phyllosphere environment. Genomic insights into the pathogenesis of Protomyces species 
were also discovered. The phylogenetic relationships of both the genus Protomyces and the 
subphylum Taphrinomycotina were re-constructed with genome-wide single-copy protein 
sequences. Small secreted proteins from the genomes of Protomyces spp. were analyzed as 
candidate effectors. Physiological, phylogenetic, and genomic evidence supported SC29 to be a novel 
species distinct from currently accepted Protomyces species. Thus, the study of SC29 and its 
interaction with Arabidopsis represents a new model system for the exploration of the genetics of 
plant interactions with phyllosphere resident yeasts. 
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11 Introduction 

1.1 Microbial life in the phyllosphere environment 

Microbes, including bacteria, fungi, and oomycetes have evolved strategies to survive in multiple 
environments, of which plants are one of the most abundant habitats with potential nutrients for 
colonization and propagation. Many microbes reside on the leaf surface (phyllosphere), around the 
root (rhizosphere) or inside tissues (endosphere) of one or more plant species. The term 
“phyllosphere” refers to the external surface environment of plants, and was first introduced in 1955 
by F.T. Last (Last, 1955). Early studies focused on the impact of plant health and performance by 
phyllosphere resident microbes (PRMs). It has been proposed that resident microbes hinder disease 
development caused by pathogenic microbes. The disease inhibition effect might act through direct 
interactions such as antimicrobial compound production, and indirect interactions such as foliar 
nutrients competition, and altered host plant performance (Last and Deighton, 1965, Leben, 1965, 
Vacher et al., 2016). The tremendous complexity of PRMs was not realized until early 21st with the 
advance of finger-printing and meta-omics methods (Yang et al., 2001, Jumpponen and Jones, 2009). 
Subsequently, remarkable efforts were put into the field to understand the composition and function 
of PRMs. However, our understanding of the biology and ecology of phyllosphere resident yeast or 
yeast-like fungi remains largely empty.    

1.1.1 The phyllosphere environment and PRM adaptation 

Leaching of organic and inorganic nutrients from plant cells into the leaf surface (Tukey Jr, 1970, 
Leveau and Lindow, 2001) makes phyllosphere an appealing habitat for microbes.  However, the 
phyllosphere is a nutrient-poor habitat that requires microbes to have specialized adaptation 
strategies to reside there.  Additionally, PRMs must face multiple abiotic stresses, as well as biotic 
stresses from host plant and competitors. Abiotic stresses are significant to PRMs, including limited 
nutrient supply, exposure to UV and O3, fluctuating temperature and humidity, among others 
(Vorholt, 2012). Biotic stresses are also harsh, PRMs must be resistant against antimicrobial 
compounds derived from both other microbe residents and host plant (Vorholt, 2012). Therefore, 
PRMs must have strategies to overcome the stresses and propagate in this hostile environment.  

Phyllosphere bacteria (PB) have multiple adaptation strategies for the leaf surface environment. PB 
have metabolic adaptations such as the ability to assimilate methanol as carbon sources (Sy et al., 
2005). PB can also manipulate cuticle permeability to increase leached sugars (Schreiber et al., 2005, 
Burch et al., 2014). Much evidence has shown that strains with deletions in pigment biosynthesis 
genes resulted in reduced survival under UV treatments (Jacobs et al., 2005). Additionally, DNA repair 
mechanisms are essential for Pseudomonas species to survive against UV on phyllosphere 
(Gunasekera and Sundin, 2006). The stress regulator protein PhyR, which regulates several oxidative 
response proteins, is essential for phyllosphere growth (Gourion et al., 2006). The production of 
phytohormones increases epiphytic fitness of some PB (Brandl and Lindow, 1998). As mentioned 
above, we have learned much about phyllosphere adaptations from multiple resident bacterial 
species. However, the adaptation mechanisms of phyllosphere yeasts or yeast-like fungi remain 
largely unknown, with limited genomic data and experimental confirmation.  
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11.1.2 Microbe-microbe interactions in the phylloplane 

Microbes are always dealing with other neighboring microbes in multiple manners. The most famous 
microbe-microbe interaction case was the discovery of antibiotic penicillin produced by Penicillium 
mold against Staphylococcus strains (Fleming, 1929). Since then, many microbial interactions have 
been described. Increasingly evidence has shown fungal secondary metabolite gene clusters are 
activated upon direct contact with bacteria in mixed cultures, while the gene clusters are silent when 
cultured purely (Netzker et al., 2015). This indicates the complex nature of microbe-microbe 
interactions in plant phyllosphere.  

Indeed, microbes have a wide range of secreted components with antifungal or antibacterial activity 
(Depoorter et al., 2016, Helfrich et al., 2018, Kemen et al., 2015, Mccormack et al., 1994, Suh et al., 
2012, Melin et al., 2002, Golubev et al., 2008). Secreted effectors are described mostly in virulence 
roles against host plants, however, they may also be involved in microbe-microbe interactions (Suh 
et al., 2012, Melin et al., 2002). In addition to the growth inhibition effects, antibiotics produced by 
microbes have shown intermicrobial signaling functions. When sensing the antibiotics from a 
competitor, Streptomyces strains increase their own antibiotic production and suppress the 
competitor’s production (Abrudan et al., 2015). Hub microbes are vital mediators for shaping the 
microbial community in the phyllosphere (Agler et al., 2016). Agler et al. demonstrated that the 
oomycete pathogen Albugo and basidiomycete yeast Dioszegia act as hubs to connect bacterial 
diversity and abundance in the Arabidopsis phyllosphere. The hub effect might be derived from direct 
inhibition and/or indirect interactions through host (Agler et al., 2016). The concept of hub microbes 
may offer new solutions for achieving plant disease resistance via manipulation of phyllosphere 
microbial communities. 

1.1.3 Modes of microbial-host plant interactions  

The roles of microbes in relation to plants can be beneficial, detrimental, or for most of the cases, 
neutral. Various evidence of plant growth-promoting phenotypes provide convincing arguments for 
the host beneficial effect of microbes. The molecular mechanisms of such beneficial interactions are 
being explored but are not fully understood. The manipulation of plant hormone networks has been 
proposed as a major mechanism. Bacteria and fungi produce phytohormones including auxins, CKs, 
GAs, and others. Altered growth phenotypes have been displayed by virtue of microbe-derived 
phytohormones (MDPs), suggesting the positive roles of MDPs. Manipulation of plant hormone 
signaling also contributes to growth promoting effects. For example, ACC (1-aminocyclopropane-1-
carboxylate) deaminase from Burkholderia spp. can regulate ethylene levels to enhance plant growth 
(Onofre-Lemus et al., 2009). In addition, microbial volatile compounds (MVCs), such as 2,3-butanediol 
and acetoin, modulate plant hormone signaling for growth promotion as well as induced resistance 
(Tyagi et al., 2018, Ryu et al., 2003). Other mechanisms such as assisting mineral assimilation with 
siderophores (Sharma and Johri, 2003) and the beneficial effect of secondary metabolites (Esmaeel 
et al., 2018) have also been proposed.  

The production of phytohormones by microbes can also be detrimental to plants. Plant hormones 
produced by pathogenic microbes mostly act as virulence factors, but the underlying mechanisms 
are not fully understood (Robert-Seilaniantz et al., 2011). The pathogen virulence mechanisms will 
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be further discussed later in section 1.2.1. Facing microbial challenge, even from potential pathogens, 
can have unexpected beneficial side effects. Since plants are suffering multiple biotic and abiotic 
stresses in their natural environment, a priming effect triggered by phyllosphere microbes may 
increase plant resistance and fitness to other stresses. The beneficial endophytes might become 
pathogenic when plants suffer stresses or undergo senescence (Delaye et al., 2013, Junker et al., 
2012). Surprisingly, the presence of microbes in the phyllosphere, either beneficial or pathogenic, 
can increase plants fitness against herbivore stress (Saleem et al., 2017). Root bacterial communities 
have been demonstrated to protect plants against pathogens from other kingdoms and promote 
plant performance (Santhanam et al., 2015, Durán et al., 2018).  

 

11.2 Overview of the plant immune system 

Plants have no mobile cells to fight against invading pathogens, but have evolved multi-layer 
inducible immunity strategies to survive when facing pathogens. This type of immunity is also called 
innate immunity and all plant cells have capabilities for this immune response. Unlike in laboratory 
conditions, plants might continuously activate immunity systems in natural environments. Only a 
small portion of microbes can successfully invade plant cells and cause disease and/or eventually kill 
the plant. As the invader, microbes require weapons to attack; on the other hand, as the defender 
with low mobility, plants require strategies to protect themselves. An overview of microbial virulence 
mechanisms and plant defense strategies, mainly from plant-fungal and plant-bacterial interactions, 
is offered in the following paragraphs. The mechanisms of plant-yeast or yeast-like fungi interaction 
are less understood.  

1.2.1 Plant immune system 

Plant resistance can be broadly classified as preformed defenses and inducible defenses. Plant 
preformed defenses consists of preformed physical and chemical barriers that can inhibit most 
pathogens. Physical barriers, such as trichromes, cuticles, and cell walls, form the first layer of 
defense (Fig. 1) (Ziv et al., 2018, Aragón et al., 2017). Preformed chemicals present before microbial 
challenge, named as phytoanticipins, consist of secondary metabolites with antimicrobial properties 
that constitutively present (Vanetten et al., 1994). For instance, Arabidopsis phytoanticipin 
glucosinolate established plant resistance against the oomycete pathogen Phytophthora brassicae, 
together with the phytoalexin camalexin (Schlaeppi and Mauch, 2010). Preformed resistance 
prevents damage potentially caused by most microbes.     

Plant inducible immunity consists of chemical metabolites and proteins, which act when plants 
recognize the presence of invading pathogens or potential pathogens. Plants can recognize the 
existence of microbial virulence factors and other conserved molecular patterns. Pathogen 
associated molecular patterns (PAMPs), such as fungal chitin and bacterial flagellin, refer to 
evolutionarily conserved pathogen molecules that elicit innate immunity (Zipfel and Felix, 2005). 
However, some similar defense-inducing molecules are also present in non-pathogenic microbes. 
Thus, the term microbe associated molecular patterns (MAMPs) broadens the concept of PAMPs 
(Ausubel, 2005). The immunity caused by this type of recognition is called pattern-triggered immunity 



 

4 
 

(PTI) (Fig. 1). Historically, PAMPs and DAMPs (damage associated molecular patterns) are thought to 
be widely distributed and highly conserved, yet, there are debates initiated from the cases which 
show PAMPs with narrow distributions among microbial species (Thomma et al., 2011).  

 

DAMPs, such as fragmented cell wall components, released wax and cuticle components, can be 
detected by receptors located on plasma membrane. Other basic molecules participating in 
metabolism can also act as defense signals when leaking from damaged plant cells (Fig. 1). 
Extracellular ATP acts as a DAMP signal and is recognized by a lectin receptor kinase DORN1 (DOES 
NOT RESPOND TO NUCLEOTIDES) in Arabidopsis (Choi et al., 2014, Jeter et al., 2004). OGs 
(oligogalacturonides) can also trigger plant immunity response via plant receptor WAK1 (WALL-
ASSOCIATED KINASE) (Denoux et al., 2008, Brutus et al., 2010, Decreux and Messiaen, 2005). 
Extracellular nicotinamide adenine dinucleotide (eNAD) has been shown the signaling function to 
improve resistance against biotic stress (Pétriacq et al., 2013). In addition, a recent study has 
identified a Lectin Receptor Kinase (LecRK) that binds to extracellular NAD+ to trigger PTI in 

Figure 1. Overview of the battleground between pathogens and a plant cell. Pathogens apply cuticle/cell wall 
degrading enzymes to break down plant tissues at the external layers. Successful pathogens secrete effector 
proteins to overcome plant innate immunity. Plant cells can recognize the presence of an invading pathogen 
by extracellular transmembrane pattern recognition receptors (PRRs). Pathogen associated molecular 
patterns (PAMPs) or microbe associated molecular patterns (MAMPs) and damage associated molecular 
patterns (DAMPs) are perceived by PRRs, leading to PAMP triggered immunity (PTI). Plants also apply 
Resistance (R) proteins, which are nucleotide-binding leucine-rich repeat receptors (NLRs) to detect effector 
protein activity, leading to a stronger type of immunity than PTI, called effector triggered immunity (ETI). 
Both ETI and PTI result in immune responses such as ROS burst, Ca2+ influx, MAPK cascade activation, among 
others. This figure was based on Ziv et al. 2018 and Aragón et al. 2017. 
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Arabidopsis (Wang et al., 2017). Our knowledge of DAMPs and their associated receptors remains 
largely incomplete. The main components and signaling of plant inducible immunity are reviewed in 
the following sections.  

11.2.1.1 Extracellular receptors 

Plants deploy two major types of immune receptors: extracellular transmembrane pattern 
recognition receptors (PRRs) that perceive PAMPs to trigger PTI or basal immunity, and intracellular 
nucleotide-binding leucine-rich repeat receptor (NLR) that most often detect the activity of pathogen 
effector proteins to trigger effector triggered immunity (ETI). NLR receptors are subdivided into TNLs 
(TIR-domain nucleotide-binding leucine-rich repeat) and CNL (coiled-coil nucleotide-binding leucine-
rich repeat) based on their N-terminus domains. PRRs respond to PAMPs or MAMPs, which are 
molecules that evolve slowly, such as bacterial flagellin (Hayashi et al., 2001, Felix et al., 1999) and 
fungal chitin (Shibuya and Minami, 2001). Recently, a bacterial fatty acid was shown to trigger 
immunity mediated by Arabidopsis receptor kinase LORE (LIPOOLIGOSACCHARIDE-SPECIFIC 
REDUCED ELICITATION) (Kutschera et al., 2019).  

Plant genomes possess a high number of receptor-like kinase and NLR genes. In the Arabidopsis 
genome, over 600 receptor-like kinase genes and about 150 NLR genes are predicted (Meyers et al., 
2003, Shiu and Bleecker, 2003). The most well-characterized receptor model is “FLS2 (FLAGELLIN 
SENSITIVE2)-BAK1 (BRI1-ASSOCIATED RECEPTOR KINASE 1)” flagellin PAMP receptor complex. The 
receptor-like kinase BAK1 and FLS2 form a complex after FLS2 binding with its ligand flagellin, thus 
being active for downstream signaling (Chinchilla et al., 2007, Heese et al., 2007). The receptor-like 
cytoplasmic kinase BIK1 (BOTRYTIS-INDUCED KINASE 1) was later identified as an essential 
component of FLS2-BAK1 complex (Lu et al., 2010). Following FLS2 activation, BIK1 was released from 
the receptor complex and directly phosphorylates the NADPH oxidase RBOHD (RESPIRATORY BURST 
OXIDASE HOMOLOG PROTEIN D) to activate an extracellular ROS (reactive oxygen species) burst, in 
a Ca2+-independent manner (Kadota et al., 2014, Li et al., 2014). It is noteworthy that BAK1 is a 
necessary component in multiple receptor signaling complexes, not only in innate immunity 
(Chinchilla et al., 2009).  

In response to fungal pathogens, the cell wall component chitin is recognized by LysM (Lysine Motif) 
kinase receptor CERK1 (CHITIN ELICITOR RECEPTOR KINASE 1) in Arabidopsis and rice (Miya et al., 
2007, Shimizu et al., 2010). As an essential co-receptor, CERK1 requires other kinase 
receptors/proteins for ligand-induced function, which is LYK5 in Arabidopsis (Cao et al., 2014), and 
CEBiP in rice (Shimizu et al., 2010). In addition to fungal chitin, CERK1 also mediates recognition of 
other fungal and bacterial PAMPs, such as peptidoglycan, lipopolysaccharide, β-glucan, which was 
recently reviewed (Desaki et al., 2019).  

1.2.1.2 ROS and Ca2+ as early signals 

Ca2+ is a critical signal for both intra- and inter-cellular signaling for many stress and developmental 
processes. The concentration of Ca2+ in cytoplast (less than μM) is much lower than that in apoplast 
and vacuole (about mM). Ca2+ flux in cytoplast is an early signal and is often coupled with a ROS burst 
in the apoplast when plant cells are challenged with stresses. Plant Ca2+  channels have been recently 
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reviewed (Demidchik et al., 2018). In potato, the increase of Ca2+ in the cytoplasm causes the 
activation of CDPKs (calcium dependent protein kinases), which directly phosphorylate RBOHs to 
induce a ROS burst (Kobayashi et al., 2007). However, how Ca2+ enters the cytoplasm of plant cells 
from the apoplast is unclear. A recent study demonstrated two cyclic nucleotide-gated channel 
proteins CNGC2 and CNGC4 that are required for PTI when Ca2+ supply is sufficient in Arabidopsis. 
When a PAMP signal is perceived, BIK1 phosphorylates and actives the Ca2+ channel where CNGC2 
and CNGC4 proteins are assembled, leading to an increase in cytosolic calcium concentration (Tian 
et al., 2019).  

ROS include singlet oxygen (1O2), superoxide (O2·-), hydrogen peroxide (H2O2) and hydroxyl radical 
(·OH), among which H2O2 is most stable and important in redox signaling (Noctor et al., 2017). Inside 
plant cells, ROS are generated during normal photosynthesis in chloroplasts and during metabolic 
reactions in mitochondria and peroxisomes. In the extracellular space, ROS are produced mainly by 
respiratory burst oxidase homologs (RBOHs) and cell wall peroxidases during stresses and 
development (Wrzaczek et al., 2013, Waszczak et al., 2018). The apoplastic ROS burst directly 
strengthens cell walls by glycoprotein cross-linkage resulting in protection against further infection 
(Bradley et al., 1992). 

Extracellular ROS assists to open Ca2+ influx channels. The ROS burst through transmembrane RBOHD 
requires Ca2+ binding with N-terminus EF hand motifs. Thus, it is always debatable which signal comes 
first. Some studies suggest that Ca2+ influx both precedes and depends on a ROS burst during stress 
signaling (Grant et al., 2000, Beneloujaephajri et al., 2013). Recently, a ROS-Ca2+ hub mechanism that 
self-amplifies the signal has been proposed, showing ROS and Ca2+ act in a coordinated manner 
(Demidchik and Shabala, 2018). Upon pathogen recognition, plant MAP4 Kinase, SIK1 (SALT 
INDUCIBLE KINASE 1), together with activated BIK1, phosphorylates RBOHD, leading to an 
extracellular ROS burst (Zhang et al., 2018). H2O2 acts as mobile signal that enters neighboring cells 
to spread defense signaling. Intracellular ROS signaling leads to downstream MAPK activation, 
interaction with phytohormones and TFs, and altered gene expression (Overmyer et al., 2018, Tuzet 
et al., 2018). ROS transmit signals to MAPK cascades by activating the Arabidopsis kinase, OXIDATIVE 
SIGNAL-INDUCER 1 (OXI1), which is required for MAPKs activation (Rentel et al., 2004). Activation of 
a MAPK cascade also leads to bursts of ROS and NO by participating in activating RBOH gene 
expression in tobacco (Asai et al., 2008).  

11.2.1.3 Hormone signaling and hormone interactions 

It has been long proposed that salicylic acid (SA) signaling is activated upon the recognition of 
biotrophic pathogens. ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1) and PHYTOALEXIN DEFICIENT 4 
(PAD4) function upstream of SA in PTI and effector triggered immunity (ETI) (Vlot et al., 2009), which 
is further discussed below. SA also positively regulates the expression of EDS1 and PAD4 genes  (Vlot 
et al., 2009, Cui et al., 2017). SA is believed largely synthesized by ISOCHORISMATE SYNTHASE (ICS) 
and ISOCHORISMATE PYRUVATE LYASE (IPL) pathway from precursor chorismate (Vlot et al., 2009). 
However, since plants lack orthologs of IPLs, the full SA biosynthesis pathway remains unclear in 
plants. Recently, PBS3 (avrPPHB SUSCEPTIBLE 3) and EPS1 (ENHANCED PSEUDOMONAS 
SUSCEPTIBILITY 1) are proven to participate directly as key enzymes in the pathway, which completes 
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the SA biosynthesis mystery in plants (Rekhter et al., 2019). A group of mobile signals are responsible 
for systemic acquired resistance (SAR), including methyl salicylate (MeSA), dehydroabietinal (DA), 
glycerol-3-phosphate (G3P), azelaic acid (AzA), pepocolic acid (Pip) (Ádám et al., 2018, Klessig, 2012). 

NPR1 (NON EXPRESSER OF PATHOGENESIS RELATED 1) is a master transcription cofactor that 
regulates SA-dependent SAR and SA-independent induced systemic resistance (ISR) (Withers and 
Dong, 2016). High concentrations of SA leads to dissociation of NPR1 oligomer complex (Tada et al., 
2008). Monomer NPR1 moves to nucleus for binding to TGA (TGACG SEQUENCE-SPECIFIC BINDING 
PROTEIN) TF family members, leading to SA-responsive gene expression such as PR-1 (Choi et al., 
2010, Zhang et al., 2003). In addition, NPR1 is a direct SA receptor that functions as transcriptional 
coactivator upon binding with SA via copper metal (Wu et al., 2012). NPR3 and NPR4, paralogues of 
NPR1, are also SA receptors and mediate NPR1 degradation via an E3 ligase (Fu et al., 2012). A recent 
study showed that NPR3/NPR4 function as transcriptional co-repressors and NPR1 as a 
transcriptional co-activator, both of which bind TGA TF family members but function in a opposite 
manner (Ding et al., 2018).   

Classically, SA mediates plant immunity against biotrophic and hemibiotrophic pathogens, while 
jasmonic acid (JA) and ethylene (ET) signaling fight against necrotrophic pathogens. The relation 
between these two basic forms of immune signaling is almost always antagonistic (Overmyer et al., 
2018). However, with more evidence emerging, the network is far more complex than previously 
thought. Other abiotic stress and development hormones are also involved in biotic stress responses. 
For instance, ABA has been shown to be a negative defense regulator of immunity against 
necrotrophic pathogens (Liu et al., 2015). ABA is also suggested to be inhibitory to SA signaling by 
promoting NPR1 degradation (Ding et al., 2016). Gibberellic acid (GA) leads to elevated SA 
accumulation and the attenuation of JA signaling (Achard et al., 2003). Auxin leads to susceptibility 
(Navarro et al., 2006) and shows an antagonistic effect with SA. Brassinosteroid (BR) is involved in 
promoting plant growth and development, but also acts as negative and positive regulator in innate 
immunity (Nakashita et al., 2003, Choudhary et al., 2012). BR has been shown to stimulate JA 
biosynthesis and interact with other hormones, and thus, being a tradeoff regulator between defense 
and growth (Bajguz and Hayat, 2009, Choudhary et al., 2012). Cytokinins (CKs) promote plant 
immunity by SA signaling and NPR1/TGA3 (Choi et al., 2010). Many other interactions of 
phytohormones exist beyond those mentioned above, and have been discussed in the literature 
(Robert-Seilaniantz et al., 2007, Pieterse et al., 2009, Robert-Seilaniantz et al., 2011, Shigenaga et al., 
2017, Overmyer et al., 2018). Indeed, hormone interactions is a complex network, which is necessary 
for plants to optimize adaptive responses to cope with highly dynamic combinations of multiple biotic 
and abiotic stresses.   

11.2.1.4 MAPK cascades  

Upon receiving upstream signals from receptors, such as hormones or ROS (Asai and Yoshioka, 2008), 
MAPK cascades transduce, integrate, and amplify signals into downstream components, such as TFs 
(Qiu et al., 2008, Li et al., 2012). MAPK cascades consist of MAPKKKs (MAP3Ks), which phosphorylate 
and activate MAPKKs (MAP2Ks), which act on MAPKs, which lead to downstream modification of 
transcription factors and finally reprograming of the transcriptome. In Arabidopsis, there are about 
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60 members of MAP3Ks, 10 members of MAP2Ks and 20 members of MAPKs (Hamel et al., 2006). 
However, only a few components of MAPK cascades have been functionally characterized.  

Multiple danger signals are thought to converge into conserved MAPK cascades for defense and 
resistance. In Arabidopsis, the first full MAPK cascade (MAP3K1-MAP2K4/5-MAPK3/6) has been 
identified as this type of conserved MAPK cascade (Asai et al., 2002). Both MAPK3 and MAPK6 are 
reported to be involved in many signaling process, including PAMP (Asai et al., 2002), O3 (Ahlfors et 
al., 2004), H2O2 (Teige et al., 2004), and ET (Yoo et al., 2008) signaling pathways, as well as osmotic 
shock (Droillard et al., 2002), camalexin biosynthesis (Ren et al., 2008) and in many developmental 
processes (Colcombet and Hirt, 2008, Xu and Zhang, 2015). Specifically, MAPK3 is involved in ABA 
signaling (Gudesblat et al., 2007), while MAPK6 participates in JA signaling (Takahashi et al., 2007). 
Functioning together with MAPK4, MAPK6 promotes SA biosynthesis and signaling. MAPK4 is a 
negative regulator of SA signaling and also regulates JA/ET signaling (Brodersen et al., 2006). Yet, how 
MAPK3/6 achieves downstream specificity upon a certain signal remains largely unclear, although 
several mechanisms have been proposed (Su et al., 2015, Jalmi and Sinha, 2015).  

Most recently, a regulatory loop involving MAPK3/6 (MAPK3/6-WRKY33-pipecolic acid) has been 
identified to promote SAR in Arabidopsis (Wang et al., 2018). N-hydroxypipecolic acid (NHP), a 
derivative of pipecolic acid, functions together with SA as the vital mediator of SAR (Hartmann et al., 
2018). Additionally, MAPK3/6 can act as latent components that effect defense priming, with the 
accumulation of mRNA and inactive MAPK3/6 proteins (Beckers et al., 2009). MAPK signaling is also 
believed to be vital in plant immunity against nonhost potential pathogens, which means preventing 
the infection by most microbes (He et al., 2006).  

11.2.1.5 TF families 

Transcription factors (TFs) are proteins that directly bind to the cis-acting elements of a gene 
promoter region, controlling the activation or repression of a gene expression. Others proteins, 
named transcriptional cofactors, can interact with TFs to manipulate gene expression. In the model 
plant Arabidopsis, around 2000 TF genes are encoded in the genome (Riechmann et al., 2000). TF 
families involved in plant stress responses are mainly ERF, WRKY, MYB, TGA and NAC families that 
have been nicely reviewed in the literature (Withers and Dong, 2017, Jiang et al., 2017, Wang et al., 
2016, Dubos et al., 2010, Birkenbihl et al., 2018). Strikingly, upon recognition of pathogen PAMPs, 
some WRKY TF members quickly bind to over a thousand genes, some of which are TF genes, 
suggesting the existence of subregulatory networks of TFs (Birkenbihl et al., 2017).  

In addition to transcription changes during stress response, modulation of translation efficiency also 
plays vital roles. Recently, Xu et al. demonstrated that the R-motif in mRNA determines the 
translation efficiency during PTI, suggesting the importance of global translational reprogramming 
(Xu et al., 2017). As discussed before, post-translational modifications (PTMs) ensure the rapid 
changes in multiple signaling pathways for plant stress responses and also for pathogens to achieve 
virulence (Withers and Dong, 2017). 



 

9 
 

11.2.1.6 The zig-zag model and spatial immunity model of plant immunity 

The zig-zag model described multiple layers of plant immunity against pathogens in a co-evolutionary 
view (Jones and Dangl, 2006). Plants recognize microbial PAMPs or MAMPs to achieve PTI, as 
mentioned in 1.2.2. Successful pathogens overcome PTI by exploiting effector proteins, which leads 
to plant susceptibility. Plant NLR receptors detect pathogen effector protein activity, thus lead to 
another type of immunity called ETI. ETI acts much stronger than PTI and often leads to 
hypersensitive response (HR), which is a programmed cell death mechanism that prevents disease 
development and mediates resistance. Most HR is associated with the activation of NLR proteins. 
Jones and Dangl indicated that ETI is an accelerated and enlarged PTI (Jones and Dangl, 2006).  

Both plant NLR receptors and pathogen effectors evolve rapidly through multiple mechanisms 
(Meyers et al., 2003, Mukhtar et al., 2011, Chisholm et al., 2006). The subcellular localization of NLR 
receptors are from cytoplasmic side of the plasma membrane to the cytosol and nucleus, but most 
commonly in the cytosol. Coordination of subcellular compartments might be important for full ETI 
resistance (Chiang and Coaker, 2015). Upon effector recognition, NLR protein opens and exchanges 
ADP for ATP and is then active to initiate downstream signaling. Multiple signaling processes are 
guarded by NLR proteins, which lead to activating ETI when effector activity is recognized. For 
instance, NLR SUMM2 protects MAPK cascade against Pseudomonas effector (Zhang et al., 2012).   

The signaling events immediately downstream of NLR activation by effector proteins are largely 
unclear. Only few strong signaling components have been identified through forward genetic 
screens, indicating the ETI signaling pathways might be short or highly redundant (Chiang and Coaker, 
2015). EDS1 and PAD4 are required for mediation of signaling from multiple TNL type NLRs (Parker 
et al., 1996). NON-RACE SPECIFIC DISEASE RESISTANCE (NDR1) is required for signaling by CNL type 
NLRs (Century et al., 1995). Some NLR proteins can directly interact with TFs, indicating that the ETI 
signaling pathway could be quite short. However, for those NLRs that are localized at the plasma 
membrane and remain there when activated, the ETI reprogramming might be indirect. This may 
function by NLRs recruiting TFs at plasma membrane, or by NLRs transmitting signals to other 
components, such as MAPKs, to TFs (Cui et al., 2015). In addition to interacting with TFs, a recent 
study shows that ETI can lead to high nuclear pore permeability to allow increased signaling for stress 
responses (Gu et al., 2016), which might explain the possibility of high level resistance and HR. Most 
recently, Arabidopsis NPR receptor ZAR1 (HOPZ-ACTIVATED RESISTANCE 1) was reported to form a 
pentangular oligomerization complex that might initiate cell death for HR, upon the recognition of 
Xanthomonas effector AvrAC (Wang et al., 2019b, Wang et al., 2019a, Dangl and Jones, 2019).  

The zig-zag model describes plant immunity based on the type of danger signals. However, the 
distinction between PAMPs and effectors can be blurred (Thomma et al., 2011). Thus, Aranka and 
Matthieu proposed the spatial immunity model, which depicts plant immunity depending on the 
microbial recognition site (Van Der Burgh and Joosten, 2019). In this model, the danger signal that 
recognized extracellularly is called extracellular immunogenic pattern (ExIP), which includes MAMPs, 
PAMPs, DAMPs and extracellular effectors. Plant immunity triggered by ExIP, through cell surface 
receptors, is termed as extracellularly triggered immunity (ExTI). The danger signals that are 
recognized intracellularly are named intracellular immunogenic pattern (InIP), trigger immunity in 
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the plant called, intracellularly triggered immunity (InTI). This new model facilitates scientists in the 
classification of danger signals and in describing immune signaling (Van Der Burgh and Joosten, 2019). 

The presence of yeasts or yeast-like fungi in the phyllosphere environment can also trigger plant 
immune responses. The foliar application of yeast extract and live yeast cells could elicit plant 
defense, including activation of multiple hormone signaling pathways (Lee et al., 2017, Buxdorf et al., 
2013, Moon et al., 2015). Treatment of plants with cutinase triggers plant defenses, suggesting the 
phyllosphere microbes which secret cutin degrading enzymes can be perceived by plants (Chassot et 
al., 2007). However, our understanding is still limited because of the lack of a model system for the 
study of phyllosphere resident yeast on Arabidopsis. 

11.2.2 Microbial weapons to infect plants 

Necrotrophic and biotrophic pathogens employ distinct strategies to attack plants. Necrotrophic 
pathogens invade plants by killing plant tissues. They live and propagate based on dead plant 
material. Biotrophic pathogens attack plants without destroying cells, establishing a feeding relation 
with the living plant cells. They derive nutrients through, usually a specialized structure named 
haustoria. Armed with diverse types of weapons, necrotrophic and biotrophic pathogens accomplish 
different infection outcomes. Both the distinct and common weapons from necrotrophic and 
biotrophic pathogens are discussed here.  

1.2.2.1 Degrading enzymes 

Necrotrophic pathogens usually secrete several types of carbohydrate active enzymes (CAZymes) to 
break down plant tissues. CAZyme genes are abundant in the genomes of both necrotrophic and 
biotrophic fungal pathogens. However, necrotrophic pathogens seem to have a greater amount and 
diversity of genes encoding cell wall degrading enzymes in their genomes (Kubicek et al., 2014, Zhao 
et al., 2013). Biotrophic pathogens also utilize CAZymes to overcome barriers in plant tissues. 
However, biotrophic pathogens tend to infect only a few host cells to form nutrient-absorbing 
structures. They complete an infection cycle only within the infection site, rather than degrading 
whole plant tissues.     

1.2.2.2 Effector proteins 

The secretion of effector proteins are used by both necrotrophic and biotrophic pathogens. The 
genomes of pathogenic fungi usually contain hundreds of genes encoding candidate secreted effector 
proteins (CSEPs). Effector proteins are secreted in the apoplast and can either function there 
(apoplastic effectors) or be taken up into the host cytoplasm (cytoplasmic effectors) (Stergiopoulos 
and De Wit, 2009). For biotrophic fungal pathogens, effector genes are normally highly expressed in 
the specialized haustorial structures (Petre et al., 2014). Interestingly, haustoria-produced effectors 
have a common N-terminal Y/F/WxC motif, which is absent in non-haustorial fungal and oomycete 
effectors (Godfrey et al., 2010). Sequences of effector proteins share little similarity. However, a few 
common signatures of effector proteins have been characterized by genomic analysis, such as N-
terminal Y/F/WxC motif in some fungi (Godfrey et al., 2010) and N-terminal RXRL-dEER motif in 
oomycetes (Rehmany et al., 2005). Normally, both RXLE and dEER motifs are necessary for 
Phytophthora effectors to transport into plant cells (Dou et al., 2008).  
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Effector proteins are typically thought to be species/lineage specific. However, some effector groups 
are widespread at the kingdom level, including fungal LysM effectors which contain the conserved 
LysM domain, but no other recognizable protein domains (Kombrink and Thomma, 2013, De Jonge 
et al., 2010). LysM effectors bind to peptidoglycan and chitin (Buist et al., 2008) to protect fungal 
hyphae against degradation by plant chitinase. More interestingly, LysM effectors actively bind self-
chitin fragments to avoid the recognition by host receptors, thus prevent chitin-triggered immunity, 
which is a form of PTI (De Jonge et al., 2010). How fungal effectors enter plant cells has long been a 
mystery. Effector proteins with an N-terminal RXRL motif, from oomycetes and fungi, can enter plant 
cells by binding to phospholipid (phosphatidylinositol-3-phosphate, PI3P). This type of entry is 
independent of the presence of pathogens, and widespread in plant, animal, and human cells (Kale 
et al., 2010).  

To suppress host defenses, fungal and bacterial pathogens employ effector proteins to disturb certain 
components of plant immunity. Effector proteins from both fungal and bacterial pathogens have 
diverse targets of plant immunity signaling, including receptor kinases (Xiang et al., 2011, Gimenez-
Ibanez et al., 2009), protein kinases (Shan et al., 2008, Irieda et al., 2019, Feng et al., 2012, Zhang et 
al., 2010), MAPK cascades (Meng and Zhang, 2013, Zhang et al., 2007, Zhang et al., 2012), 
transcription factors (Sarris et al., 2015), histones (Arbibe et al., 2007), DNA (Bogdanove et al., 2010, 
Kay et al., 2007), small RNAs (Yin et al., 2019), microRNAs (Navarro et al., 2008), among others. It 
seems almost every step of innate immunity signaling pathways are targeted by pathogen effectors, 
which have varied localizations inside plant cells, such as nucleus (Petre et al., 2015, Arbibe et al., 
2007, Sarris et al., 2015), mitochondria (Petre et al., 2015), and chloroplast (Petre et al., 2015). 
Bacterial type III effector proteins AvrPto and AvrPtoB intercept defense signaling upstream of 
MAPKKK (He et al., 2006) and later it has been shown that AvrPto targets the bacterial flagellin PAMP 
receptor FLS2 but not its coreceptor BAK1 (Xiang et al., 2011, Shan et al., 2008). The target of AvrPtoB 
is the LysM receptor kinase CERK1, which perceive fungal MAMPs in plants (Gimenez-Ibanez et al., 
2009). Effectors can also manipulate plant hormone synthesis and signaling, for instance salicylic acid 
(SA) (Liu et al., 2014), auxin (Chen et al., 2004) and abscisic acid (ABA) (De Torres-Zabala et al., 2007), 
to promote susceptibility. SA biosynthesis is widely targeted by effectors from fungi, oomycetes, and 
bacteria (Kazan and Lyons, 2014, Liu et al., 2014). Auxin signaling is actively targeted by effectors for 
virulence, such as type III effector AvrBs3 from Xanthomonas campestris pv. vesicatoria and AvrRpt2 
from Pseudomonas syringae (Robert-Seilaniantz et al., 2007). 

Most known effector proteins function alone. However, an apoplastic decoy strategy was discovered. 
Phytophthora effector PsXEG1 is targeted and functionally blocked by soybean inhibitor. However, 
Phytophthora utilize a decoy effector, PsXEG1-like effector, which binds to soybean inhibitor with 
more affinity, thus to free effector PsXEG1 for virulence (Ma et al., 2017). In addition to targeting 
plant molecules, effector proteins also bind self-molecules to avoid the recognition or damage by 
plant cells. CfAvr4 specifically binds fungal chitin and prevents its degradation by plant-derived 
chitinase (Van Den Burg et al., 2006). Other examples of LysM effectors have already been mentioned 
above.   
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11.2.2.3 Fungal secondary metabolites 

Fungal secondary metabolites contain a variety of low molecular bioactive compounds, including 
trichothecenes (Rocha et al., 2005), polyketides (Howard and Valent, 1996, Dalmais et al., 2011), 
siderophores (Haas et al., 2008), and terpenes (Cimmino et al., 2014), which might contribute to 
fungal virulence against host plants. Strikingly, fusicoccin, a carbotricyclic terpene from Fusicoccum 
amygdali, caused leaf wilt by opening stomata and disturbing water balance (Cimmino et al., 2014). 
Moreover, a recent study has shown a Fusarium NRP (fusaoctaxin A) facilitates cell-to-cell invasion 
and deletion of its biosynthesis gene cluster compromises Fusarium pathogenicity in wheat (Jia et al., 
2019). The genes of secondary metabolites are usually organized as gene clusters in fungal genomes. 
Multiple tools have been developed for prediction and mapping of secondary metabolite gene 
clusters (Weber et al., 2015, Khaldi et al., 2010). Although the number of new discoveries of fungal 
secondary metabolite gene clusters are dramatically increasing, their virulence roles and regulatory 
mechanisms remain largely unclear, thus, require further intensive studies.  

 

1.3 Fungal genomes offer insights into plant fungal interactions and evolution 

Whole genome sequencing ideally offers all genetic information carried by an organism. The first 
complete genome sequencing of a living organism was finished in 1995, from the pathogenic 
bacterium Haemophilus influenzae (Fleischmann et al., 1995). The approach of assembling random 
pieces of DNA into a chromosome was applied (Fleischmann et al., 1995). One year later, the first 
genome of a eukaryotic organism Saccharomyces cerevisiae (baker's yeast) was published through a 
worldwide collaboration (Goffeau et al., 1996). Around 6,000 protein-coding genes were predicted, 
however, this raised a new challenge of elucidating gene functions (Goffeau et al., 1996). In the 
following years, the genomes of a dramatically increasing number of species were sequenced, 
offering a massive amount of genomic information. Notably, the Joint Genome Institute (JGI; 
https://jgi.doe.gov/) has lunched the 1000 fungal genomes project that aims to sequence 1000 fungal 
genomes and to better understand fungal diversity. Together with increasing genome 
announcements, online tools for analyzing genomic features are continuously developing. Pathogen 
infection processes can be depicted from representative genes, such as effector-like proteins, plant 
tissue degrading enzymes, secondary metabolites, hormone biosynthesis genes, and drug 
detoxification enzymes (Cissé et al., 2013, Kämper et al., 2006).  

1.3.1 Candidate fungal effector proteins 

Typically, effector prediction from a fungal genome is achieved by selecting cysteine-rich small 
secreted proteins (CSSPs) (Stergiopoulos and De Wit, 2009) from ORFs (open reading frames). 
However, the small secreted proteins (SSPs) with low cysteine content should also not be neglected. 
In the past years, online tools have been developed to predict effector candidates from fungal 
secretomes (Sperschneider et al., 2018a, Sperschneider et al., 2016); these methods were reviewed 
recently (Jones et al., 2018). In addition, effector subcellular localization is also predictable 
(Sperschneider et al., 2017, Sperschneider et al., 2018b). Normally hundreds of candidate effector 
proteins can be predicted in a pathogenic fungal genome. Analysis of effector genes suggested that 
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they are under selection pressure and thus evolving fast in bacteria (Baltrus et al., 2011), fungi (Poppe 
et al., 2015) and oomycetes (Raffaele et al., 2010). The possible functions of effector proteins can be 
anticipated by searching conserved motifs with HMMER software (http://hmmer.org/) using the 
Pfam database (Finn et al., 2015). The discovery of new conserved and functioning motifs might also 
possible since effector proteins are highly diverse and mostly species/lineage specific. However, 
experimentally testing candidate effector protein function is still necessary; however this is a labor 
intensive and time consuming process. 

11.3.2 Secondary metabolites 

Fungal secondary metabolites (SMs) are important factors determining pathogenicity and beneficial 
effect against plants (Pusztahelyi et al., 2015). Genomic analysis reveals a tremendous number of SM 
biosynthesis genes in fungal genomes (Kjærbølling et al., 2018, Helaly et al., 2018, Pusztahelyi et al., 
2015), thus offering solutions to understand their potential roles. Fungal SM biosynthesis genes are 
usually clustered in chromosomes and can be explored by online tools such as antiSMASH (Weber et 
al., 2015) and SMURF (Khaldi et al., 2010). SM gene clusters of multiple species can be nicely 
compared. Several SM genes that are not necessarily located in clusters, such as phytohormone 
biosynthesis genes, could be searched by collecting known homolog sequences from other species 
and using local installations of the BLAST search software. The presence of hormone biosynthesis 
pathways offering clues of possible involvement microbe-derived hormones in fungal-plant 
interactions. Yet, a comprehensive approach combining genomic, genetic, and chemical evidence is 
required for validation of SM function. 

1.3.3 Phylogenomics  

Several molecular identification DNA markers have been developed and are widely used as fungal 
barcodes, such as the D1/D2 domain of the large subunit ribosomal DNA and the internal transcribed 
spacer (ITS) located between the rRNA small subunit and large subunits genes (Schoch et al., 2012, 
Fell et al., 2000). ITS is the most frequently applied barcode maker for species identification and 
phylogenetic studies in fungi, but with certain issues in some cases (Begerow et al., 2010, Schoch et 
al., 2012). Other nuclear DNA markers have been suggested as lineage specific secondary DNA 
markers, such as: actin, translation elongation factors, tubulin, among others. These might offer 
valuable alternatives, in addition to the ITS barcode, for gaining phylogenetic information in fungi 
(Blackwell, 2011, Stielow et al., 2015). However, the evolutionary information offered by single gene 
is limited and often controversial. Therefore, multiple gene sequences, or ultimately, genome-wide 
concatenated conserved nuclear gene sequences are preferable for the purpose of phylogenetic 
study. Single copy genes are unique and highly conserved across species, thus are preferable 
sequences for building phylogeny trees and have been applied for inferring phylogenetic relations 
widely (Schmitt et al., 2009, Wiegmann et al., 2009, Li et al., 2017). The concatenated sequence of 
multiple single copy protein sequences from nuclear genomes provides solid molecular evidence on 
fungal evolutionary diversity and species classification.   
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11.4 Current knowledge of the genus Protomyces 

1.4.1 The definition of the genus Protomyces 

Protomyces is a fungal genus, belonging to family Protomycetaceae, order Taphrinales, class 
Taphrinomycetes, subdivision Taphrinomycotina and division Ascomycota. Notably, genus 
Protomyces and its sister genus Taphrina share many similarities in their life cycle, pathogenicity 
strategy, etc. (Fonseca and Rodrigues, 2011, Kurtzman, 2011, Sjamsuridzal et al., 1997). All the 
currently described species in the genus Protomyces are plant pathogens. Kurtzman stated that all 
known Protomyces spp. have hosts in Apiaceae, Compositae, Umbelliferae and other plants 
(Kurtzman, 2011). This claim was supported by citation of Tubaki (Tubaki, 1957) and Reddy and 
Kramer (Reddy and Kramer, 1975). However, Apiaceae and Umbelliferae are accepted dual names 
for the same family (Turland et al., 2018), and no other host plants outside Umbelliferae or 
Asteraceae were described or mentioned for accepted Protomyces species (Tubaki, 1957, Reddy and 
Kramer, 1975, Kurtzman, 2011). Considering these facts together, all plant hosts of currently 
accepted Protomyces species are members of just two families, Umbelliferae (Apiaceae) and 
Asteraceae (Compositae). The typical disease symptoms caused by Protomyces species are galls, 
tumor, swelling or blisters on stems, leaves, petioles, flowers, or fruits on host plants. The ascospores 
can grow on artificial medium in a yeast-like manner without producing hyphae, which occurs only 
during infection on host plants. Conjugated spores from complementary mating types are infective. 
Ascogenous cells (chlamydospores) are formed during infection in host tissues. Ascospores develop 
in ascogenous cells and are released later either directly from ascogenous cells or from vesicles that 
germinate from ascogenous cells (Kurtzman et al., 2011). In the following, the studies are introduced 
about the seven most commonly studied Protomyces species that are available in yeast culture 
collections (III, Table S1). 

P. gravidus causes stem gall disease of giant ragweed (Ambrosia trifida) and common ragweed 
(Ambrosia artemisiifolia). P. gravidus is first reported as P. macrosporus Unger in 1884 and then 
named as a new species in 1907 (Davis, 1907). This disease was widely distributed in lowland regions 
of Arkansas, USA in late the twentieth century (Cartwright and Templeton, 1988) and reported in 
Louisiana, USA in 1995 (Holcomb, 1995). Under natural conditions, the resting spores from stem gall 
required five months dormancy before releasing the differentiated ascospores (Cartwright and 
Templeton, 1988). Artificial infection of giant ragweed seedlings with P. gravidus caused gall 
symptoms from all tested plants in chambers. Because of the specificity of its pathogenicity, P. 
gravidus has been tested as a mycoherbicide of ragweed, but with several biological and practical 
limitations (Cartwright and Templeton, 1988).      

P. inundatus is reported to cause disease on species of wild celery (Apium spp.), wild carrot (Daucus 
spp.) and water parsnip (Sium spp.), causing small blister symptoms. The life cycle was clarified by 
Valadon et al. (Valadon et al., 1962). Studies have shown that only the diploid cells of P. inundatus, 
which resulted from fusion of endospores of the opposite strains, can infect the plant host. The 
budding cells from unfused endospores are non-infective (Valadon et al., 1962). A resting period is 
required for ascogenous cells to germinate for Protomyces spp., while P. inundatus is an exception 
(Valadon et al., 1962). 
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P. macrosporus Unger is the first described and the type species in genus Protomyces, discovered by 
Unger (Unger, 1833). For P. macrosporus, many host plants in the Apiaceae (Umbelliferae) family 
have been described in Europe (https://bladmineerders.nl) and other locations worldwide. In 
agriculture, the seed production of coriander (Coriandrum sativum) is threatened by stem gall 
disease, which is caused by P. macrosporus (Khan and Parveen, 2018, Pavgi and Mukhopadhyay, 
1972, Malhotra et al., 2016).   

P. inouyei induces gall symptoms on stems of Oriental false hawksbeard (Youngia japonica) 
(Sugiyama et al., 2006, Tubaki, 1957). The haploid and diploid stages of P. inouyei have been 
described along with P. lactucaedebilis and P. pachydermus (Tubaki, 1957). Two group I introns were 
discovered in small-subunit rRNA in P. inouyei and P. pachydermus, supporting the occurrence of 
horizontal transfer of group I introns from plants to fungi (Nishida et al., 1998, Nishida and Sugiyama, 
1995, Nishida et al., 1993).  

P. lactucaedebilis is reported to be pathogenic on wild lettuce (Lactuca debilis), with symptoms of 
galls and swellings on stem, leaves, and buds (Reddy and Kramer, 1975). P. pachydermus has been 
found worldwide and causes disease on several plant genera in the Asteraceae family (Reddy and 
Kramer, 1975).   

There are around 80 Protomyces spp. listed in Mycobank database (www.mycobank.org/) as 
legitimate names. However, only 10 species were accepted by Reddy and Kramer (Reddy and Kramer, 
1975), while many others were rejected or unavailable. Recent studies described Protomyces species 
causing infections on wild plants (Bacigálová, 2008, Bacigálová et al., 2005), which are consistent with 
the defined host range established by Reddy and Kramer (Reddy and Kramer, 1975) and might be 
considered as accepted species although no molecular data was presented (Kurtzman, 2011). The 
classification of Protomyces is still far from satisfactory as most of the preceding taxonomic research 
largely depends on phenotypes. Practically, culture specimens are available for only the above 
mentioned 6 Protomyces spp. This was determined from a survey of 30 yeast culture collections in 
July 2019 (III, Table S1). Thus, more isolation and classification studies are necessary for a better 
understanding of this genus. Furthermore, as previously stated, more molecular data are needed for 
resolving the phylogenetic boundaries within and between the genus Protomyces and related genera 
in the Protomycetaceae family (Kurtzman, 2011).    

11.4.2 Unresolved in phylogenetic relationships in the genus Protomyces 

Members of the Ascomycete subphylum Taphrinomycotina, including the Protomyces, have many 
ancestral characteristics including similarities to Basidiomycetes, as such they are important for 
understanding fungal evolution and the evolution of pathogenicity (Sugiyama et al., 2006). The 
taxonomic position of Protomyces and its related genera has reminded uncertain since the first 
introduction of P. macrosporus (Unger, 1833). Research on the taxonomic position of the genus 
Protomyces, mainly during early the 20th century, up to 1975, was summarized by Reddy and Kamer 
(Reddy and Kramer, 1975). The classification in species level is mainly based the morphology and the 
localization of the ascogenous cells in host tissues, as well as the host phylogeny (Reddy and Kramer, 
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1975). Historically, morphology, cytology, physiology and pathogenicity of multiple (putative) 
Protomyces species were well-studied, but their classification still remains uncertain.  

Reddy and Kramer (Reddy and Kramer, 1975) proposed that Protomyces together with other four 
genera (Burenia, Protomycopsis, Taphridium, and Volkartia) make up the family Protomycetaceae. P. 
inundatus has been previously proposed into the Burenia genus (Reddy and Kramer, 1975). However, 
It has been noted that genus and species demarcation in Protomyces and the related genera are 
unclear and likely incorrect and that species samples as well as molecular comparisons are needed 
(Kurtzman, 2011).    
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22 Aims of the study 

The study of plant-microbe interactions is most advanced in the interactions between plants and 
bacteria, with well-characterized bacterial PAMPs and effector proteins as well as corresponding 
receptors and receptor-like protein kinases from plants. Our understanding in plant-fungal 
interactions is less advanced, especially in the field of plant-yeast interactions. The primary aim of 
this study is to isolate and characterize Arabidopsis associated yeasts in order to build an Arabidopsis-
yeast interaction system that will allow us to advance our understanding of phyllosphere resident 
yeasts and plant immunity against yeasts.  
 
 
Specific objectives: 
 
1.  Isolate and characterize of phyllosphere-resident yeast-like fungi from leaf surface of wild 

Arabidopsis thaliana.  
2. Reveal the genomic features of yeast Protomyces sp. SC29 (SC29) as related to its residence 

on the leaf surface-, and explore the interaction patterns of SC29 and Arabidopsis from this 
interaction system.  

3. Proposal of SC29 as a new Protomyces species and reevaluation of the genus Protomyces with 
 genomic evidence.  
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33 Materials and methods 

SM gene clusters from the genomes of Protomyces spp. were identified with the online tool 
antiSMASH fungal version. Gene synteny of Protomyces SM gene clusters were plotted in R using the 
genoPlotR package using genebank files of gene clusters from each species as input. Sequence 
comparison was conducted with BLASTn using DNA sequence of contigs. Gene annotations were 
added from genome annotation files (II).   

The details of other material and methods can be found in attached publication and manuscripts, 
with a brief summary in the following tables. 

Table 1. Material and methods used in this study.  
Material and methods Publication or manuscript 

Activation of auxin response 
Altered root hair assay 
Carbon assimilation 
Genome wide phylogeny analysis 
Genomic assembly and annotation 
Genomic DNA extraction 
Genomic mining of key enzymes 
Indolic compounds assay 
Phylogeny tree with nuclear markers 
Protein extraction, SDS-PAGE, Western blot 
Protomyces spp. growth assay 
RNA isolation and qPCR 
Selection and analysis of effector candidates 
Yeast (re-)isolation from Arabidopsis leaf 
Yeast camalexin sensitivity test 
Yeast culturing 
Yeast identification 
Yeast pre-treatment and Botrytis infection 
Yeast temperature tolerance 

I, II 
II 
II 

II, III 
II 

I, II 
II, III 
I, II 

II, III 
II 
II 
II 
II 

I, II 
I 

I, II 
I, II 
II 
I 

 

Table 2. Genomic methods and software tools run online or locally in Linux or R (3.5.1) for genomic 
analysis and phylogeny. 
Methods and 
software 

Website 

BLAST, BLASTp, 
tBLASTn 

https://blast.ncbi.nlm.nih.gov/Blast.cgi 

OrthoFinder http://www.stevekellylab.com/software/orthofinder 
Guidance2 http://guidance.tau.ac.il/ver2/ 
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FASconCAT_v1.0 https://www.zfmk.de/en/research/research-centres-
and-groups/fasconcat 

RAxML https://cme.h-its.org/exelixis/software.html 
iTOL https://itol.embl.de/ 
ANI AAI calculator http://enve-omics.ce.gatech.edu/ 
SignalP http://www.cbs.dtu.dk/services/SignalP/ 
OrthoVenn http://www.bioinfogenome.net/OrthoVenn/ 
HMMER http://hmmer.org/ 
dbCAN http://csbl.bmb.uga.edu/dbCAN/ 
PHI base http://www.phi-base.org/ 
Badirate http://www.ub.edu/softevol/badirate/ 
genoPlotR http://genoplotr.r-forge.r-project.org/ 
ClustalX2 http://www.clustal.org/ 

 

Table 3. Defense related gene markers used for qPCR in Manuscript II.  
Gene 

abbreviation 
Gene name Marker for AGI code 

ARR15 RESPONSE REGULATOR 15 Cytokinin signaling At1g74890 

CYP71a13 
CYTOCHROME P450, FAMILY 71, SUBFAMILY 
A, POLYPEPTIDE 13 

Camalexin At2g30770 

IAA7 INDOLE-3-ACETIC ACID 7 Auxin signaling At3g23050 
JAZ1 JASMONATE-ZIM-DOMAIN PROTEIN 1 Early JA signaling At1g19180 
NCED5 NINE-CIS-EPOXYCAROTENOID DIOXYGENASE 5 ABA Biosynthesis At1g30100 

ODX/DIN11 
2-OXOACID-DEPENDENT DIOXYGENASE / 
DARK INDUCIBLE 11 

SA signaling At3g49620 

PAD3 PHYTOALEXIN DEFICIENT 3 Camalexin At3g26830 
PDF1.1 PLANT DEFENSIN 1.1 JA signaling At1g75830 
PDF1.2 PLANT DEFENSIN 1.2 JA signaling At5g44420 
PR-1 PATHOGENESIS-RELATED GENE 1 Late SA signaling At2g14610 
RAP2.6 RELATED TO AP2 6 JA signaling At1g43160 
SID2 SALICYLIC ACID INDUCTION DEFICIENT 2 SA biosynthesis At1g74710 
TIP41 AP42 INTERACTING PROTEIN OF 41 KDA Reference gene At4g34270 
YLS8 YELLOW-LEAF-SPECIFIC GENE 8 Reference gene At5g08290 
PP2AA3 PROTEIN PHOSPHATASE 2A SUBUNIT A3 Reference gene At1g13320 
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44 Results and discussion 

4.1 Isolation and characterization of phyllosphere-resident yeast-like fungi 

4.1.1 Collection of yeast strains 

Arabidopsis rosettes were collected from three different sites (Kivikko, Kulosaari, and Mustikkamaa) 
at three different time points in Helsinki, Finland (I, Table 1). Dilutions of leaf wash solutions were 
plated on 0.2x PDA plates until colonies emerged under culture conditions that promoted yeast 
growth. Single yeast-like colonies were then collected for pure culture. Hundreds of strains were 
purified and yeasts were selected: in total around 6% ascomycetes and 94% basidiomycetes (I, Figure 
2). Metagenomics with barcode markers would be an alternative approach to reveal the resident 
yeast community composition including uncultivable strains. Isolation method was chosen in this 
study because of the isolates it provided, which allows further study with selected strains. It is 
interesting to note that the ratio of ascomycete isolates is less than those isolated from tropical and 
warm regions (Limtong and Kaewwichian, 2015, Sláviková et al., 2009, De Azeredo et al., 2010). 
Several cold-adapted yeast strains are present in our isolation, with active growth at 8°C (I, Figure 6). 
Whether the ratio of ascomycete and basidiomycete species in the phyllosphere is related to the 
latitude or temperature is unclear, but it may be worthwhile to analyze this by performing more 
collections from multiple regions.     

4.1.2 Identification and phylogeny with gene markers 

The yeast strains isolated from the Arabidopsis leaf were identified by a combined molecular 
approach. Internal transcribed spacer (ITS) fragment sizes and restriction enzymes patterns (RFLPs: 
restriction fragment length polymorphisms) were used to assign strains into operational taxonomic 
units (OTUs). In total, 33 OTUs were listed in this collection (I, Table 2). The full ITS region (ITS1, 5.8 
S, and ITS2) of representative strain(s) from each OTU were sequenced. As a classification result, 95 
yeast strains were placed into 23 species from 9 genera (I, Table 2). Basidiomycetes dominate 
Arabidopsis phyllosphere yeast community, with over 90% of total strains. However, three OTUs of 
ascomycetes (Protomyces and Taphrina spp.) were identified, which are genera previously described 
as plant pathogens. The ITS marker was described as a fungal identification marker with easy 
procedures and high efficiency (Nilsson et al., 2014, Schoch et al., 2012). Here we presented a 
combined approach with restriction enzymes patterns and ITS sequencing that benefits classification 
and identification of culture-dependent microbial work. 

In order to define the phylogenetic relationships within the genus Protomyces, we utilized the full ITS 
and D1/D2 region of large subunits of ribosomal DNA for the construction of phylogeny trees. 
However, the true diversity and phylogeny are not clearly resolved by ITS or D1/D2 sequences (II, 
Figure 1, a, b), which are highly conserved and underestimate the diversity among Protomyces spp. 
This has been previously observed in Taphrina, a sister genus of Protomyces, which has similar 
lifestyles, morphology and virulence strategies (Fonseca and Rodrigues, 2011). We were able to 
resolve the phylogeny of Protomyces species using whole genome data (II, Figure 1, c). However, in 
order to find out additional single gene DNA markers for rapid identification of Protomyces species, 
we investigated other nuclear gene makers; ACT1, TUB2, RPB1, RPB2, and TEF1 (Stielow et al., 2015). 
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DNA sequences of these markers were extracted from Protomyces spp. genome annotations with 
Schizosaccharomyces sequences as query. Phylogenetic trees built with ACT1 (III, Figure S2) displayed 
the closest branching pattern compared to genome-wide phylogeny tree (II, Figure 1, c). Therefore, 
ACT1 is proposed as the most accurate gene marker for Protomyces spp. phylogeny in this study. The 
other four markers TUB2, RPB1, RPB2, and TEF1 also exhibit clear species resolution but less accurate 
tree architectures. All of the five markers showed highly similar phylogenies for Taphrina and 
Schizosaccharomyces spp. Additionally, a phylogenetic tree with concatenated sequences from all 
five markers was provided (III, Figure S2), producing tree architectures similar with those of theTUB2, 
RPB1, RPB2, and TEF1 single gene trees. Therefore, we conclude that the DNA sequence of the ACT1 
gene is favorable to rapidly explore phylogenetic relationships and identify species in genus 
Protomyces.  

44.1.3 Camalexin sensitivity 

Camalexin is an important phytoalexin that inhibits microbes probably by disrupting microbial cell 
membranes (Rogers et al., 1996). Several Arabidopsis pathogens are sensitive to camalexin (Thomma 
et al., 1999). In this study, most of isolated yeast strains are camalexin tolerant, while Protomyces 
and Taphrina are sensitive to 15 μg/ml camalexin in liquid culture. Non-pathogenic yeasts were able 
to tolerate growth in the presence of camalexin (I, Figure 5), suggesting they have the ability to 
degrade or remove toxins from their cells. For the potential pathogens that are sensitive to camalexin 
(I, Figure 5), they either manipulate plant immunity to survive or have their growth inhibited by the 
host plant immune system. Furthermore, the presence of Protomyces sp. SC29 on Arabidopsis can 
activate camalexin biosynthesis gene expression (II, Figure 2, d). The possible explanation could be 
either SC29 triggers plant immunity to inhibit other microbe competitors, or SC29 is recognized as a 
potential pathogen and its growth is limited by Arabidopsis. 

 

4.2 Protomyces strain SC29 and its interaction with Arabidopsis  

4.2.1 SC29 persists on the Arabidopsis leaf surface 

Since SC29 was isolated from leaf surface of Arabidopsis, we were keen to understand whether SC29 
could survive in the Arabidopsis phylloplane or if perhaps SC29 just landed by chance and was only 
transiently present. We performed growth assays with SC29 and its close species P. inouyei on the 
Arabidopsis leaf surface, with plants grown both in soil and sterile MS medium growth conditions. 
The colony forming units (CFUs) of P. inouyei dropped down rapidly, which was similar to the behavior 
of SC29 growing on foil surface, the negative control environment. In contrast, the CFUs of SC29 
remained at the inoculation level at both three-day and ten-day time-points (II, Figure 2, a). This 
indicated SC29 might be adapted to the Arabidopsis phyllosphere environment, while P. inouyei was 
not adapted and rapidly died. This indicated SC29 is better adapted to Arabidopsis leaf surface, which 
did not occur with its closest relative P. inouyei.  

We infected Arabidopsis with SC29 with different temperature conditions (8 °C and 23 °C), different 
infection methods (dropping and spraying) in growth chamber, and with overwinter period under 
outdoor field conditions (II, Table, S3). No visible disease-like symptom were observed in infected 
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plants. However, Protomyces persisted overwinter and could be re-isolated from field infected plants 
(paper II). Further, Protomyces was found on Arabidopsis in multiple sites and countries (I, Table 1; 
II, Figure S2; and (Agler et al., 2016), suggesting Protomyces has a real interaction with Arabidopsis 
as a host. 

44.2.2 SC29 leads to decreased disease development   

Increased resistance and activated immune signaling pathways have been observed from treating 
Arabidopsis with autoclaved cell suspensions of S. cerevisiae (Raacke et al., 2006) or plants treated 
with protein-depleted yeast extract (Moon et al., 2015). Cell wall carbohydrates from yeast cells may 
act as MAMPs that are recognized by the plant. We tested whether SC29 treatment could activate 
plant immunity and thus increase plant resistance against disease. Lesion diameters of Botrytis 
cinerea drop infections were used as a measure of disease development on plants either mock 
treated or sprayed with live or dead-SC29 cell suspensions. Intriguingly, Arabidopsis pre-treated with 
both live-SC29 and dead-SC29 exhibited less disease development, compared to Arabidopsis pre-
treated with water (II, Figure 2, b). Live-SC29 pre-treated Arabidopsis showed smaller lesion diameter 
than dead SC29 pre-treated Arabidopsis (II, Figure 2, b). In addition, we demonstrated that SC29 has 
no direct antagonistic effect against Botrytis growth on GYP plates (II, Figure S4). These results 
suggested that treatment with SC29 activates plant immunity to protect Arabidopsis when facing 
Botrytis infection. Killed-SC29, likely representing a mixture molecules including PAMPs, activated 
Arabidopsis resistance, but a stronger induced resistance was noticed with live SC29 treatment.  
Either active processes in live cells are required, or some of the resistance-inducing molecules are 
destroyed by autoclaving. 

4.2.3 MAPK3 and MAPK6 activation 

Among the early immunity signaling events, MAPK cascade is believed a signal integration and 
amplification mechanism that initiates immunity responses against multiple stresses. To test the 
early signal events upon SC29 treatment, western blot with anti-TEpY antibody against active 
phosphorylated form of MAPKs was implemented to test if MAPK3/6 (MAPK3 and MAPK6) are 
involved in immunity activated by SC29.  Both MAPK3 and MAPK6 are activated when Arabidopsis 
plants were treated with live- and dead-SC29 at 30 min and 60 min post pre-treatment (II, Figure 2, 
c). This supported the proposal that unknown SC29 PAMP(s) are recognized by Arabidopsis PRR(s), 
which leads to downstream immune signaling including MAPK3/6 activation.  

However, no significantly stronger activation of MAPK3/6 was observed for SC29 pre-treated 
Arabidopsis after Botrytis infection, compared to water pre-treated plants (II, Figure 2, c). This might 
derived from that fact that Botrytis induced immunity response is so strong that it masks the SC29 
primed immunity assayed at the level of MAPK activation. Alternatively, MAPK3/6 independent 
immune signaling, such as MAPK3/6 independent camalexin biosynthesis involving WRKY33 (Qiu et 
al., 2008), is also possible for SC29-triggered resistance against Botrytis.      

4.2.4 Camalexin biosynthesis and salicylic acid signaling 

Plants employ multiple and interacting signaling pathways to achieve immunity. We performed qPCR 
with multiple defense signaling markers to investigate the SC29-activated signaling pathways. The 
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camalexin biosynthesis gene PAD3 was upregulated in both live- and dead-SC29 treated plants at 72 
hpt (hour post pre-treatment). Two camalexin biosynthesis genes, CYP71a13 and PAD3, were 
upregulated only in live-SC29 treated plants at 72 hpi (hour post infection), but not at 24 hpi (II, Figure 
2, c). These results suggest that camalexin biosynthesis was involved in SC29-activated immunity. In 
fact, only a few PAMPs can induce camalexin biosynthesis in Arabidopsis, including peptidoglycans 
and Nep1-like proteins, but not flg22 or OGs (Meng and Zhang, 2013). Here we reported that live 
SC29 induced higher expression of camalexin biosynthesis genes, which are possibly upregulated also 
by SC29 PAMPs. 

In addition, the SA signaling marker PR1 was upregulated in live-SC29 treated plants at 72 hpi (II, 
Figure 2, c), suggesting that SA signaling also participated in SC29-activated immunity. JA signaling 
may participate in dead-SC29 triggered immunity as seen from upregulation of PDF1.1 in dead-SC29 
treated plants 24 hpi (II, Figure 2, c). Markers of other signaling pathways, including auxin, cytokinin, 
and ABA were not altered in expression level upon SC29 treatment (II, Figure S5). To conclude, SC29 
can partially induce Arabidopsis resistance with MAPK3/6 activation and possible camalexin 
biosynthesis and JA signaling pathway marker activation. Yet, full induced resistance requires live 
SC29, with MAPK3/6 activation and transcriptional activation of markers for camalexin production 
and SA signaling.  

44.2.5 Yeast auxin production and its possible roles 

Microbe-derived phytohormones are believed to play multiple roles against plants (Jameson, 2000, 
Spaepen and Vanderleyden, 2011, Vadassery et al., 2008). Auxin is a main growth regulator, but also 
participates in modulating plant immunity (Spaepen and Vanderleyden, 2011). We tested indolic 
compound production, including auxin, by representative strains of each genus from our yeast 
isolation work. Among the tested strains, eight showed indolic compound production in GYP liquid 
media, most of which exhibited higher accumulation when the media was supplemented with 
additional tryptophan (I, Figure 3), which is a precursor of auxin biosynthesis. Strikingly, three strains 
(Leucosporidium sp. OTU26, Microbotryozyma sp. OTU28 and Leucosporidium sp. OTU27) displayed 
indolic compound production in tryptophan-free minimal media (I, Figure 3), suggesting the existence 
of possible tryptophan-independent synthesis pathways, or that these species have a higher level of 
de novo tryptophan biosynthesis. These strains are potential resources for studying tryptophan-
independent auxin synthesis pathways. Additionally, all Protomyces spp. in this study produce indolic 
compounds in GYP media. The level of production was variable among species. However, significantly 
higher indolic compound production was observed for all Protomyces spp. when GYP media was 
supplemented with additional tryptophan (II, Figure 4, a). The enhanced production confirmed the 
precursor role of tryptophan in Protomyces spp. indolic compound synthesis. 

The observed indolic compound production shown in previous section suggests these species may 
produce auxin. To confirm the auxin activity against plants, we treated Arabidopsis DR5::GUS (a 
reporter line for auxin response) with yeast culture filtrates. GUS activity induced by yeast culture 
filtrates (blue color of plant tissue after staining) were observed, especially from Taphrina sp. OTU3, 
Protomyces sp. OTU1, and Dioszegia sp. OTU23 (I, Figure 4; Figure S1). This observation strongly 
supports that yeast-derived indolic compounds have auxin activity in planta. Yet, the auxin activity 
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and indolic compound content of culture filtrates did not correlate well, suggesting the auxin-active 
content of total indolic compounds varies among different OTUs. To understand if Protomyces 
species-derived indolic compounds are active against plants, we examined the phenotypes of 
Arabidopsis auxin-response reporter line DR5:GUS and Col-0 root hair when treated with Protomyces 
spp. liquid culture filtrates. GUS activities were detected from DR5:GUS lines treated by all 
Protomyces spp. culture filtrates (II, Figure 4, b). Similarly, enhanced root hair phenotypes were 
observed from Arabidopsis Col-0 treated with all Protomyces culture filtrates (II, Figure 4, c). 
However, again the production of indolic compounds is not linearly related with the degree of GUS 
staining, neither with the degree of root hair induction. Protomyces species-derived auxins can 
activate plant response in a similar manner with plant auxins. Whether auxins are produced by SC29 
while residing on Arabidopsis phylloplane remains unknown.  

An intact IAA biosynthesis pathway (IPyA pathway) was found in all seven Protomyces spp., with 
genes of the key enzymes tryptophan aminotransferase, IPyA decarboxylase, and IAAld 
dehydrogenase present in their genomes (II, Table S5). We also searched for other proposed 
microbial IAA biosynthesis pathways but homologs representing the full pathway were not found (II, 
Table S5). Taken together with 4.2.5, we concluded that Protomyces spp. have IPyA IAA biosynthesis 
pathway, and can produced auxin or auxin-like indolic compounds that lead to the activation of 
Arabidopsis auxin responses.  

 

44.3 Protomyces spp. genome shows insight for interaction and adaptation 

4.3.1 Protomyces genomic characteristics 

We sequenced the genomes of seven Protomyces species, including six well-described species and 
one recently isolated strain (SC29). All Protomyces spp. have small genome sizes (11.5-14.1 Mb) with 
50.9-52.8% GC content. The annotated genes in Protomyces spp. genomes are between 5500 to 6300 
genes. Genomes completeness scores are relatively high and similar in all species, ranging from 85% 
to 88% (II, Table 1), which indicate good quality draft genome assemblies. Sequencing raw data, 
genome assemblies, and annotations were submitted to genebank, or otherwise made publicly 
available, with accession numbers listed in (II, Table 1).  

All carbohydrate enzyme classes and associated enzyme modules currently covered by CAZy 
database were discovered. Carbohydrate active enzymes (CAZymes) in Protomyces spp. were found 
in class auxiliary activities (AA), carbohydrate-binding modules (CBM), carbohydrate esterases (CE), 
glycoside hydrolases (GH), glycosyltransferases (GT) and polysaccharide lyases (PL). All the genomes 
of Protomyces spp. have lower amount of CAZymes (Zhao et al., 2013) and similar enzyme class 
composition, which is consistent with their biotrophic pathogen lifestyles. The number of CAZymes 
in all classes were listed in (II, File, S7). By experimental tests, the carbon assimilation patterns of 
Protomyces spp. are variable. We examined the carbon assimilation enzyme content in the genomes 
of these species and tried to correlate this with carbon utilization patterns. However, the enzymes 
involved in assimilation of some carbon sources were also present is species that are unable to utilize 
the carbon source (III, Figure 3). This suggested that other factors, such as DNA and histone 
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modification, translation, and post translation modification, might be responsible for disparate 
assimilation patterns, as has been previously suggested (Riley et al., 2016). Another explanation could 
be that the enzymes are present but play other fundamental roles rather than catalyzing carbons as 
energy sources. 

Histidine hybrid kinases (HHKs) are important sensory kinases. In the genomes of Protomyces species, 
most of the HHKs groups were found (II, Table S6). Most interestingly, SC29 has significant expansion 
in group I HHKs, which have an undetermined function. However, a slight loss of virulence was seen 
when a group I HKK was mutated in rice blast fungal (Jacob et al., 2014). Further investigation 
revealed two group I HHKs genes in SC29 are adjacent to other HHKs, indicating the possible 
mechanism of creating new signaling components by gene duplication and mutation. Group III HHKs 
are found as two copies in some Protomyces spp., while they are normally present as single copy in 
other pathogenic fungi (Defosse et al., 2015). Moreover, Pmac has a dual HHK adjacent to a type XI 
HHK; dual HHKs have previously been found only in the Basidiomycota. Taken together, these data 
suggested that HHKs in Protomyces spp. are actively evolving and SC29 has unique HHKs futures 
among genus Protomyces. In addition, the dual HHK may be an example of an ancestral 
basidiomycete characteristic. Protomyces spp. also possess other basidiomycete characteristics. All 
the genomes of Protomyces spp. in this study have over 50% GC content, which consistent with 
basidiomycetous yeasts but not ascomycetous yeasts (Sugiyama et al., 1996). Protomyces spp. have 
an enteroblastic budding pattern, which is similar to basidiomycetous yeasts but different from the 
holoblastic budding seen in ascomycetous yeasts (Von Arx and Weijman, 1979, Sugiyama et al., 1996). 
Moreover, Q-10 is the major ubiquinone system in Protomyces and Taphrina spp., which is a 
basidiomycetous yeast character (Sugiyama et al., 2006, Sugiyama et al., 1996). In conclusion, we 
presented new genomic evidence, the dual dual HHK gene, in genus Protomyces, showing that genus 
Protomyces and subphylum Taphrinomycotina have ancestral characters which similar to 
basidiomycetous yeasts.  

Genomic evidence suggests that SC29 might be adapted to live in the phyllosphere of Arabidopsis. 
Gene ontology (GO) enrichment of DNA repair genes was found in SC29 when compared to a clade 
consisting of Pino, Plac and Ppac, indicating a better adaptation ability for UV and ROS stress that 
commonly exist in the phyllosphere environment. On the other hand, invasive filamentous growth 
genes were noticed as gene loss in SC29, indicating the possibility of decreased pathogenicity, 
compared to Pino, Plac and Ppac. The cutinase transcription factor 1 family was expanded in SC29 
specifically, which may be required for fungal cutinase induction and thus better utilization of this 
unique carbon sources found in the phyllosphere. 

44.3.2 Candidate effector proteins 

SSPs, including CSSPs, are regarded as candidates of effector proteins. The genomes of Protomyces 
spp. possess over a thousand SSPs and around 600 CSSPs (II, Table S4). The massive amount of 
effector candidates might function as important tools of plant-microbe and microbe-microbe 
interactions. Generally, all Protomyces spp. have similar SSPs features and higher cysteine content 
and shorter protein length than those of T. deformans (II, Figure S6). Positive hits of fungal virulence 
proteins and effector proteins in PHIbase were discovered from Protomyces spp. genomes (II, 
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Supplementary file S3), indicating the potential active roles of Protomyces spp. SSPs against plants. 
Despite of the general similarity of SSPs features among Protomyces spp., we noticed that SC29 has 
distinct characters compared to its closest clade (Pino, Plac and Ppac). The three species in that clade 
share 283 SSP orthologous clusters, while SC29 shares only 24, 40, 22 SSP orthologous clusters with 
any two of Pino, Plac and Ppac, respectively (II, Figure 3). This indicated that SC29 has disparate 
repertoire of effector candidates to the clade composed of Pino, Plac and Ppac. The plant hosts of 
SC29 as a pathogen are unclear, but we speculate the host range of SC29 is largely differ from Pino, 
Plac or Ppac.    

By performing hmmscan with Pfam database, we discovered that Protomyces spp. genomes lack 
effector candidates containing LysM domains (II, Supplementary file S2). LysM domain effectors are 
commonly present in fungal effectors to mask chitin from recognition or degradation by plants. Yeast 
cell walls are generally composed of chitin, beta-glucans, and mannoproteins (Perez-Garcia et al., 
2011). Candida albicans is a human pathogenic yeast, which lacks LysM effectors. The ability of cell 
wall components other than chitin from C. albicans to trigger immune cell activation in humans has 
been shown (Perez-Garcia et al., 2011). The lack of LysM effector in Protomyces suggests that chitin 
is less important in their interaction with plants. However, other lectin domains are present among 
Protomyces spp. effector candidates (II, Supplementary file S2).  Maize uses secreted proteins (AFP1 
and AFP2) with antifungal activity that bind to pathogen hyphal mannose. The maize pathogen 
Ustilago maydis responds with the Rsp3 lectin domain effector that binds to AFP1 and AFP2 to block 
their antifungal activity. The presence of lectin domain effectors in Protomyces spp. suggests 
mannose or other unique carbohydrates found in the yeast cell wall might be the PAMP that is 
protected by these lectin effectors.  

44.3.3 Secondary metabolite gene clusters 

Fungi employ secondary metabolites (SMs) to cope with the external biotic environment. Successive 
steps of SMs biosynthetic pathways are likely to be clustered in the genomes of bacteria, fungi, and 
even plants (Osbourn, 2010). In our analysis, Protomyces spp. genomes displayed multiple predicted 
secondary metabolite gene clusters. The assumed products are terpenes and non-ribosomal peptides 
(NRPs). Each Protomyces species has one NRP and four terpenes gene clusters, except for Plac which 
has only three terpene clusters. Gene synteny of seven Protomyces spp. NRP gene clusters are shown 
in Fig. 2.  Highly conserved gene synteny exists between Pinu and Pmac, as well as among SC29, Pino, 
Plac, and Ppac. Pgra NRPS gene clusters appears to be dissimilar to other Protomyces spp. The core 
gene of each NRP gene cluster is NRP synthetase (g5034 in Pinu), which is sitting next to Flap 
endonuclease 1 (g5033 in Pinu), MFS transporter (g5035 in Pinu) and other related proteins. Gene 
synteny of four terpenes gene clusters were also analyzed. Terpenes gene synteny similarity (not 
shown) among Protomyces spp. behaves similar to NRPs, indicating that in Protomyces spp. multiple 
SM gene clusters likely evolve in a conserved way, though Pgra exhibits differences.   
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44.4 SC29 as a novel Protomyces species  

As mentioned above in section 1.4.1, this research included all the available specimen of Protomyces 
species, although many more species have been proposed (Reddy and Kramer, 1975, Kurtzman, 
2011). In the genome-wide phylogeny tree built with 1670 single-copy protein sequences, SC29 holds 
a separate unique position among the Protomyces (III, Figure 2, a). The phylogenetic distance 
between SC29 and P. inouyei is larger than those between P. inouyei, P. lactucaedebilis and P. 
pachydermus (III, Figure 2, a). As expected, the high similarity of ITS or D1/D2 sequences do not 
reflect the true phylogenetic diversity among Protomyces spp. (III, Figure 2, b and c). Phylogenetic 
trees built with nuclear gene DNA markers, such as ACT1, TUB2, RPB1, RPB2, and TEF1, also indicated 
the divergent placement of SC29 to other tested Protomyces spp. (III, Figure S2). Among those 
markers, ACT1 exhibited the identical phylogenetic architecture as seen in the genome-wide tree. 
Thus, ACT1 seems the best single gene marker that clearly reflects the phylogenetic relation among 
genus Protomyces. By virtue of the unique position of SC29 in multiple phylogeny tree and low ANI 
and AAI values against other six described Protomyces spp. (III, Figure 2; Table 1; Figure S2), SC29 
appears to be genomically distinct from other Protomyces spp. Cell and colony morphology of SC29 
are also different from the most closely related species (II, Figure S1; Table S1). Additionally, all tested 
Protomyces spp., including SC29, have differential carbon assimilation patterns (II, Table S2). Taken 
together, we proposed a new species name P. arabidopsicola with SC29 as the type strain.  

Figure 2. Gene synteny of Protomyces NRPS (non-ribosomal peptide synthase) gene clusters. Cluster 
genes were predicted with online tool antiSMASH (fungal). Plots were viewed with package genoPlotR in 
R (3.5.1). Comparison was performed with BLASTn among DNA sequences of contigs. Red color indicates 
the same sequence order, blue color indicates reverse sequence order. Color strength indicates level of 
DNA homology. 
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P. inouyei and P. lactucaedebilis have over 96% ANI and 97% AAI (III, Table 1), which exceed the 
boundary, under which they could be considered different species. Moreover, an extremely high level 
of genome synteny between P. inouyei and P. lactucaedebilis was seen with our genome assembly 
data (III, Figure S1). Given the fact that P. inouyei and P. lactucaedebilis have high genome similarity, 
we propose these two species are merged into one species. Thus, we propose the species name P. 
lactucaedebilis should be renamed as P. inouyei f. sp. lactucae. In addition, P. inouyei should also be 
renamed to P. inouyei f. sp. crepis. 
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55 Conclusion and future perspectives  

Plant associated yeast stains were isolated from the leaf surface of wild growing Arabidopsis, offering 
about a hundred isolates, which are excellent resources for the study of plant-yeast interaction with 
the genetic model plant Arabidopsis. Interestingly, Protomyces and Taphrina species are present. 
Several important physiological aspects have been characterized. Camalexin sensitivity test suggests 
that most phyllosphere yeast residents are highly tolerant to camalexin. Indolic compounds are 
produced by many of the yeast strains in our collection. 

With deep investigation of the genus Protomyces, we conclude that Protomyces sp. SC29 (SC29) 
represents a novel species. SC29 has a unique evolutionary position and distinct genome similarity 
among other Protomyces species. The carbon assimilation pattern of SC29 also support its 
uniqueness. Most strikingly, SC29 persists on Arabidopsis leaf surface and activates plant immunity, 
while cell counts of its closest relative P. inouyei drops down rapidly. The indolic compounds 
production of Protomyces species are all significantly boosted when provided with additional 
tryptophan, indicating the importance of tryptophan-dependent auxin synthesis pathway. Moreover, 
the indole-3-pyruvic acid (IPyA) auxin synthesis pathway is present in all Protomyces species with 
genes encoding key enzymes were found. The genomic assemblies and characters of seven 
Protomyces species were present in this work. SC29-specific and Protomyces-specific characters have 
been discovered. SC29 has phyllosphere adaptation signatures in its genomic content, including gene 
ontology enrichment in DNA repair and gene loss in invasive filamentous growth. The expansion of 
group I sensory histidine kinase in SC29 might be related to the lifestyle change. Thus, we propose 
SC29 as a new Protomyces species Protomyces arabidopsicola.  

The presence of SC29 on Arabidopsis leaf surface activates plant immunity, with upregulated SA 
signaling and camalexin biosynthesis pathways, as well as activated MAPK3/6 involvement. The 
future question is to understand the mechanism of how SC29 survive on leaf surface and how it 
interacts with Arabidopsis immunity. Lacking LysM effector suggests that there is little possibility that 
chitin is the major Protomyces PAMP recognized by Arabidopsis. On the other hand, mannose or 
other cell wall components could be significant yeast PAMPs. This study has built a yeast-Arabidopsis 
interaction system that allows the use of Arabidopsis as a model genetic plant to study the genetics 
of plant yeast interactions. Uncovering of the PAMP from SC29 and corresponding pattern 
recognition receptors in Arabidopsis in the future would be exciting significant advance, since the 
yeast PAMPs and related plant PRRs are completely unknown. Additionally, the roles of 
phytohormone auxin in plant-yeast interaction is another area with rich opportunities to be explored.    
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