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ABSTRACT 

In the boreal forest of Finland, spruce and pine form the basis for one of the largest industries 

contributing several billion euros in net export income yearly. However, a considerable proportion 

of the trees harvested are rotted and commercially less valuable largely caused by a species complex 

Heterobasidion annosum sensu lato (s.l.). The basidiomycete fungus H. parviporum threatens the 

health of boreal forest, especially Picea abies (L.) Karst (Norway spruce), by causing root and stem 

rot disease as comprehensively documented in our review article. We carried out a series of studies 

on the tree-fungal pathogen interactions, interspecific fungal interactions, and plant-endophyte-

fungal pathogen interactions to identify vital traits or factors important for disease development 

and plant defense responses.  

The availability of genome sequences of both H. parviporum and Norway spruce enabled the 

identification of small secreted proteins of the necrotrophic pathogen (HpSSPs) and plant defense-

related genes in H. parviporum-Norway spruce interaction. In my first study, I investigated the 

functional role of HpSSP as pathogenicity factor.  A hypothetical protein HpSSP35.8, a homolog of 

HaSSP30 from H. annosum, with necrosis-inducing activity in Nicotiana benthamiana was evaluated. 

Interestingly, not all homologs of cell death-inducing HaSSPs could trigger cell death in Nicotiana 

leaves. Hsr203J and HIN1, which are useful makers for hypersensitive response (HR) cell death, were 

found to be activated in the non-host N. benthamiana by HpSSP35.8 infiltration. The activation of 

Hsr203J and HIN1 revealed a form of SSP-associated HR triggered by HpSSP35.8. WRKY12, ethylene 

response factor (ERF1α) and a chitinase gene PR4, endochitinase.B, PI1 and NPR1 were induced in 

HpSSP35.8-infiltrated leaves, revealing their roles in defense response probably related to JA/ET-

mediated signaling pathway. HpSSP35.8 coding gene was highly expressed in the pre-symptomatic 

phase of host infection. This suggests that HpSSP35.8 probably had an important role during fungal 

penetration and colonization. The defense-related genes in seedling roots induced by the pathogen 

infection were ERF1a and ERF1b, WRKY12, LURP1, PR1, PAL, which demonstrated that the 

phenylpropanoid pathway and the JA/ET-signaling pathway were activated in response to the 

pathogen. 

In a follow-up study, I conducted a detailed analysis of H. parviporum effectome. H. parviporum was 

predicted to have nearly 300 small secreted proteins or effector candidates based on some of the 

characteristic features including secretion, expression in planta, cysteine and small protein size. The 

transcriptome profile analysis during fungal development and saprotrophic or necrotrophic growth 
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showed that various HpSSPs were significantly induced during infection of woody trees, including 

HpSSP35.8. About a dozen small secreted proteins of H. parviporum were further selected to analyze 

their expression dynamics during interspecific fungal interaction with the enodophyte Phialocephala 

sphaeroides and other fungi. Some HpSSP-coding gene expression varied according to the 

confronted fungus and the stage of interaction, and some others shared a common trend in 

expression over different interactions and stages. The formation of barrage zone and antagonism at 

distance during interspecific interaction indicated a combative and antagonistic impact. Some fungal 

species, which were overgrown by H. parviporum, had no inhibitory effect on the pathogen growth.  

Moreover, the expression of HpSSP-coding genes in the interaction with antagonism at distance was 

not as active as those in the interaction with barrage zone or overgrowth. 

In paper III, it was observed that although the dark septate endophyte Phialocephala sphaeroides 

had no obvious in vitro antagonistic effect on the pathogen H. parviporum growth, it was found to 

promote the root development of Norway spruce seedlings. Co-infection was set up to investigate 

the effect of the host interaction with the endophyte and the pathogen H. parviporum on Norway 

spruce defense responses and fungal transcriptomic responses. RNA-seq analysis revealed that a 

large percentage of reads were undoubtedly mapped to Norway spruce, and a small part of reads 

were mapped to fungi. Phenylpropanoid biosynthesis was generally activated in Norway spruce 

seedlings in response to the endophyte inoculation (PaPs), pathogen infection (PaHp), and co-

infection (PaPsHp), but the expression patterns of phenylpropanoid-related genes varied among 

different inoculations. Many gene members of PALs and peroxidase genes (POXs) were upregulated 

in PaPs, while not expressed in PaPsHp. This suggests that the subsequent infection with the 

pathogen was able to influence the phenylpropanoid metabolism modulated by the endophyte. 

Flavonoid biosynthesis pathway was also activated during fungal infection, with only 6 genes 

encoding enzymes related to CHI, F3’5’H, DFR, and ANR upregulated under a certain condition and 

14 genes downregulated in PaHp, PaPs, PaPsHp. Multiple genes were uniquely upregulated in PaPs, 

which involved jasmonic acid (JA) signaling pathway, plant hormone signal transduction, MAPK 

signaling pathway and calcium-mediated signaling. It was concluded that the subsequent H. 

parviporum infection triggered reprogramming of host metabolism.  

Further analysis showed that the transcript abundance of H. parviporum reduced dramatically in the 

presence of the endophyte in the co-infection seedlings, compared to those in the pathogen 

inoculation. Although the endophyte lost the antagonistic effect against H. parviporum at mycelium 

level, it seems to have a suppressive effect on H. parviporum at transcript level. With a slight 
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decrease in the transcript abundance of P. sphaeroides in co-infection, P. sphaeroides had a 

transcriptome shift from fungal growth to stress response in the presence of the pathogen H. 

parviporum. Surprisingly, the roots of the pathogen-inoculated seedlings developed better than 

control seedlings, indicating H. parviporum was able to weakly improve root growth. We found that 

both the endophyte and the pathogen had genes associated with hormone, polyketide and Iron-

sulfur proteins, which might involve auxin-related pathways responsible for plant growth promotion. 

Moreover, the DSE P. sphaeroides could produce indolic compounds in culture filtrate, and the 

endophyte culture filtrate was shown to promote the development of Arabidopsis root hair. 
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1  INTRODUCTION 

1.1 Heterobasidion parviporum, the causal agent of root and stem rot disease 

The basidiomycete Heterobasidion parviporum Niemelä and Korhonen is one of the most aggressive 

conifer pathogens that cause root and stem rot mainly in Norway spruce (Picea abies (L.) Karst) in 

Europe. Norway spruce is one of the most important conifer species in forest ecosystems both 

ecologically and economically in Finland where the annual economic loss caused by H. parviporum 

was estimated at 40 million euros for the forest industry (Kärhä et al., 2018a; Mattila & Nuutinen, 

2007). Both seedlings and young trees are highly susceptible to infection by H. parviporum. Trees 

suffering from root rot infection were characterized by crown deterioration and thinning, exudation 

of resin, butt swelling, leading to reduction of volume growth and tree mortality (Pitkänen et al., 

2021). Infected trees are also more vulnerable to the attack of wind (Honkaniemi et al., 2017), snow 

and bark beetles. However, the root system of mature trees could have been infected before the 

above-ground symptoms become visible (Wang et al., 2014).  

1.1.1 Distribution of Heterobasidion annosum sensu lato complex and host preference 

H. parviporum has several relatives of H. annosum (Fr.) Bref. sensu lato (s.l.) species complex. There 

have been six taxa of H. annosum s.l. species complex to date. Geographically, the European species 

are H. annosum (Fr.) Bref. sensu stricto (s.s.), H. abietinum Niemelä and Korhonen, apart from H. 

parviporum. Two North American species are H. occidentale Garbel. and Otrosina and H. irregulare 

Garbel. and Otrosina (Otrosina & Garbelotto, 2010). One East Asian species is H. subparviporum Y. 

C. Dai, Jia J. Chen and Yuan Yuan (Yuan et al., 2021). According to the host preference, H. annosum 

s.l. species complex is divided into F- type (H. abietinum), P-type (H. annosum s.s., H. irregulare), and 

S-type (H. parviporum, H. occidentale, H. subparviporum) mainly related to preference for fir tree 

species (Abies sp.), pine, and spruce, respectively (Yuan et al., 2021). H. parviporum is mostly found 

on Norway spruce (Picea abies) in Europe, H. subparviporum is mainly found on Picea in Asia, and H. 

occidentale mostly on Tsuga and Abies in western North America. The P-types which have a broad 

host range with a preference for pines are H. annosum s.s. in Eurasia and H. irregulare in North 

America (Linzer et al., 2008; Dalman et al., 2010). 

H. annosum s.l. species complex is considered to have a bipolar mating system in which each 

basidiospore represents either one of two mating types (Niemela & Korhonen 1998). The occurrence 

of compatible mating requires basidiospores with different mating types. A basidiospore geminates 
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into a homokaryotic mycelium where all the nuclei are haploid and genetically similar. Two 

compatible homokaryons fuse to form heterokaryotic mycelium which contains separate parental 

nuclei. Traditionally, a mating test was utilized for the identification of species within H. annosum 

s.l. species complex (Dai et al., 2003, 2006; Redr et al., 2020). Usually, homokaryotic isolates are 

paired with homokaryotic testers representing known species. The development of clamp 

connections at the mycelia interaction zones was regarded as an indication of sexual compatibility. 

Three intersterility groups (ISGs) of H. annosum s.l. species complex in Europe (Capretti et al., 1990; 

Korhonen et al., 1992) and two ISGs in North America were identified via mating test (Chase & Ullrich, 

1990a, 1990b). Subsequently, the European P, S, F group were designated as H. annosum sensu 

stricto (s.s.), H. parviporum, H. abietinum (Niemela & Korhonen 1998), and North American P, S 

group were named as H. irregulare and H. occidentale (Otrosina & Garbelotto, 2010). However, 

sometimes species identification via mating test could be quite challenging since homokaryotic 

isolates might have a high degree of sexual compatibility with more than one known species. With 

the aid of mating test, morphological characteristics of fruit body and DNA fingerprinting, the H. 

annosum species complex from Eastern Asia was considered as H. parviporum (Dai et al., 2003, 2006). 

Multilocus phylogenetic analyses were able to differentiate between the European H. annosum s.s. 

and H. irregulare, with the support of nuclear genes and mitochondrial genes such as GAPDH, EF-A, 

mitochondrial ATP synthase, ITS, nrLSU, RPB1 and RPB2 (Chen et al., 2015; Linzer et al., 2008). These 

results also revealed that the European H. annosum s.s. was more closely related to the northern 

American H. irregulare than the European H. parviporum, and the European H. parviporum is more 

closely related to H. occidentale and H. abietinum. 

Although H. parviporum has a wide distribution in Europe, southern Siberia and East Asia (Dai et al., 

2006; Garbelotto & Gonthier, 2013; Tokuda et al., 2007), it seems to be less aggressive in East Asia 

such as China and the pathogenicity in those areas is unclear. The European population of H. 

parviporum usually grows on Norway spruce and causes butt rot, but also occasionally kills saplings 

of Scots pine and has the potential to infect many other tree species. However, the East Asian 

population does not show strong pathogenicity to native trees and showed no preference for 

Norway spruce (Tokuda et al., 2007). It is parasitic mainly on various species of Picea and Abies, such 

as Abies Fabris (Mast.) Craib, A. sachalinensis (Fr. Schmidt) Masters, A. fargesii Franch., P. 

schrenkiana ssp., and also grow on species of Tsuga, Larix, and Pinus (Dai et al., 2006). Less intensive 

management in some conservation areas with overmature trees where fruit bodies of 

Heterobasidion were found in China might give an impression of low pathogenicity of H. parviporum 

probably due to a lack of fresh stumps suitable for infections. Knowledge of the distribution of 
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Hetebasidion in China is based solely on observation from the occasional fruit body, thus the 

incidence of Heterobadidion butt rot on living trees is poorly known. This lead to the unclear 

pathogenicity status of the East Asian population of H. parviporum. 

The incidence of Heterobasidion butt rot is more commonly documented in the southern Finland 

than the northern Finland. Heterobasidion butt rot highly occurs throughout the south-west and the 

coastal inland with a trend towards the north-east due in part to changes in climatic condition 

(Mattila & Nuutinen, 2007; Müller et al., 2007). Despite the high incidence of butt rot in mature pine 

and spruce stands in northern Finland, the butt rot caused by Heterobasidion fungi in these areas is 

quite low (Müller, Henttonen, et al., 2018; Müller, Kaitera, et al., 2018). In Finland and Sweden, H. 

parviporum is sporadically distributed at low frequencies in managed coniferous forests of northern 

Finland whereas H. annosum is nearly absent (Müller, Henttonen, et al., 2018). Weather conditions, 

logging behaviors, soil acidity may affect the spatial variation of Heterobasidion. High effective 

temperature sum, long growing periods (air temperature above 5 ℃), and maritime climate in 

coastal areas provide long periods of infection (Mattila & Nuutinen, 2007). The long winter season 

and fewer logging activities in the northern Finland might contribute to reducing the risk of 

Heterobasidion infection due to low basidiocarps sporulation at temperature below 5 ℃ and a lack 

of fresh stump surfaces (Korhonen and Stenlid, 1998). A positive correlation was observed between 

soil pH with a range of 3.8-6.4 and the incidence of decay caused by H. parviporum (Hietala et al., 

2016). The geographical distribution patterns of H. annosum seem not to be directly influenced by 

the differences in temperature regimes (Witzell et al., 2011). 

1.1.2 Infection biology and life cycle 

Although heterokaryons of H. parviporum mainly cause infection in nature, homokaryons can still 

infect trees under field conditions (Johannesson & Stenlid, 2004; Keriö et al., 2015). Additionally, 

defensive reactions evoked by homokaryotic isolates are similar to observations made with 

heterokaryotic isolates (Keriö et al., 2015), which indicated that homokaryons could be as 

pathogenic as heterokaryons. H. parviporum is a species where the heterokaryotic phase is longer 

than the homokaryotic phase (Clergeot et al., 2019). Single basidiospores adhering to fresh stump 

surfaces produce homokaryotic primary mycelia, and the homokaryotic mycelia with dissimilar 

mating types form the secondary heterokaryotic mycelia by cytoplasmic fusion. Homokaryons are 

short-lived and randomly mate to form heterokaryons, resulting in the dominance of heterokaryons 

in nature. Both homokaryons and heterokaryons produce conidiospores but their role in the spread 

of the fungus in nature is unclear (Asiegbu et al., 2005).  
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1.1.3 Management of host resistance enhancement and biological agent control 

Disease management focuses on the development of prophylactic strategies in forestry. 

Heterobasidion root rot seems to be never completely eradicated once present in a forest stand. 

Detection of the early infection stage in trees is still challenging since the outer symptom of the 

disease is nil and the disease is normally discovered when trees are cut. Stump removal is effective 

but is not always implementable because it is expensive and time-consuming. The primary method 

for preventing Heterbasidion infections is to treat freshly cut stumps with biological or chemical 

control agents to stop basidiospore germination. Aqueous urea solution and spore suspension of 

Phlebiopsis gigantea (Fr.) Jül are the most frequently used treatment agents in Europe (Berglund et 

al., 2005; Brandtberg et al., 1996; Kärhä et al., 2018b; Pratt & Redfern, 2001; Vollbrecht & Jørgensen, 

1995). Stump treatment with urea restricts the spread of the disease by raising the pH to alkaline 

levels at which the germination and growth of Heterobasidion species are inhibited (Johansson et 

al., 2002). P. gigantea is a primary colonizer and rapidly captures space and nutrients of conifer 

stumps surface, which makes it an ideal biocontrol agent against Heterobasidion species (Berglund 

& Rönnberg, 2004). Apart from fungal competition for nutrients and space, induction of host 

resistance and antagonistic mechanism are considered to be the characteristics of the potential 

biocontrol agents. 

1.2 Heterobasidion parviporum-Picea abies pathosystem 

The basidiomycete H. parviporum is a necrotrophic pathogen that kills host plant cells and feeds on 

their dead tissues. Many fungi also interact with their host plants with biotrophic and 

hemibiotrophic nutritional strategies. In biotrophic interaction, cell wall component chitin or other 

conserved pathogen-associated molecular patterns (PAMPs) are recognized by pattern recognition 

receptors (PRRs) located in transmembrane of host plants, resulting in PAMP-triggered immunity 

(PTI) that can halt further fungal colonization (Jones & Dangl, 2006). Pathogenic fungi in a compatible 

interaction are able to suppress PTI or avoid eliciting it by secreting variable fungal effectors. 

Avirulence proteins secreted by biotrophic pathogens as well as toxic secondary metabolites or 

protein toxins produced by necrotrophic pathogens target specific plant proteins. Binding and 

concomitant modulation of specific host proteins are sensed by nucleotide- binding domain-LRR 

(NB-LRRs) proteins that mediate plant cell death. This provides resistance to biotrophic pathogens 

and susceptibility to necrotrophic pathogens (Stergiopoulos et al., 2013).  

Molecular studies in this pathosystem have recently been facilitated due to the availability of full 

genome sequences of H. annosum complex species and that of the conifer tree Norway spruce, 
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which are publicly available. H. irregulare TC 32-1, the first sequenced Heterobasidion species, has 

33.6 MB genome and 11,464 gene models with 14 chromosomes (Olson et al., 2012). The genome 

of H. annosum s.s. (31.01MB) contains 11,453 predicted genes, of which 84.38 % of genome 

sequences were aligned with H. irregulare (Choi et al., 2017). H. parviporum has 37.76 MB genome 

consisting of 10,502 predicted genes, of which 60.11% reads mapped onto H. irregulare genome 

(Zeng et al., 2018). Norway spruce has 12 chromosomes and 19.6 GB genome with numerous 

transposable elements and a low density of coding regions per MB (Nystedt et al., 2013). The 

availability of Heterobasidion and conifer genome sequences could enable comparative genomics 

analysis and RNA sequencing studies in the H. annosum s.l.-conifer pathosystem, thereby providing 

insights into the fungal pathogenicity and the host resistance characteristics. 

1.2.1 Small secreted proteins from H. parviporum 

H. parviporum harbors a repertoire of putative small secreted proteins with potential contributions 

to the fungal pathogenicity in the H. parviporum-Norway spruce pathosystem. The predicted 

secretome of H. parviporum contains hundreds of secreted proteins including secreted CAZymes, 

peroxidases, peptidases/peptidase inhibitors (Zeng et al., 2018). Necrotrophic fungi often form 

appressoria and penetrate the plant cuticle by secreting large amounts of plant cell wall degrading 

enzymes (PCWDEs) (Lo Presti et al., 2015). As a white rot fungus, H. parviporum biodegrades both 

cellulose and lignin components of wood with various enzymes including manganese peroxidase, 

laccases, cytochrome P450 monooxygenases (Yakovlev et al., 2008). During the pathogenic 

interaction between H. irregulare and pine, cellulose-degrading enzymes were expressed during 

saprotrophic wood decay, while genes involved in pectinolytic enzymes, transcription modules for 

oxidative stress and secondary metabolite production were expressed during the necrotrophic stage 

(Olson et al., 2012). Small secreted proteins or fungal effectors in secretome are usually cysteine-

rich and small size (less than 300 amino acids). They are expressed in planta and their expression 

profile depends on infection stages. They are supposed to be secreted via the conventional 

endoplasmic reticulum-Golgi apparatus route, thus an N-terminal secretion signal should be present. 

Some small secreted proteins are believed to be necrotrophic effectors that promote disease by 

interacting with corresponding host sensitivity gene products (Oliver et al., 2012). SnTox1 from 

Stagonospora nodorum is a small secreted and cysteine-rich necrotrophic effector, inducing necrosis 

and promoting disease on wheat lines with the Snn1 gene (Liu et al., 2012). SnTox1 containing a 

putative chitin-binding motif has the ability to bind chitin, protecting the pathogen from degradation 

by wheat chitinases (Liu et al., 2016). Several small secreted proteins like HaCPL2 and HaSSP30 from 
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H. annosum were able to induce cell death in the non-host plants, which might contribute to the 

fungal virulence (Chen et al., 2015; Raffaello & Asiegbu, 2017).  

1.2.2 Tree defense response to Heterobasidion infection 

Host genotypes in Pinaceae with total resistance have not been discovered yet (Asiegbu et al. 2005), 

while trees less susceptible to Heterobasidion infection are valuable for breeding strategies. Lesion 

length, fungal growth in sapwood, fungal exclusion and infection prevention are regarded as 

resistance traits (Arnerup et al., 2010; Lind et al., 2014). A significantly negative correlation was 

observed between saplings growth traits (stem diameter, height, and volume) and necrotic lesion 

size caused by Heterobasidion infection (Mukrimin et al., 2018). To find genomic regions associated 

with susceptibility to H. parviporum, quantitative trait loci (QTL) mapping was constructed and 

showed that those four resistance traits were controlled by multiple loci (Lind et al., 2014). Four SNP 

markers in the QTL regions were associated with defense response: a hydroxycinnamoyl CoA 

shikimate/quinate hydroxy-cinnamoyltransferase (HCT), a 4-coumarate CoA-ligase (4CL), a R2R3-

MYB transcription factor (MYB), and a leucoanthocyanidine reductase (LAR) (Lind et al., 2014). 

Transcriptional response and chemical profiles were analyzed in Norway spruce with high and low 

susceptibility to H. annosum infection (Danielsson et al., 2011). The constitutive phenolic 

composition differed between genotypes of the two susceptibility levels, the concentration of 

piceasides was found to be higher in the less susceptible genotypes. Free catechin was immediately 

accumulated in the less susceptible genotypes in response to Heterobasidion infection, preceded by 

induction of genes in the phenylpropanoid pathway (PAL, C4H and 4CL) and of genes in the flavonoid 

biosynthesis pathway such as LAR (Danielsson et al., 2011).  

Apart from the genotypes with different susceptibility to Heterobasidion infection, various host 

materials from different ages to types of tissues were utilized to investigate host defense responses 

in the Heterobasidion-conifer pathosystem. In general, phenylpropanoid pathway, defense-related 

proteins, plant hormones play vital roles in the modulation of plant defense response to 

Heterobasidion infection. The phenylpropanoid pathway is indispensable to the formation of 

monolignols/lignin, coumarins, benzoic acids, stilbenes, and flavonoids/isoflavonoids, which serves 

as structural support, vascular integrity, and plant resistance to pathogens (Fraser & Chapple, 2011). 

Phenylalanine ammonia lyase (PAL) and peroxidase (POX) activities as well as salicylic acid (SA) levels 

were induced in spruce seedlings inoculated with the pathogen H. annosum (Likar & Regvar, 2008). 

Microarray profiling of Pinus sylvestris seedlings response to infection with H. annosum s.s. revealed 

the activation of genes coding for defense-related proteins such as thaumatin and antimicrobial 
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peptide at the initial infection stage. Genes induced during the advanced infection stage were 

involved in enzymes in phenylpropanoid biosynthesis pathway, corresponding to the accumulation 

of phenolics and cell wall thickening as a result of lignification (Adomas et al., 2007). Defense 

responses in Norway spruce to H. parviporum infection were similar to the responses to wounding 

(Yaqoob et al., 2012), but the induced defense responses were stronger in the pathogen inoculation 

(Arnerup et al., 2011, 2013; Oliva et al., 2015). Jasmonic acid (JA)- /ethylene (ET) –mediated signaling 

pathways probably play central roles in Norway spruce under H. parviporum infection without 

antagonism of SA-mediated signaling, supported by the upregulation of lipoxygenase (LOX), 

JASMONATE ZIM ( JAZ) domain transcriptional repressor protein, ACC synthase (ACS), Ethylene 

response factor 1 (ERF1) and the induction of pathogenesis-related protein1 (PR1) and LURP1 

(Arnerup et al., 2013). Mature trees of Norway spruce inoculated with H. parviporum could form a 

fungistatic reaction zone with high phenolic content and elevated pH in the sapwood (Liu et al., 2020; 

Oliva et al., 2015). Several genes mainly related to the phenylpropanoid pathway (DAHP2, C4H3/5, 

ANR2, LAR2 and pDIR2/32) and JA biosynthesis (LOX) were highly expressed in the reaction zone 

compared to the corresponding sapwood of trees treated with only wounding (Oliva et al., 2015). 

Regardless of wounding or Heterobadision inoculation, the modulation of phenylpropanoid 

metabolism in spruce likely depends on the type of tissues. The phenylpropanoid-related genes (PAL, 

CCR, HCT) were upregulated in Sitka spruce bark where the genes had a greater expression at the 

inoculation site than at the distal zone, whereas the genes were downregulated in the sapwood 

where the expression was lower at the inoculation site than at the distal zone (Deflorio et al., 2011).  

1.3 Fungal competition during interspecific fungal interaction for biocontrol agents selection 

Multiple fungi reside in plants and fungal competition occurs via resource capture, chemical 

exclusion or modulation by plant defense responses (Abdullah et al., 2017). Resource competition 

involves utilization of limited host nutrients by one fungus that then restricts supply to other fungi 

sharing the same host (Abdullah et al., 2017). Fungi also protect themselves from aggression by 

developing multilayer physical barriers such as barrage zone which can limit the growth and 

colonization of competitors. However, some competitors could overgrow and ultimately replace 

others. Chemical exclusion involves volatile or diffusible organic compounds including enzymes, 

toxins secreted from a competitor mycelium that directly prevent the growth of other fungi, typically 

resulting in antagonism at a distance. The mechanisms of interspecific fungal interactions at the 

mycelia level include mycoparasitism and hyphal interference (Boddy, 2016; Hiscox et al., 2018). 

Mycoparasitism involves hyphal penetration, resulting in one parasite taking nutrients from the host 
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biotrophically or necrotrophically (Boddy, 2000, 2016). Hyphal interference involves hyphal contact 

without hyphal penetration and results in host cytoplasmic destruction and lysis (Boddy, 2000, 2016). 

Hyphal interference is regarded as the main mechanism in the use of P. gigantea as a biological 

control agent against the conifer tree pathogens H. annosum and H. parviporum (Ikediugwu, 1976; 

Ikediugwu et al., 1970). The antagonism and mycoparasitisms in the microbial interactions could 

result from the production of extracellular lytic enzymes such as chitinases, cellulases, proteases, 

and β-1,3-glucanases, and of volatile or diffusible antibiotics, iron-chelating siderophores LaineLa 

(Susi et al., 2011). For example, the endophytic fungus Fusarium verticillioides effectively reduced 

disease severity caused by Ustilago maydis on maize (Lee et al., 2009). The secondary metabolite 

fusaric acid produced by F. verticillioides contributed to U. maydis growth reduction, and the 

biosynthesis of ustilagic acid from the pathogen was shot down in the presence of the endophyte 

(Jonkers et al., 2012). Conifer folia endophytes such as Phialocephala scopiformis, Xylaria sp., 

Lophodermium nitens produce anti-insect or anti-fungal compounds (Frasz et al., 2014; McMullin et 

al., 2018; Richardson et al., 2014), which could affect white pine blister rust caused by Cronartium 

ribicola and reduce the growth of Choristoneura fumiferana. Conifer root endophytes, such as 

Fusarium sp., Pyrenochaeta sp., Cladosporium sp., Penicillium sp., have the potential inhibitory 

effects on H. parviporum (Rigerte et al., 2019). Antagonism during interspecific fungal interactions 

could be used to screen the biological control agents against plant pathogens. 

The outcome of microbial interactions can also be indirectly mediated by the host plants. Microbial 

colonization could be detrimental or beneficial to plant defense system, which triggers host 

susceptibility or immunity to the subsequent infection (Abdullah et al., 2017). Co-infection by 

multiple microbes negatively influenced plant health, such as amplifying disease prevalence (Susi et 

al., 2015) and increasing host range of pathogens (Belhaj et al., 2017). However, co-infection also 

positively improves plant resistance and/or nutrient acquisition, which is always associated with 

plant growth-promoting bacteria and fungi, rhizobia, mycorrhizae (Larsen et al., 2016), mycorrhizal 

helper bacteria (Bourles et al., 2020; Sangwan & Prasanna, 2021; Sundram et al., 2011), fungal 

endophytes (Aimé et al., 2013; Hiruma et al., 2016; Lee et al., 2009). Beneficial microbes trigger 

induced systemic resistance (ISR) which is regulated by hormone signaling such as salicylic acid (SA), 

jasmonic acid (JA), and ethylene (ET) (Pieterse et al., 2014; Van der Ent et al., 2009). For example, 

the beneficial fungus Trichoderma harzianum induced resistance to downy mildew in grapevine 

leaves, with activation of ET metabolism (Perazzolli et al., 2012). Ethylene metabolic processes were 

activated by the beneficial root endophyte Colletotrichum tofieldiae under non-limiting nutrient 
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conditions (Hacquard et al., 2016). Tomato genes related to JA/ET response, auxin response were 

upregulated by endophytic plant-growth promotion bacteria (Galambos et al., 2020).  
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2 OBJECTIVES 

Picea abies (L.) Karst (Norway spruce) in the boreal forest is threatened by Heterobasidion root and 

stem rot disease, which is mainly caused by the basidiomycete fungus Heterobasidion parviporum. 

The broader aim of the research is to identify small secreted proteins (SSPs) of the necrotrophic 

pathogen responsible for disease development and the host defense responses related to disease 

resistance. The availability of genome sequences of both H. parviporum and Norway spruce has 

enabled the analysis of the expression levels of numerous genes under diverse experimental 

conditions.  

Since Raffaello & Asiegbu (2017) identified several SSPs from H. annosum (HaSSPs) with capability 

to induce plant cell death in a non-host plant, we made an effort to identify SSPs from H. parviporum 

(HpSSPs) which could trigger cell death in non-host plants. Moreover, we hypothesized that HpSSPs 

that induce necrotic cell death in a non-host plant would be expressed in host plants during the 

pathogen infection and would act as necrotrophic effectors able to modulate the interaction 

between the pathogen and its host plants (Chapter Ⅰ).  

We also hypothesized that HpSSPs might be important for fungal competition for nutrients and 

space, antibiosis or mycoparasatism when interacting with plant mycorrhiza symbionts, endophytes, 

and other saprotrophs (Chapter Ⅱ). Therefore, I screened Effectome of the pathogen and compared 

their transcriptomic profiles during fungal development (conidiospores and free-living mycelia 

growth) and during tree infection (saprotrophic growth and necrotrophic growth). I further selected 

a sub-set of HpSSPs from the Effectome and investigated HpSSPs-coding gene expression over the 

course of fungal interactions between H. parviporum and endophytic, mycorrhizal and other 

saprotrophic fungi in artificial media (Chapter Ⅱ). 

A previous study by Terhornen et al (2016) found that the dark septate root endophyte (DSE) 

Phialocephala sphaeroides was able to promote the root growth of spruce seedlings and to inhibit 

the growth of H. parviporum, suggesting that this DSE might be beneficial to disease management. 

The third hypothesis in the thesis is that a pre-inoculation of Norway spruce seedlings with the DSE 

P. sphaeroides will have some fitness benefits as well as protect the plant against infection by conifer 

pathogen (H. parviporum). To investigate the impact of the co-infection of host plant by both the 

pathogen and the endophyte on plant defense responses and fungal transcriptome and fungal 
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metabolites, I compared the expression profiles of infected seedlings based on RNA sequencing 

(Chapter Ⅲ and Chapter Ⅳ). 

Finally, we conducted a comprehensive review of the literature on the recent studies about H. 

annousm s.l.  biology, genomics, and pathogenicity factors (Chapter Ⅴ). 

The objectives for the thesis were as follows: 

(1) Identification of small secreted proteins of H. parviporum (HpSSPs) and transient 

expression of HpSSPs in the non-host plant Nicotiana benthamiana and the non-host 

defense response to HpSSPs (Chapter Ⅰ). 

(2) Identification of H. parviporum Effectome,  transcriptomic profiles of effectome of 

conidiospores, free-living mycelia growth, saprotrophic growth, and necrotrophic growth 

together with exploration of potential fungal antagonists and the impact of interspecific 

interaction on Heterobasidion effectome (Chapter Ⅱ). 

(3) Investigation of the impacts of endophyte inoculation, pathogen infection, and endophyte-

pathogen-co-infection on defense responses of Norway spruce seedlings at the 

transcriptome level (Chapter Ⅲ). 

(4) Investigation of the impacts of endophyte inoculation, pathogen infection, and endophyte-

pathogen-co-infection on fungal transcriptome and fungal metabolites (Chapter Ⅳ). 

(5) A comprehensive upto date literature review of H. annosum s.l.  biology, genomics, and 

pathogenicity factors (Chapter Ⅴ). 

The overall objectives, methods, results, and conclusions of individual chapters are shown in Table1. 

Table 1. Summary of the objectives, methods, results and conclusion of each chapter in the thesis. 

 Objectives Methods Results  Conclusion 

Ⅰ Identification and functional 

analysis of small secreted 

proteins of H. parviporum 

(HpSSPs) related to disease 

development as well as 

defense-related genes of plants 

in H. parviporum-Norway 

BlastP and gene cloning, 

transient expression in 

Nicotiana by using 

Agrobacterium-

mediated infiltration, 

chlorophyll 

fluorescence imaging, 

HpSSP35.8 triggered a 

form of SSP-associated 

programmed cell death. 

WRKY12, ERF1α and PR4 

were up-regulated in 

both HpSSP35.8-

Nicotiana interaction and 

HpSSP35.8 is a necrotrophic 

effector-like protein from a 

conifer pathogen and it is an 

excellent candidate to 

investigate the function of 

necrotrophic small secreted 

proteins in conifer tree 

pathosystem. 
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spruce interaction and in 

HpSSP-Nicotiana interaction. 

 

Quantitative real-time 

PCR 

 

H. parviporum-Norway 

spruce pathosystem. 

Ⅱ Exploration of potential fungal 

antagonists against the root rot 

fungi and the impact of such 

interspecific interaction on 

Heterobasidion effectome 

Effectome screening by 

Effector P and 

LOCALIZER. MEGAv.7 

for Phylogenetic 

analysis of Effectome.  

In Vitro dual-culture 

test for intraspecific 

fungal interactions. 

Quantitative Real-time 

PCR for gene expression 

No direct contact 

interaction with Mycena 

sp. Barrage zone 

occurred in the 

interaction with 

Phlebiopsis gigantea and 

Phanerochaete 

chrysosporium. H. 

parviporum overgrew on 

Phialocephala 

sphaeroides. Several 

HpSSPs individuals 

were up or 

downregulated during 

the non-self interactions. 

Mycena sp, had inhibitory 

effects on the growth of H. 

parviporum. 

Saprotrophs in the study had 

combative and competitive 

effects on the growth of H. 

parviporum.  

Some HpSSP-coding genes 

induced could be of 

relevance during the 

interspecific fungal 

interactions. 

Ⅲ Investigation of the impacts of 

endophyte inoculation, 

pathogen infection, and 

endophyte-pathogen-co-

infection on defense responses 

of young Norway spruce 

seedlings by the dark root 

endophyte Phialocephala 

sphaeroides and the root rot 

pathogen Heterobasidion 

parviporum at transcriptome 

level 

In Vitro dual-culture 

test, seedling 

inoculation with fungi, 

RNA isolation, RNA 

sequencing, Differential 

gene expression 

analysis, GO term and 

KEGG pathway 

enrichment analysis. 

The endophyte 

promoted root growth of 

Norway spruce seedlings. 

Numerous differentially 

expressed genes (DEGs) 

were upregulated in P. 

sphaeroides-inoculated 

seedlings but 

downregulated in 

pathogen infection and 

co-infection.  

The subsequent pathogen 

infection triggered Norway 

spruce reprogramming of 

host metabolisms in dual 

inoculation with the fungal 

root endophyte without a 

negative impact on the plant 

health. 

Ⅳ The dark septate endophyte 

Phialocephala sphaeroides 

suppresses conifer pathogen 

transcripts and promotes root 

growth of Norway spruce 

Dual RNA-seq, 

Transcriptome analysis, 

Hormone physiological 

analysis 

The endophyte 

suppressed pathogen 

transcripts, particularly 

those genes encoding 

proteins involved in 

nutrient acquisition. 

The endophyte might have 

potential relevance for pre-

inoculation of seedlings in 

forest nurseries before out-

planting. 

Ⅴ Heterobasidion annosum s.l.: 

Biology, genomics, and 

pathogenicity factors 

Literature review Comprehensive  

literature  on the current 

state of knowledge in 

Heterobasidion 

pathosystem 

Most recent updated 

literature information for 

anyone interested in 

Heterobasidion research. 
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3 MATERIALS AND METHODS 

Homokaryotic Heterobasidion parviporum isolate 96026 and Norway spruce (Picea abies) seedlings 

were the main materials in the first four chapters of the thesis. H. parviporum isolate 96026 HAMBI 

2359 (Åland, Finland) was provided by courtesy of Kari Korhonen (Natural Resources Institute 

Finland, LUKE). Norway spruce seeds were also kindly provided by LUKE. Seeds were surface 

sterilized and sown in Petri dishes containing water agar, growing for two weeks until infection with 

H. parviporum. 

3.1 Chapter Ⅰ: Chlorophyll fluorescence imaging for monitoring effects of Heterobasidion 

parviporum small secreted protein induced cell death and in planta defense gene 

expression 

The experimental design of the first chapter can be seen in Fig.1. In the infection experiment, two-

week-old Norway spruce seedlings were inoculated with conidiospore suspension. The RNA was 

harvested from the infected roots at different time points post-inoculation. Fungal-free seedling 

roots or pure fungal mycelia were used as controls. The infected roots had a mixture of RNA of both 

plant and the pathogen, which were used for expression dynamics analysis of Norway spruce 

defense-related genes and HpSSPs. Since some putative HaSSPs proved to trigger cell death in 

Nicotiana leaves, the protein sequences of HaSSPs were blasted against the H. parviporum 

secretome and the homolog hits were regarded as HpSSPs candidates.  HpSSPs were cloned and 

transformed into Agrobacteria, infiltrating the construct into the commonly used model plant – N. 

benthamiana. The ideal HpSSPs were supposed to trigger cell death on the leaves. Simultaneously, 

I also checked the HpSSP-coding gene expression dynamics in the fungus infected host tissues, and 

the ideal ones were supposed to be expressed in the infected roots during fungal infection. The 

Nicotiana leaf tissues around the infiltration sites were collected over several time points after agro-

infiltration for expression dynamics analysis of defense-related genes of N. benthamiana leaves. 
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Fig. 1 The experimental design of Chapter Ⅰ: Identification and functional analysis of HpSSPs, and 

defense-related gene expression in H. parviporum-infected seedlings roots and HpSSPs-infiltrated N.

benthamiana leaves.

3.2 Chapter Ⅱ: The conifer root and stem rot pathogen (Heterobasidion parviporum):

Effectome analysis and roles in interspecific fungal interactions

The experimental design of the second chapter is shown in Fig. 2. The genome of H. parviporum

(37.76MB) contains 10,502 predicted genes, of which about 7% of genes were predicted to encode 

secreted proteins which were identified using SignalP for signal peptide prediction, TargetP for 

subcellular locations and TMHMM for transmembrane domain detection (Zeng et al., 2018). The 

secretome was subjected to EffectorP v.1.0 and LOCALIZAER v.1.0 analysis to select effector 

candidates, followed by alignment with ClustalW in MEGA v.7 and phylogenetic analysis with 

Neighbor-Joining (NJ). RNA sequencing data from the previous study (Zeng et al., 2019) was used to 

analyze the gene expression of effector candidates during fungal development and during tree 

infection. A dozen HpSSPs with high priority based on correct gene structure, the length of amino 

acids, the percentage of cysteine residues, or in planta expression were selected for further study. 
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These high-priority candidates were utilized for gene expression analysis at pre-contact, initial 

contact and post-contact in dual-culture test.

Fig. 2 The experimental design of Chapter Ⅱ about Effectome analysis and roles in interspecific fungal 

interactions.

3.3 Chapter Ⅲ: The dark septate root endophyte Phialocephala sphaeroides confers growth 

fitness benefits and mitigates pathogenic effects of Heterobasidion on Norway spruce

The experimental design of the third chapter is shown in Fig. 3. To study the impact of co-infection 

on plant growth and host defenses, Norway spruce (Picea abies) seedlings were inoculated with a 

dark septate root endophyte Phialocephala sphaeroides or with a root pathogen Heterobasidion 

parviporum, or co-infected with both fungi. We compared the expression profiles of infected 

seedlings based on dual RNA sequencing (plant and fungal transcripts). 
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Fig. 3 The experimental design of Chapter Ⅲ on the impact of co-infection with an endophyte and a 

pathogen on plant growth and defense responses.

3.4 Chapter Ⅳ: The dark septate endophyte Phialocephala sphaeroides suppresses conifer 

pathogen transcripts and promotes root growth of Norway spruce

The fourth chapter is a derivative of Chapter Ⅲ. We focused on the fungal transcriptome and aimed 

at evaluating the regulation of the genes and fungal metabolites during the co-infection.

3.5 Chapter Ⅴ: Heterobasidion annosum s.l.: Biology, genomics, and pathogenicity factors

Chapter Ⅴ is an up-to-date comprehensive literature review of H. annosum on biology, genomics, 

and pathogenicity factors.
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4 RESULTS AND DISCUSSION 

4.1 Identification and functional analysis of small secreted proteins of H. parviporum (HpSSPs) 

HpSSP35.8 a homolog of HaSSP30 in H. irregulare (Raffaello & Asiegbu, 2017) was identified in H. 

parviporum. Induction of defense-related genes and strong cell death was triggered by HpSSP35.8 

in N. benthamiana leaves. However, not all homologs of cell death-inducing HaSSPs could trigger 

cell death in Nicotiana leaves. For example, HaSSP28 could induce cell death, while the 

corresponding homolog in H. parviporum HpSSP27.89 could not. Apart from the use of the HpSSPs-

N. benthamiana interaction, we also utilized the H. parviporum-Norway spruce interaction to 

investigate the expression dynamics of HpSSP35.8 and the defense response of Norway spruce. 

4.1.1 Homolog hits of the known HaSSPs against H. parviporum 

A total of four H. irregulare SSP homologs were found in H. parviporum and referred to as 

HpSSP6.141, HpSSP27.89, HpSSP35.8, HpSSP43.64. These four HpSSPs are hypothetical proteins 

without predicted domains. HpSSP6.141 has 269 amino acids (aa) with eight cysteine residues. 

HpSSP27.89 has a length of 271 aa with 8 cysteine residues. Both HpSSP35.8 and HpSSP43.64 have 

two cysteine residues, with a length of 177 aa and 230 aa, respectively. Their corresponding HaSSPs 

are HaSSP38, HaSSP28, HaSSP30, HaSSP44, which were shown to be capable of inducing chlorosis 

and cell death in N. benthamiana (Raffaello & Asiegbu, 2017). 

4.1.2 Transient expression of HpSSP candidates and defense responses in the non-host plant 

Nicotiana benthamiana leaves 

To assess the cell death-inducing activity of HpSSPs, we transiently expressed the above-mentioned 

four candidates in leaves of N. benthamiana by Agrobacterium tumefaciens-mediated infiltration. 

HpSSP6.141 and HpSSP27.89 had no phenotypic effect when transiently expressed in the non-host, 

while HpSSP35.8 induced rapid cell death and HpSSP43.64 caused weak chlorosis. Although SSPs are 

highly conserved (Chang et al., 2016) between H. irregulare and H. parviporum, they differed in their 

ability to induce necrosis when introduced into N. benthamiana leaves using the Agrobacterium-

mediated transient expression system. H. parviporum and H. irregular are likely to produce distinct 

SSPs with differential cell death-inducing activities towards different host preferences. 

The ability to induce necrosis may be one of the characteristics of necrotrophic SSPs since 

necrotrophs kill host cells and acquire nutrients from dead and dying host tissues (Shao et al., 2021). 

The induction of necrosis on plant tissues such as Arabidopsis or Nicotiana leaves has been reported 

on necrosis and ethylene-inducing peptide domain (NEP) or Nep-like proteins (NLPs) from Fusarium 
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oxysporum (Bae et al., 2006), F. virguliforme, Sclerotinia sclerotiorum (Dallal Bashi et al., 2010),  

Colletotrichum orbiculare (Yoshino et al., 2012), Botrytis elliptica (Staats et al., 2007), on cerato-

platanins from Botrytis cinerea (Frías et al., 2011), H. annosum s.s. (Chen et al., 2015) and other 

secreted proteins with unknown function or with no similarity to any characterized protein family 

such as BcIEB1 from B. cinerea (Frías et al., 2016). Using chlorophyll imaging technology, the 

photosystem alteration caused by HpSSP35.8 was detected before the appearance of the visual 

symptoms of cell death monitored by Red-Green-Blue (RGB) imaging. CFI could be used as a 

complementary approach in screening for SSPs as visual phenotypic observations alone may miss 

other potential SSPs.  

The induction of defense-related genes in the non-host N. benthamiana by HpSSP35.8 infiltration 

implied that HpSSP35.8 triggered hypersensitive response (HR) and JA/ET-dependent signaling 

pathway. HpSSP35.8 was capable of inducing necrosis in tobacco leaves, but it was unclear whether 

the necrosis was triggered by the recognition of HpSSP35.8 or its direct toxic effect in plant cell. 

Hsr203J and HIN1 are useful markers for HR cell death (Gopalan et al., 1996; Pontier et al., 1998). 

HSR203J and HIN1 were activated after infiltration of tobacco leaves with SSPs (including BcSpl1, or 

BcIEB1, xylanase BcXyn11A) from the necrotrophic pathogen B. cinerea (Frías et al., 2011, 2016, 

2019). The cerato-platanin family protein BcSpl1 and the secreted protein BcIEB1 contribute to 

fungal virulence and elicit HR symptoms including ROS, electrolyte leakage, cytoplasm shrinkage and 

autofluorescence (Frías et al., 2011, 2016). The activation of cell-death marker genes Hsr203J and 

HIN1 in our study suggested that HpSSP35.8 triggered a form of SSP-associated HR. NPR1 is the 

master regulator of SA-signaling and modulates plant defense response. Its cytosolic oligomers are 

reduced into monomers by salicylic acid (SA), entering the nucleus and functioning as transcriptional 

coactivators of plant defense genes (Pieterse & Van Loon, 2004; Spoel et al., 2009). Degradation of 

NPR1 by proteasome is able to repress NPR1-dependant SA signaling and ultimately subvert plant 

innate immunity (Chen et al., 2017). NbNPR1 was induced in HpSSP35.8-infiltrated leaves, probably 

revealing its role in defense response in the interaction between HpSSP35.8 and N. benthamiana 

leaves. Wheat chitinase genes were upregulated 8 h post-infiltration with a necrotrophic effector 

SnTox1 that was able to protect fungi from wheat chitinase degradation (Liu et al., 2016). Ethylene-

response factor1 (ERF1) is one of the key components in the JA/ET signaling pathway, modulating 

the downstream target genes such as PLANT DEFENSINI1.2 (PDF1.2)( Pieterse et al., 2012). It was 

induced upon infection of Arabidopsis by Botrytis cinerea and overexpression of ERF1 in Arabidopsis 

is sufficient to confer resistance to several necrotrophic fungi (Berrocal-Lobo et al., 2002).  Although 

most WRKY family members are related to SA-dependent responses, WRKY12 is probably related to 
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JA-dependent defense responses. Overexpression of Chinese cabbage WRKY12 enhanced resistance 

to bacterial soft rot and increased the expression of BrPDF1 and BrPR4, makers of the JA signaling 

pathway (Kim et al., 2014). The upregulation of chitinase genes (NbPR4), the transcription factors 

NbERF1a and NbWRKY12 might suggest that JA/ET-mediated signaling pathway could participate in 

plant defense against HpSSP35.8 attack. 

4.1.3 Expression dynamics of HpSSPs candidates and defense-related genes in H. parviporum-

Norway spruce pathosystem 

Peak expression was observed in those HpSSPs that induced necrosis or weak chlorosis in the non-

host Nicotiana. When conidiospores of H. parviporum were inoculated onto roots of Norway spruce, 

the transcriptome level of HpSSP35.8 dramatically and temporarily increased at around 2 d post-

inoculation (dpi). HpSSP43.64 was weakly expressed at 2 and 3 dpi. However, no comparable peak 

expression was seen in HpSSP6.141 and HpSSP27.89. Particularly, HpSSP35.8 was highly expressed 

during the pre-symptomatic phase of host infection, followed by a dramatic decrease in the 

expression level during the occurrence of browning symptom. The defense-related genes in Norway 

spruce seedling roots which were induced by the pathogen infection included the chitinase PaPR4, 

ethylene response factors PaERF1a and PaERF1b, the transcription factor PaWRKY12, late up-

regulated in response to Hyaloperonospora parasitica (PaLURP1), and pathogenesis-related gene 1 

(PaPR1). 

Necrotrophic fungal pathogens utilized small secreted proteins (SSPs) to facilitate disease process. 

HpSSP 35.8 was highly induced during the pre-symptomatic phase of host infection within 60 hpi. 

During this period, conidiospore adhesion, germ tube growth and appressoria development have 

been documented by inoculation of non-suberized roots of juvenile conifer seedlings with 

conidiospores of H. annosum s.l. (Adomas et al., 2007; Asiegbu et al., 2005; Li et al., 2006). This 

suggests that HpSSP35.8 probably had an important role during fungal penetration and colonization. 

SSPs from other necrotrophic or hemibiotrophic fungal pathogens of crops have been well-

characterized. Gene disruption mutants and transformation revealed that various host-specific 

toxins were necessary for the necrotrophic wheat pathogen Stagonospora nodorum, including 

SnToxA (Friesen et al., 2006), SnTox1 (Liu et al., 2012, p. 1), SnTox2 (Friesen et al., 2007), SnTox3 (Liu 

et al., 2009), SnTox5 (Friesen et al., 2012). They play important roles in disease development by 

interacting with the product of the corresponding wheat susceptibility genes including Tsn1, Snn1, 

Snn2, Snn3, Snn5 (Friesen & Faris, 2010). Particularly, Tsn1 interacts with SnToxA indirectly, which is 

probably associated with photosynthesis pathway (Faris et al., 2010). SnTox1, SnToxA and SnTox3 
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had a similar expression pattern as HpSSP35.8. Their expression levels were maximal at the early 

stage of infection when the necrotic lesion started to develop on wheat leaf (Liu et al., 2009, 2012, 

p. 1). Mycosphaerella graminicola necrosis-and ethylene-inducing peptide 1 (Nep1)-like protein 

(MgNLP) induced necrotic cell death and activated defense-related genes when infiltrated into 

Arabidopsis (Motteram et al., 2009). Its gene expression level reached a peak at the pre-

symptomatic phase of susceptible wheat colonization, followed by a dramatic decrease after 

necrosis lesion formation (Motteram et al., 2009). B. cinerea cerato-platanin family gene BcSpl1 and 

an SSP-coding gene BcIEB1 were not only expressed during the initial infection, but also highly 

expressed in planta at the late stages of infection (Frías et al., 2011, 2016). It seems that SSP-coding 

genes are cyclically expressed as they are  

not expressed all the time and they seem to be expressed specifically and timely. 

The phenylpropanoid pathway and the JA/ET-signaling pathway were commonly activated in host 

plant responses to the necrotrophic pathogen H. annosum s.l.. Browning symptom on the roots was 

visible on the infected seedlings, which is a general defense reaction associated with cell wall 

thickening and lignification. The phenylpropanoid pathway mediated by genes encoding 

phenylalanine ammonia-lyase (PAL) culminated into lignin, stilbene, and flavonoid biosynthesis. 

Genes coding for enzymes involved in the lignin biosynthesis and flavonoid biosynthesis were 

upregulated in Scots pines infected with H. annosum (Adomas et al., 2007). The upregulation of 

PaPR4, PaERF1a, and PaWRKY12 indicated that JA/ET-mediated signaling pathways participated in 

the plant defense against the pathogen inoculation. PaLURP1 and PaPR1, known as markers of SA-

mediated systemic acquired resistance in Arabidopsis, and ERF1 were also upregulated in Norway 

spruce bark not only in response to H. parviporum, but also in wound and P. gigantea (Arnerup et 

al., 2013). PAL deaminates phenylalanine to trans-cinnamic acid, which may contribute to SA 

production (Dempsey et al., 2011). This indicates that the induction of PAL might result in SA 

accumulation and then trigger the induction of PR1 and LURP1. Additionally, PR1 expression also 

might depend on the JA accumulation, as JA synthesis inhibitor DIECA effectively suppressed PR1 

induction after H. parviporum infection (Arnerup et al., 2013). However, it is also possible that the 

activation of SA-mediated signaling pathway might increase plant susceptibility to the necrotrophic 

pathogen that is restricted by JA-dependent plant defense responses (Tanaka et al., 2015). This is 

probably correct as the defense gene accumulation seems to be insufficient to protect the plant as 

the infected tissue was ultimately killed by the fungal pathogen. 
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4.2 Effectome analysis and roles in interspecific fungal interactions 

In the natural forest ecosystem, H. parviporum cohabits with other saprotrophic and endophytic 

fungi. It was hypothesized that small secreted proteins of H. parviporum (HpSSPs) could be of 

importance in the interspecific fungal interaction either in-planta or in dead wood. Endophytic 

(Phialocephala sphaeroides), saprotrophic (Stereum sanguinolentum, Phlebiopsis gigantea, 

Phanerochaete chrysosporium, Mycena sp) and ectomycorrhizal (Cortinarius gentilis) fungi, were 

individually cultured with H. parviporum on malt agar media in Petri dish. H. parviporum mycelia for 

RNA isolation were collected at pre-contact, initial contact, and post-contact stage during 

interspecific interaction. The in silico pathogen Effectome screening was based on the general 

features of effectors which are secreted, expressed in planta, rich in cysteine residues and low in 

protein size (Hacquard et al., 2011; Sperschneider et al., 2016). Their transcriptomic abundance was 

investigated in conidiospores, free-living mycelia, saprotrophic, and necrotrophic growth of H. 

parviporum.  Twelve effector candidates or SSPs were further selected on the basis of upregulation 

during saprotrophic growth or necrotrophic growth, less than 300 amino acids, an even number of 

cysteine residues, and uncharacterized hypothetical proteins. The twelve SSPs-encoding gene 

expressions were studied during interspecific fungal interaction. 

4.2.1 Outcome of dual cultures with H. parviporum 

Replacement, barrage zone formation or antagonism at a distance were observed in dual cultures 

with H. parviporum.  The outcomes of the interactions between H. parviporum and other fungi were 

totally distinct from H. parviporum self-interaction. Self-pairing of H. parviporum showed uniform 

mycelial mats, without barrage zone formation. C. gentilis and P. sphaeroides were overgrown by H. 

parviporum. P. chrysosporium, P. gigantea and S. sanguinolentum formed a barrage zone against H. 

parviporum, with dense mycelia in the interaction zone. A narrow gap without hyphal contact was 

formed during the interaction between Mycena sp. and H. parviporum. Barrage zone or antagonism 

at a distance in the interactions implied that the opposing fungus might have a combative and 

antagonistic impact on the pathogen growth.  

P. sphaeroides, a dark septate endophyte (DSE) with melanized and septate hyphae, was originally 

isolated from Norway spruce roots (Terhonen et al., 2014). The P. sphaeroides strain 222 was 

capable of increasing root/shoot ratio of inoculated seedlings and decreasing H. parviporum growth 

(Terhonen et al., 2016). However, the same strain was overgrown by H. parviporum in our study. 

When the DSE was pair cultured with H. annosum s.s and other homokaryotic or heterokaryotic H. 

parviporum isolates, we got the same outcome that Heterobasidion spp. could overgrow the DSE. It 
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was presumed that the inhibitory effect might have been reduced by the dominance of H. 

parviporum mycelia that overwhelmed the mycelial growth of P. sphaeroides. When P. sphaeroides 

was cultured two weeks on agar medium prior to adding H. parviporum, overgrowth was still 

observed. Therefore, we concluded that the DSE isolate has probably lost its inhibitory ability after 

long-term storage.  

Individual mature pine trees are often colonized by various ectomycorrhizal fungi (Saari et al., 2005). 

In this study, Cortinarius species usually found in conifer stands as well as in the root tips of pine 

were used (Hui et al., 2011). C. gentilis had no inhibitory effect on H. parviporum growth in dual 

culture. A deadlock between P. chrysosporium and H. parviporum was observed on agar medium. 

As a white rot fungus, P. chrysosporium efficiently degrade all wood components with an array of 

oxidative and hydrolytic enzymes including lignin peroxidase, manganese-dependent peroxidase 

(Martinez et al., 2004). Combative interaction with living H. irregulare induced endochitinase activity 

of P. chrysosporium in the interaction zone, indicating that P. chrysosporium probably utilized 

chitinase to break down the cell wall of the primary colonizer (Karlsson et al., 2016). P. gigantea was 

an effective biocontrol agent against Heterobasidion root rot. Fresh stump surface treatment with 

commercial products based on P. gigantea such as ‘Rotstop’ and ‘PG suspension’ after tree felling 

could stop Heterobasidion root rot pathogens from colonizing the woody tissue. This has been 

intensively applied in Nordic countries and UK (Korhonen et al., 1994; Thor & Stenlid, 2005; Tubby 

et al., 2008). The mode of action is largely based on hyphal interference and cytoplasmic destruction 

(Boddy, 2000; Ikediugwu, 1976), and competition for space and nutrients due to rapid colonization 

of fresh tree stump surfaces. Secondary metabolites produced by P. gigantea have been investigated, 

but no antibiosis activity against Heterobasidion spp. was documented (Kälvö et al., 2018). The white 

rot fungus S. sanguinolentum is commonly present in stumps of Norway spruce, along with P. 

gigantea and H. annosum s.l. (Vasiliauskas et al., 2002). Mycena sp. had an antagonistic impact at a 

distance on the pathogen growth, which probably was attributed to diffusible or volatile compounds 

(Boddy, 2000). 

4.2.2 Transcriptomic profiles of Effectome during fungal development and tree infection 

H. parviporum 96026 secretome was predicted to contain 759 genes encoding putative secreted 

proteins (Zeng et al., 2018). 268 effector candidates were selected by EffectorP v.1.0 and 

LOCALIZAER v.1.0. A total of 163 candidates remained after removing cytochrome P450, 

hydrophobins, and genes without transcript supports. Small secreted proteins or fungal effectors 

are generally considered to be cysteine-rich, small in size (less than 300 amino acids) (Sperschneider 
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et al., 2016). 97 out of 163 effector candidates were less than 300-aa in length. About 61, 46, 27, 14 

out of 163 proteins contained ≤1%, 1–2%, 2–3%, and 3–4% cysteine residues. A total of 163 

effector candidates were distinctly divided into four main groups by phylogenetic analysis based on 

their sequence similarity. H. parviporum transcriptome profiles have been investigated during fungal 

development and under two trophic lifestyles (Zeng et al., 2019). Hierarchical clustering of effector 

candidates under free-living mycelia (MYCEL), conidiospores (SPORE), saprotrophic sawdust growth 

(SAP), necrotrophic growth in necrotic tissues (NECT) were divided into six expression patterns. 

Many candidates showed an ambiguous pattern that they had no preference for any expression 

conditions. Some candidates had a weak upregulation only in SPORE. Only three candidates had a 

significant expression in MYCEL and not expressed in other conditions. A number of genes were not 

detected under all conditions, while a comparable number of genes were highly expressed in all 

conditions. Several genes were highly expressed in all conditions except in SPORE.  

Twelve hypothetical proteins from the four groups were selected based on one of the outlined 

criteria including upregulation during necrotrophic and saprotrophic growth, less than 300 aa and 

an even number of cysteine residues. This subset was referred to as HpSSPs on the basis of the 

location of individual coding genes on the corresponding scaffold (Table 2).  We compared their 

expression levels in MYCEL, SAP, NECT to those in SPORE. HpSSP1.244 was considerably expressed 

under all conditions, indicating that it plays an important role in fungal development and 

necrotrophic and saprotrophic growth. Compared to the expression levels under SPORE, the 

selected HpSSPs which were significantly induced under SAP and NECT were HpSSP3.169, 

HpSSP1.590, HpSSP3.534, HpSSP35.8. HpSSP26.11 was exclusively induced in MYCEL. The expression 

levels of HpSSP2.326, HpSSP2.330, HpSSP33.48, and HpSSP33.91 were intermediate in all the 

conditions and they showed no significant difference in NECT and SAP from those in SPORE. 

HpSSP2.152, HpSSP26.11, and HpSSP3.729 were barely expressed in NECT and SAP, with no 

significant difference compared to SPORE, while they were significantly induced in MYCEL. 

Table 2. The twelve selected H. parviporum small secreted proteins 

hypothetical proteins Sequence Length Cysteins Number 

HpSSP1.244 194 10 

HpSSP2.152 152 4 

HpSSP2.326 242 12 

HpSSP2.330 192 2 

HpSSP26.11 254 12 
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HpSSP3.534 185 10 

HpSSP3.729 216 4 

HpSSP33.48 243 4 

HpSSP33.91 245 4 

HpSSP35.8 177 2 

HpSSP1.590 321 0 

HpSSP3.169 524 0 

 

4.2.3 Heterobasidion parviporum small secreted proteins (HpSSPs) involved in interspecific 

fungal interaction 

Replacement, barrage zone or antagonism at a distance have been observed on dual cultures with 

H. parviporum. In order to know whether HpSSPs play roles in interspecific interactions, we assessed 

the selected twelve HpSSP-coding gene expression during interactions with P. sphaeroides (HpPs), 

C. gentilis (HpCg), P. gigantea (HpPg), P. chrysosporium (HpPc), S. sanguinolentum (HpSs), Mycena 

sp. (HpMy) at the three successive stages: before (t1), during (t2) and after mycelium contact (t3). 

The root rot pathogen H. parviporum responded with both common and interaction-dependent 

gene expression during interspecific interactions. The commonly upregulated genes were 

HpSSP2.330, HpSSP2.152, and HpSSP35.8, but they were not active in HpMy. HpSSP26.11, 

HpSSP3.169, and HpSSP3.534 were commonly downregulated, especially at t3. HpPs and HpCg had 

the same expression trend in the commonly upregulated genes (HpSSP2.330, HpSSP2.152, and 

HpSSP35.8) that they were significantly induced at t2 and t3. Although some HpSSP-coding genes in 

HpPs showed a more conspicuous downregulation at t3, they were also downregulated in HpCg 

including HpSSP3.169, HpSSP26.11, HpSSP33.48 and HpSSP33.91. HpPs and HpCg had a difference 

in the expression of HpSSP1.590 and HpSSP3.534. HpSSP1.244, HpSSP3.729, HpSSP2.326 had a faint 

expression during the two interactions. P. sphaeroides and C. gentilis were overgrown by H. 

parviporum, and the gene expression of HpSSP-coding genes in HpPs showed more similarity to that 

in HpCg.  P. chrysosporium and P. gigantea grew faster than H. parviporum and H. parviporum in 

turn grew faster than S. sanguinolentum.  All these three saprotrophs formed a barrage zone against 

H. parviporum and their HpSSP-coding gene expression patterns were close to each other. 

HpSSP33.48, along with the above-mentioned common upregulated genes, were induced during the 

three interactions. However, HpSSP33.91, despite the similarity in protein sequence with 

HpSSP33.48, might differ from HpSSP33.48 in function, as it was downregulated in HpPc and HpSs 

at t3. Mycena sp. showed an antagonism at distance towards H. parviporum. The HpSSP-coding gene 
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expression in HpMy was mostly inactive except that a weak expression of HpSSP3.729 at t1 and 

HpSSP35.8 at t2, which was extremely different from other interactions. HpSSP33.91 and 

HpSSP33.48, along with the commonly downregulated genes, were reduced in HpMy.  

Some HpSSP-coding gene expression varied according to the confronted fungus and the stage of 

interaction, and some others shared a common trend in expression over different interactions and 

stages. The varied expression towards the different fungi might be due to the differences in fungal 

cell wall composition and secondary metabolites. Nutrient uptake-related sugar and small organic 

compound transporters were common transcriptional response of the necrotrophic mycoparasitic 

fungus Clonostachys rosea during interactions with Botrytis cinerea and Fusiarum graminearum. 

Membrane transport, biosynthesis of secondary metabolites and carbohydrate-active enzymes 

were dominant in the specific response (Nygren et al., 2018). During the interaction between 

Laccaria bicolor and the mycorrhiza helper Pseudomonas fluorescens, the early responsive genes of 

L. bicolor related to recognition process and transcriptional regulation were mainly upregulated, and 

many genes involved in protein synthesis and energy metabolism were downregulated after a 

prolonged contact (Deveau et al., 2007). The mycoparasites Trichoderma species were able to sense 

Rhizoctonia solani before physical contact with alien hyphae contact and utilized different strategies 

to antagonize their host (Atanasova et al., 2013). These strategies were indicated by an array of 

upregulated genes involved in secondary metabolites such as GH16 ß-glucanases, various proteases 

and small secreted cysteine-rich proteins, biosynthesis of gliotoxin, cellulases and hemicellulases 

required for nutrient acquisition (Atanasova et al., 2013). In our study, HpSSP-coding gene 

expression before hyphae contact varied from the interactions with the six fungi, indicating that H. 

parviporum probably used different recognition strategies. The downregulated or upregulated 

genes at the later stages (at contact and after contact) might suggest that H. parviporum had 

reduced energy metabolism or used secondary metabolites during the antagonistic attack.  

4.3 Co-infection with a dark septate endophyte (DSE) and the pathogen H. parviporum on 

Norway spruce growth and defense responses 

Co-infection refers to infection of a host plant with more than one parasite (Karvonen et al., 2019). 

Although the DSE P. sphaeroides had no antagonistic effect on the growth of H. parviporum in our 

studies (Chapter Ⅱ), this endophyte promoted the root growth of Norway spruce (Picea abies) 

seedlings (Terhonen et al., 2016). To study the endophyte inoculation and co-infection with the 

endophyte and the pathogen H. parviporum on Norway spruce defense responses, we set up a co-

infection experiment which included four groups of seedlings (Table 3). These groups were control 
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seedlings without any inoculums (Pa), endophyte-inoculated seedlings (PaPs), pathogen-infected 

seedlings (PaHp), and seedlings co-infected with both the endophyte and the pathogen (PaPsHp). 

The result demonstrated that the endophyte P. sphaeroides was able to promote plant root growth. 

RNA-seq analysis revealed a number of differentially expressed genes (DEGs) of both Norway spruce 

and fungi, and their putative functions were further discussed. 

Table 3. Experimental design of Norway spruce seedlings with fungal infection 

Sample 

ID Experimental condition Description 

Pa control seedlings Seedlings without any inoculum 

PaPs endophyte inoculation Seedlings with only P. sphaeroides colonization 

PaHp pathogen infection Seedlings with only H. parviporum colonization 

PaPsHp co-infection 

Seedlings infected with the pathogen in the presence of the 

endophyte 

 

4.3.1 Effects of the DSE on the growth of the pathogen and of the host plant 

We observed that P. sphaeroides was overgrown by H. parviporum in dual cultures (Chapter Ⅱ). 

However, the endophyte was considered to have capability to inhibit the pathogen growth 

(Terhonen et al., 2016). To demonstrate that the dominance of H. parviporum over the endophyte 

affected the antagonistic effect, we inoculated P. sphaeroides 19 days prior to H. parviporum 

inoculation on MEA and peat-based growing media. Overgrowth of P. sphaeroides by H. parviporum 

was  observed on both MEA and peat media. Therefore, the P. sphaeroides strain in this study 

seemed to have lost its antibiosis ability. 

One of the most important results of our study is that the DSE P. sphaeroides inoculation was able 

to enhance the root development of Norway spruce seedlings. We inoculated seedlings with the 

endophyte for two months due to its slow hyphal growth. When samples were collected for RNA 

isolation, the endophyte had already grown for three months in PaPs and PaPsHp and the pathogen 

for one month in PaHp and PaPsHp. The fungal re-isolation proved the successful colonization of 

roots by the DSE and the pathogen. For unknown reasons, the primary and lateral roots in control 

seedlings were even shorter than those in PaHp. Although H. parviporum can cause root rot disease, 

it is also possible that some of its metabolite could weakly improve root growth. Among the four 

groups of seedlings in the co-infection experiment, root length was improved considerably in PaPs 

and PaPsHp. DSE inoculation was reported to change plant root architecture and enhance water and 
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nutrient acquisition by root elongation (Li et al., 2019). Auxin pathways, which are responsible for 

cell division, cell enlargement and defense response, might affect the modulation of root 

architecture (Egamberdieva et al., 2017; Sukumar et al., 2013). The closely related species P. 

subalpina and P. scopiformis genomes revealed several auxin-resistance proteins and auxin efflux 

carriers (Schlegel et al., 2016; Walker et al., 2016), which indicate that P. sphaeroides might have 

auxin-related genes responsible for plant growth promotion. Dark septate endophytes probably 

have symbiotic relationship with plants through nutrient acquisition, mineralization of nitrogen and 

phosphorus (Jumpponen et al., 1998; Mandyam & Jumpponen, 2005; Usuki & Narisawa, 2007).  

4.3.2 RNA sequencing and mapping reads to plant and fungi 

A large percentage of reads were undoubtedly mapped to Norway spruce, and a small part of reads 

were mapped to fungi (Table 4). Notably, the pathogen reads dramatically dropped in the presence 

of the DSE in the co-infection seedlings. A total of 12 RNA libraries were constructed with three 

replicates per group. An average of 80 to 117 million clean reads were obtained from each library. 

82% of reads on average were mapped to Norway spruce genome. A small percentage of reads 

mapped to P. scopifomis in PaPs and PaPsHp, accounting for 0.17 % and 0.11% on average, 

respectively. The percentages of reads mapped to H. parviporum were 2.27%, 1.57%, 1.96% in each 

replicate of PaHp, while only 0.19%, 0.27%, 0.02% in each replicate of PaPsHp. The drop in the 

pathogen reads in PaPsHp revealed the P. sphaeroides affected H. parviporum in the co-infection at 

transcriptomic level. Principal component analysis (PCA) based on reads counts normalized by 

fragments per kilobase of transcript per million reads mapped (FRKM) was utilized to analyze the 

different transcriptomic patterns. PCA based on reads mapped to Norway spruce showed separation 

of PaPs samples from Pa, PaHp, PaPsHp (Chapter Ⅲ, Fig. 3). PCA based on reads mapped to P. 

scopifomis showed that PaPs samples were separated from PaPsHp samples (Chapter Ⅳ, Fig. 2A). 

PaPsHp3 was excluded in PCA analysis because of the extremely low reads counts. PCA based on 

reads mapped to H. parviporum showed that PaHp samples clustered together and separated from 

the PaPsHp samples (Chapter Ⅳ, Fig. 3A). 

Table 4. The number and percentage of uniquely mapped reads aligned to the genome of Picea abies, P. 

scopifomis, and H. parviporumin in the four groups of seedlings (without any inoculum (Pa), and with P. 

sphaeroides (PaPs), H.parviporum (PaHp), or both of them (PaPsHp)). 

  Replicate Clean reads 

Mapped reads  to 

Norway spruce 

Mapped reads  to 

P. scopifomis 

Mapped reads  to H. 

parviporum 

Pa 

1 86784632 69940436 (80.59%) / / 

2 90745944 73227495 (80.70%) / / 
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3 93062792 75476352 (81.10%) / / 

PaPs 

1 106586064 83232031 (78.09%) 173,765 (0.17%) / 

2 95335302 74447021 (78.09%) 142,893 (0.16%) / 

3 95564988 74199805 (77.64%) 151,941 (0.17%) / 

PaHp 

1 94171572 73851720 (78.42%) / 2,021,308 (2.27%) 

2 99310102 78175863 (78.72%) / 1,476,638 (1.57%) 

3 117224762 92776157 (79.14%) / 2,187,366 (1.96%) 

PaPsHp 

1 91108782 71689012 (78.69%) 104,921 (0.12%) 165,780 (0.19%) 

2 100978672 79538227 (78.77%) 113,034 (0.12%) 258,842 (0.27%) 

3 80243074 63952749 (79.70%) 61,862 (0.08%) 11,569 (0.02%) 

 

4.3.3 Plant defense responses to the endophyte inoculation, the pathogen infection, and co-

infection in young Norway spruce seedlings 

A total of 5269 genes of Norway spruce in PaPs, PaHp, PaPsHp were differentially expressed relative 

to Pa, with a threshold of |log2(fold change)| ≥ 1(P-adjust value <0.05). A vast amount of DEGs 

were identified in PaPs (3560 upregulated, 824 downregulated), which was greater than the number 

of DEGs in PaHp (1061 upregulated, 292 downregulated) and PaPsHp (460 upregulated, 396 

downregulated). This suggested a major positive influence on host transcriptional regulation by the 

DSE. These DEGs were divided into seven groups, consisting of the common transcriptome shared 

with all conditions (189 upregulated, 87 downregulated), co-expression transcriptomes in which 

genes were differentially expressed in both PaHp and PaPs, or both PaPs and PaPsHp, or both PaHp 

and PaPsHp,  and condition-specific transcriptomes including PaPs-specific (2920 upregulated, 607 

downregulated), PaHp-specific (435 upregulated, 106 downregulated), and PaPsHp-specific genes 

(77 upregulated, 172 downregulated).  

GO term and KEGG enrichment analysis revealed the biological and functional significance of DEGs 

in biological process (BP), molecular function (MF) and cellular component (CC) and biological 

pathway. The BP and MF significantly enriched in PaHp-specific transcriptomes were metabolic 

process, response to stress and stimulus, cellular process and transport, catalytic activity, 

transferase activity, transporter activity and binding. The KEGG pathway enrichment in PaHp-specific 

DEGs included protein processing in endoplasmic reticulum, phenylpropanoid biosynthesis, 

flavonoid biosynthesis, linoleic acid metabolism. Apart from the GO terms enrichment observed in 

PaHp-specific transcriptome, signal transduction, cell growth, kinase activity, specific to specific DNA 

binding, nucleic acid binding were enriched in the GO terms of PaPs-specific transcriptome. The 
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enriched CC suggested that the location relative to cellular structures for the performance of gene 

products could be in intracellular, plasma membrane and nucleus. The KEGG pathways enrichment 

in PaPs-specific transcriptomes were plant-pathogen interaction, MAPK signaling pathway, plant 

hormone signal transduction, alpha-linolenic acid metabolism. Only one GO term related to catalytic 

activity was present in PaPsHp-specific transcriptome which has a KEGG enrichment in 

phenylpropanoid biosynthesis. The GO terms enrichment in co-expression transcriptome were in 

response to stress, metabolic process, catalytic activity, transferase activity, sequence-sequence 

DNA binding transcription factor activity and DNA binding, and the KEGG pathways enrichment were 

phenylpropanoid biosynthesis, flavonoid biosynthesis, linoleic acid metabolism. The GO terms 

related to binding, catalytic and transferase activity were in the common transcriptome which the 

KEGG pathway enrichment which were mostly phenylpropanoid biosynthesis, flavonoid biosynthesis, 

linoleic acid metabolism. 

Phenylpropanoid biosynthesis was generally activated in Norway spruce seedlings in response to P. 

sphaeroides inoculation, H. parviporum infection and co-infection. The identified genes were those 

gene members encoding PAL, C4H, CCR, HCT, CAD, F5H, COMT, CCoAOMT, POX and SGT (Chapter 

Ⅲ, Figure S4) for which the expression patterns varied among the different inoculations. Four PAL-

coding genes were significantly induced in PaPs, whereas their expression levels in PaPsHp were not 

significant but comparable to the observations in paHp. C4H and CCOMT were only induced in PaHp, 

while CCR and many SGT gene members were only differentially expressed in PaPs. Transcript 

abundance of POX responsible for lignin biosynthesis and cell wall thickening was increased in Scots 

pine root tissues infected by H. annosum (Adomas et al., 2007). Some POX gene members were 

specifically induced in PaHp, or co-expressed at least in two treatments, while a variety of POX gene 

members were exclusively induced in PaPs. These results suggest that the subsequent infection with 

the pathogen was able to influence the phenylpropanoid metabolism modulated by the endophyte.  

20 DEGs were identified in flavonoid biosynthesis pathway, and only 6 genes encoding enzymes 

related to CHI, F3’5’H, DFR, and ANR were upregulated under a certain condition and the rest of 

them were downregulated in PaHp, PaPs, PaPsHp. A total of 16 flavonoid-related genes were 

differentially expressed in PaHp, including 5 upregulated genes related to F3’5’H, DFR, ANR and 11 

downregulated genes related to CHS, F3H, ANS, ANR, LAR. In PaPs, three genes related to CHI, F3’5’H, 

DFR were upregulated, and eight genes related CHS, F3H, DFR, ANS, ANR, LAR were downregulated. 

Only two genes related to CHI and F3’5’H were upregulated in PaPsHp, while 11 genes were 

downregulated and those are related to CHS, F3’5’H, DFR, ANS, LAR.  
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Several genes were uniquely upregulated in PaPs, which involved jasmonic acid (JA) signaling 

pathway, plant hormone signal transduction, MAPK signaling pathway and calcium-mediated 

signaling. JA biosynthesis starting from α-linolenic acid can be converted to the bioactive JA-Ile. 

Perception of JA-Ile by its receptor COI1 triggers the degradation of JAZ repressors, resulting in the 

release of transcription factors (MYC, MYB, ERF, WRKY) and the regulation of JA-responsive genes 

(Ruan et al., 2019). In our study, one AOS-coding gene and genes related to OPCL and COI1 were 

downregulated in PaPs, while various genes involved in LOX, OPDAR, JAZ, MYC2 were upregulated 

in PaPs. Apart from the JA signaling pathway, other hormone signaling pathways were also activated 

in PaPs including auxin (AUX), ethylene (ET), cytokinin (CK), gibberellin (GA), abscisic acid (ABA) and 

brassinosteroid signaling pathways. Auxin-responsive genes encoding AUX/IAA and GH3 were 

significantly induced. A total of 18 genes were related to auxin-responsive protein SAUR21like 

(SAUR), with six genes upregulated and twelve genes downregulated. Other hormone signal 

transduction-responsive genes were upregulated including ERF, ARR-A family (A-ARR), GID2, 

PYR/PYL, SnRK2, and TCH4. The phosphorylation by MAPK cascade components together with plant 

hormone signaling mediate plant defense responses (Cristina et al., 2010). Genes related to MAPK 

signaling pathway were upregulated in PaPs, including FLS2, MKS1, MKK4/5, ACS6, OXI1, RAN1, ChiB, 

MAP3K17/18, ER/ERLs (Chapter Ⅲ, Fig. 10). In PaPs, most genes related to calcium signaling 

pathway were upregulated, including CDPK, Rboh, CaM/CML, Pti5, RPM1, RPS2, EDS1, WRKY12 

(Chapter Ⅲ, Fig. 11).  

4.3.4 Co-infection on fungal transcriptomic responses 

The transcript abundance of H. parviporum decreased markedly in co-infection, compared to those 

in the pathogen inoculation. The transcript abundance of P. sphaeroides slightly decreased to 11% 

on average in co-infection from 17% in the endophyte inoculation.  Although the endophyte lost the 

antibiosis effect against H. parviporum in surface agar culture, it seems to have a suppressive effect 

on H. parviporum at the transcript level. 

P. sphaeroides had a transcriptome shift from fungal growth to stress response in the presence of 

the pathogen H. parviporum. A total of 312 genes were differentially expressed by using DEseq2, 

with 166 upregulated genes and 146 downregulated genes. GO terms and KEGG pathway 

enrichment analysis revealed that the endophyte transcripts in PaPs are significantly related to 

ribosome, RNA binding and translation important for cell growth, while the endophyte transcripts 

in PaPsHp were related to glycolytic process, proton-transporting ATPase activity, gluconeogenesis, 

and serine kinase activity, which were associated with anti-stress (Chapter Ⅳ, Fig. 2C). Moreover, 



45 
 

genes downregulated in PaPs but upregulated in PaPsHp were those encoding for 40S-, 60S- 

ribosomal proteins, elongation factors, cell division control proteins. Genes upregulated in PaPsHp 

but downregulated in PaPs were those encoding for superoxide dismutase, vacuolar ATP synthase 

(V-ATPase), kinase-like proteins and glycoside hydrolase, polyketide synthase and subtilisin-like 

serine protease (Chapter Ⅳ, Fig. 2D). 

 A total of 25 genes were differentially expressed in H. parviporum in the pathogen infection 

compared to co-infection, with only 16 genes annotated with known functions. Upregulated genes 

in PaHp were those encoding for carbohydrate/polysaccharide degrading enzymes (cellobiose 

dehydrogenase, glycogen debranching enzyme and glycoside hydrolase) and cytochrome P450 

monooxygenase, lactose permease. Upregulated genes in PaPsHp were phenolic and epoxide 

degradation enzyme (Aryl−alcohol dehydrogenase, epoxide hydrolase) genes. Effector candidates, 

which were selected in the previous study (Wen et al., 2019), were also expressed during the 

pathogen infection and co-infection, with some slightly expressed and others highly expressed genes 

including hydrophobin, cytochrome P450, cerato-platanin (Chapter Ⅳ, Fig. 4). 

The DSE P. sphaeroides inoculation was able to enhance the root development of Norway spruce 

seedlings, which might involve auxin-related pathways responsible for plant growth promotion. 

Moreover, the control seedlings grew worse than seedlings inoculated with H. parviporum, which 

suggested that H. parviporum was able to weakly improve root growth. Interestingly, we discovered 

that both the endophyte and the pathogen have genes associated with hormone, polyketide and 

Iron-sulfur proteins. The endophyte had one indole-3- acetaldehyde dehydrogenase (Ald) gene, one 

polyketide synthase gene and four molecular chaperone HscA genes, which were highly expressed 

in PaPs or in PaPsHp (Chapter Ⅳ, Table 2). Surprisingly, H. parviporum had more genes related to 

hormone (17), polyketide (2) and Iron-sulfur proteins (6). These genes were mainly related to amine 

oxidase, Indole-3-acetamide hydrolase, IAAld dehydrogenase, Tryptophan aminotransferase, YUCCA 

flavin monooxygenase, Cytokinin dehydrogenase, polyketide synthase, molecular chaperone HscA, 

and cysteine desulfurase IscS (Chapter Ⅳ, Table 3). We also found that the DSE P. sphaeroides could 

produce indolic compounds in culture filtrate, and the endophyte culture filtrate could promote the 

development of Arabidopsis root hair (Chapter Ⅳ, Fig. 5).   

5 CONCLUSIONS AND FUTURE PERSPECTIVES 

The pathogen effectome had nearly 300 effector candidates potentially affecting disease 

development. HpSSP35.8 is an excellent candidate to investigate the function of necrotrophic small 
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secreted proteins (SSPs) in conifer tree pathosystem, based on its necrosis-inducing activity in N. 

benthamiana and the high expression level during host infection.  Chlorophyll fluorescence imaging 

allowed us to detect photosystem alteration before the appearance of cell death, which can be used 

as a complementary approach in selecting SSPs. HpSSP35.8 induced cell death and triggered immune 

responses in HpSSP35.8-N. benthamiana pathosystem. Whether HpSSP35.8 is localized in the plant 

cytosol or other cellular compartments in Nicotiana deserves to be further explored. I tried to 

localize the HpSSP38.8 (+SP): GFP fusion protein but without success. It would however be more 

meaningful to produce the recombinant protein and test its effects directly on seedling roots, or to 

produce knock-out or knock-down mutants to test their pathogenicity during fungal infection of its 

host plant. Considering the intractable challenge working with conifer pathosystem, such as a lack 

of mutant lines for both spruce and Heterobasidion species, studies in SSPs or effector-like proteins 

of forest pathogens also lag behind parallel work on model plants or crops. Therefore, the defense 

responses in seedling roots were analyzed using direct pathogen inoculation. The defense responses 

in the pathogen-inoculated seedlings were found to be different from the defense responses in 

agrobacterium-infiltrated Nicotiana leaves, partly due to many other secreted proteins produced by 

the pathogen during the infection. 

Overgrowth, barrage zone and antagonism at a distance were observed on dual cultures with H. 

parviporum, and the formation of barrage zone and antagonism at distance indicated a combative 

and antagonistic impact. The endophytic Phialocephala sphaeroides and the ectomycorrhizal 

Cortinarius gentilis were overgrown by H. parviporum, which indicated no inhibitory effect on the 

pathogen growth. The saprotrophs, including Stereum sanguinolentum, Phlebiopsis gigantea, and 

Phanerochaete chrysosporium, formed a barrage zone against H. parviporum. An unknown species 

of Mycena sp. showed an antagonism at distance towards H. parviporum.  The root rot pathogen H. 

parviporum responded with both common and interaction-dependent gene expression during 

interspecific interactions. Most HpSSP-coding genes were weakly expressed in the interaction with 

Mycena sp., with a distinct expression pattern from other interspecific fungal interactions. It would 

be worthwhile to further explore the species with antagonism against H. parviporum particularly for 

their effects on plant growth, including the unknown species of Mycena sp..  

The endophyte P. sphaeroides was capable to enhance the root development of Norway spruce 

(Picea abies) seedlings. The length of primary roots of H. parviporum-infected Norway spruce 

seedlings that were pre-inoculated with P. sphaeroides (PaPsHp) was almost equal to that of the 

primary roots of seedlings that were inoculated with only the endophyte (PaPs), which were 
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dramatically longer than the seedlings infected with only the pathogen (PaHp). RNA-seq analysis 

revealed the endophyte had genes associated with hormone, polyketide and Iron-sulfur proteins, 

which might involve auxin-related pathways responsible for plant growth promotion. Additionally, 

P. sphaeroides was able to produce indolic compounds in the culture filtrate and the culture filtrate 

could promote the development of Arabidopsis root hair. Endophyte inoculation had a major 

positive influence on the host transcriptional regulation. Apart from the lignin biosynthesis pathways 

and the flavonoid biosynthesis pathway that were generally regulated in all treatments, a specific 

transcriptional response to P. sphaeroides inoculation was the activation of jasmonic acid 

biosynthesis, mitogen-activated protein kinases signaling pathway, plant hormone signal 

transduction and calcium-mediated signaling. We concluded that the subsequent H. parviporum 

infection triggered reprogramming of host metabolism. The transcript abundance of H. parviporum 

reduced dramatically in the presence of the endophyte in seedlings, compared to those in the 

pathogen inoculation. We conclude that the endophyte seems to have a suppressive effect on H. 

parviporum at the transcript level, even though it had lost the antagonistic effect against H. 

parviporum in artificial agar media. Our findings might be of practical relevance in reduction of the 

impact of Heterobasidion via nursey inoculation of seedlings with the endophyte P. sphaeroides 

before outplanting. Exploring the biocontrol potential of this endophyte through nursery inoculation 

merits further study.   
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