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ABSTRACT 

 

The plant microbiome exerts a profound influence on plant health, growth, and life cycle. 

This ecosystem comprises diverse microbial communities, such as symbiotic endophytes, 

mycorrhizal fungi, epiphytes, saprophytes, rhizobia, and pathogens, which inhabit parasitic and 

non-parasitic plants. Rafflesia speciosa, a holoparasitic plant, is a unique and endangered species 

that depends on its host Tetrastigma spp. for survival. In this study, fungal metagenomics was 

conducted to characterize the fungal community—the mycobiome within Rafflesia seeds, and a 

phylogeny was reconstructed. The ecophysiological characteristics of these fungal genera were 

also researched in the literature, and their primary ecological trait, whether plant mutualist, 

saprotroph, phytopathogen, mycoparasite, or entomopathogen, was mapped on the phylogeny to 

explore phylogenetic patterns. The majority of the identified fungal genera were Ascomycete 

fungi. There was no phylogenetic pattern detected in the ecophysiological traits of Rafflesia seed 

fungi, suggesting that these traits have evolved repeatedly throughout the fungal phylogeny as 

ecological adaptations. Characterization of Rafflesia’s seed mycobiome allowed us to gain 

insights on the potential ecology of these fungi and possible roles and applications in the ex situ 

propagation and conservation of Rafflesia species. 
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INTRODUCTION 

Rafflesia produces the largest single flowers in the world, up to a meter in diameter. It is a 

holoparasitic plant that lacks roots, stems, and leaves, obligately dependent on its sole host vine, 

Tetrastigma. There are about 40+ known species of Rafflesia unique to the fast disappearing 

forests of Southeast Asia (Govaerts et al., 2021). Hidayati and Walck (2015) suggested that 

increase in diversity among Rafflesia species could be attributed to favorable conditions in the 

rainforest during the Mid-Miocene to Pliocene period. The Rafflesiaceae family to which 

Rafflesia belong also includes other holoparasites such as Sapria and Rhizanthes, which are all 

parasitic to Tetrastigma (Nais, 2001). Rafflesia and Sapria are the only known plants to date that 

have lost their chloroplast genome (Molina et al. 2014; Cai et al. 2021) and have no 

photosynthetic abilities, though plastid compartments were detected at least in R. philippensis.  It 

is suspected that Rafflesia retains these plastids for non-photosynthetic metabolic finctions such 

as synthesis of lipids and amino acids (Ng et al., 2018). Molina et al. (2023) discovered how 

Rafflesia seeds become transcriptionally active after imbibition and prepare for germination upon 

host stimulation. As per transcriptome results, Rafflesia lack plastome and high prevalence of 

transposable elements, some of which were horizontally transferred from the host (Molina et al., 

2023). Additionally, as a nonphotosynthetic holoparasite, Rafflesia seeds share "core parasitism 

genes" found in Orobanchaceae (Molina et al., 2023) and there is evidence that Rafflesia may 

acquire its host's genes, expressing them for its own benefit (Xi et al., 2012).  

Hidayati and Walck (2015) mentioned that Rafflesia's flowering occurs seasonally, during 

the hottest and driest time of the year, with R. kerri having open flowers from January to March. 

The estimated length of the life cycle of Rafflesia is 3-4.5 years. Rafflesia flower buds can take 
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years to emerge from its host Tetrastigma, with 90% of the buds dying before flowering, and it 

takes 9-16 months for the buds to develop before flowering (Molina et al., 2017). Anthesis can 

last up to 7 days depending on the species. Rafflesia is primarily unisexual, with mostly male 

individuals (Molina et al., 2017). The flower attracts carrion flies and other pollinators by 

emitting a scent that mimics rotting flesh, which aids in its pollination process (Molina et al., 

2017). After pollination, the plant produces fruits that take six to eight months to mature, 

yielding over 200,000 seeds (Molina et al., 2017). The small seeds of Rafflesia have multiple 

potential dispersal agents, including wild pigs, ground squirrels, ants, termites, pangolin, and 

elephants, but small mammals are probably the most effective agents for seed dispersal (Hidayati 

and Walck, 2015). Ants are also possible seed dispersers (Pelser et al. 2016). However, it is 

unknown how the seed germinates in the host (Wicaksono et al., 2020). 

Hidayati and Walck (2015) highlights the main threat to Rafflesia populations as habitat loss 

due to logging, collection of firewood, and conversion of forests to housing or monoculture 

plantations such as rubber, palm oil, and fruit gardens. Thus, Molina et al. (2017) have been 

working to conserve Rafflesia due to the urgent concerns of climate change and the destruction 

of tropical forests. The exotic requirements of Rafflesia make it difficult to propagate in the 

United States, and scientists still have much to learn about its seed dispersal, germination, and 

other ecological needs (Molina et al., 2017). Molina et al. (2017) have tried to propagate 

Rafflesia species from the Philippines in an American botanical garden using horticultural 

techniques such as rooting and grafting Rafflesia-infected cuttings, and inoculation of Rafflesia 

seed in the host, but have yet to succeed. Molina et al. (2017) think that Rafflesia may rely on 

microbial symbionts to grow inside the host.  
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Indeed, plants in any ecosystem interact with both beneficial and harmful organisms, creating 

a complex web of spatial and temporal associations (De Vega et al., 2010). Recent research has 

emphasized the significance of connecting multiple interactions, including those between above- 

and belowground biota, to understand ecological and evolutionary processes in nature (De Vega 

et al., 2010). Mycorrhizae are a group of fungi that exist in a mutualistic relationship with plants, 

crops, and trees, and help improve the health and fertility of the soil they grow in (Giovannini et 

al., 2020). Their use in agriculture and horticulture as natural fertilizers and pesticides is 

becoming increasingly popular in order to sustain the production of healthy foods on a global 

scale (Giovannini et al., 2020). Mycorrhizal fungi can enhance plant growth and health by 

improving nutrient uptake, fixing nitrogen, solubilizing phosphorus, producing phytohormones, 

siderophores, and releasing antibiotics into the soil (Giovannini et al., 2020). Additionally, there 

are fungal endophytes, which are microorganisms that live within plant tissues and promote plant 

growth from within (Porras-Alfaro and Bayman, 2011). These endophytes can be beneficial or 

pathogenic, and can inhabit plant tissues such as stems, shoots, and leaves, changing from 

beneficial to pathogenic throughout the plant's life cycle (Porras-Alfaro and Bayman, 2011). 

Fungal endophytes, as well as bacterial endophytes, have crucial beneficial roles in the 

development and physiology of their host plants, including improved stress tolerance, enhanced 

root growth, and provision of special nutrition and water (Cui, Vijayakumar, and Zhang, 2018). 

It is believed that through extended periods of co-evolution, endophytes establish unique 

relationships with each other and can significantly impact the formation and accumulation of 

specific key metabolic products, thus affecting the quality and quantity of crude drugs derived 

from medicinal plants (Cui, Vijayakumar, and Zhang, 2018). Unfortunately, limited knowledge 

exists regarding the factors influencing host-endophytic relationships and endophyte assembly in 
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plant-parasitic interactions (Cui, Vijayakumar, and Zhang, 2018). There are different types of 

fungal endophytes and they can be classified as either plant mutualists, saprotrophs, 

phytopathogens, mycoparasites, and/or entomopathogens. A plant fungal mutualist provides 

benefits to its plant host (Diaz-González et al., 2020); a saprotroph, derives nutrition from 

decaying matter (Promputtha et al., 2007); a phytopathogen causes harm and disease to the plant 

host (Peng et al., 2021); a mycoparasite, parasitizes other fungi (Jeffries, 1995); and an 

entomopathogen, kills or disables insects (Vega et al., 2008). 

Some parasitic plants are found more frequently on plants associated with mycorrhizae, 

indirectly benefiting the parasite through increased biomass and flower production (De Vega et 

al., 2010). However, in some cases, arbuscular mycorrhizal fungi of the host plant can reduce the 

germination, attachment, and emergence of the parasite, thereby reducing damage to the host. 

Therefore, endophytic holoparasitic plants, such as those in the Rafflesiaceae family, provide a 

good opportunity to establish a tripartite association between the parasitic plant, mycorrhizal 

fungus, and host plant (De Vega et al., 2010). 

The objective of this study was to characterize the fungal endophytic community within 

Rafflesia seeds and determine their ecophysiological traits (whether plant mutualist, saprotroph, 

entomopathogen, mycoparasite, phytopathogen, or unknown) to gain insights on their potential 

ecological roles and applications in the ex situ propagation of Rafflesia species. 
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MATERIALS AND METHODS 

Two seed samples of Rafflesia speciosa were surface-sterilized with 2% sodium 

hypochlorite, rinsed and sent for ITS ZymoBIOMICS targeted sequencing (cat# Q2003) to Zymo 

Research, Irvine CA. Raw sequence files were loaded in OmicsBox (Biobam Bioinformatics, 

Valencia, Spain) and assembled using default settings for “Megahit Metagenomic Assembly”. 

The resulting contigs were blasted against the NCBI nr/nt reference database with “Entrez query 

Fungi[orgn]” with “maximum hit=1” e-val<1 e-100 in Geneious Prime (Biomatters Ltd, 

Auckland, New Zealand). Sequence reads were taxonomically classified based on top blast hit 

and phylogenetically analyzed using PhyML as implemented in Geneious prime. Abundance 

data from Zymo for fungal taxa was mapped on the phylogeny. Comperehensive literature 

review of ecophysiological characteristics of the fungal genera was conducted and categorized 

whether plant mutualist, saprotroph, phytopathogen, mycoparasite, and/or entomopathogen, with 

these “traits” mapped on the phylogeny using ITol  http://itol2.embl.de/  
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RESULTS 

The analysis revealed 83 fungal genera between the two Rafflesia seeds. Using 

information from scientific literature, the ecological notes on the various fungal genera present in 

Rafflesia seeds were summarized (Table 1). In addition, the primary ecophysiological traits - 

saprotroph, phytopathogen, mycoparasite, plant mutualist, entomopathogen, or other/unknown – 

were characterized. Multiple categories were allowed per fungal genus if there was such 

evidence in the literature. Among the 83 genera found, nine were classified as entomopathogenic 

fungi, two were identified as plant mutualist fungi, five were categorized as mycoparasitic fungi, 

27 were classified as phytopathogenic fungi, 34 were identified as saprotrophic fungi, and 31 

were unknown. In addition to their ecophysiological characteristics, the fungal genera 

represented a total of 50 families and 29 orders. 69 percent (57/83) of the fungal genera belonged 

to the phylum Ascomycota and the order Hypocreales. Unfortunately, 43.6% of the endophytic 

fungi in the two Rafflesia seeds sampled could not be classified, meaning they are not 

represented in the database and may represent new taxa. 

Table 1. Fungal genera identified within Rafflesia seeds and their ecological roles from the 

literature. 

Phyla Order Family Genera Ecological 
information 

Ecophysiological 
characteristic 

Ascomycota Hypocreales Hypocreaceae Acremonium Gliotoxin produced by 
Acremonium can inhibit 
Pythium (Anisha and 
Radhakrishnan, 2017). 

Entomopathogen 

Ascomycota Pleosporales Didymosphaeriaceae Alloconiothyrium Alloconiothyrium are 
widespread saprobes 
(Tennakoon et al., 2022). 

Saprotroph 

Ascomycota Onygenales Onygenaceae Amauroascus Polyphyletic 
Amauroascus are 
dimorphic fungi that can 
cause mycosis in 
mammals. Can be found 
in carnivore dung, in 

Saprotroph 
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agricultural soil, and 
growth is restricted to 
environmental sources 
(Kandemir et al., 2022). 

Ascomycota Orbiliales Orbiliaceae Arthrobotrys Arthrobotrys are 
nematophagus fungi that 
are abundant in 
rhizosphere soils 
(Rodrigues et al., 2009). 

Entomopathogen 

Ascomycota Eurotiales Aspergillaceae Aspergillus sp. Aspergillus species can 
be opportunistic 
pathogens causing 
infections after drought, 
insect damage, or other 
environmental stresses. 
Also, majority are 
saprobic decomposers 
(Pennerman et al., 2020). 

Saprotroph, 
Phytopathogen, 
Other/Unknown 

Ascomycota Dothideales Dipodascaceae Aureobasidium Aureobasidium 
puppulans infects 
organic remnants and 
decaying vegetable 
plants (Riedl, 1972). 

Phytopathogen 

Ascomycota Xylariales Xylariaceae Biscogniauxia Biscogniauxia are 
opportunistic pathogens 
found on old and 
stressed trees causing 
infections like charcoal 
canker and grapevine 
trunk disease due to 
phytotoxins (Bahmani et 
al., 2021).  

Saprotroph, 
Phytopathogen. 

Ascomycota Hypocreales Nectriaceae Campylocarpon Campylocarpon 
fasciculare is a soil-
borne fungi that causes 
black-foot disease in root 
and stem bases of 
grapevines by colonizing 
dead and dying plant 
material (Abeywickrama 
et al., 2021).  

Saprotroph 

Ascomycota Saccharomycetales Unidentified Candida Candida is the most 
heterogenous taxa of 
yeasts and has 
antifungal, novel, and 
reversible adaptive 
resisistances (Akins, 
2005; Suzuki and 
Nakase, 1998). 

Saprotroph, 
Other/Unknown 

Ascomycota Glomerellales Plectosphaerellaceae Chordomyces Chordomyces are 
saprobes 
(Wijayawardene et al., 
2017). 

Saprotroph, 
Other/Unknown 

Ascomycota Capnodiales Cladosporiaceae Cladosporium Cladosporiaceae cause 
vegetable plant decay 
and can spread on 
organic remnants (Riedl, 
1972). 

Phytopathogen 

Ascomycota Saccharomycetales Metschnikowiaceae Clavispora Clavispora lusitaniae 
146 showed 
mycoparasitism against 
Penicillium digitatum in 
postharvest fungal 
disease in lemons 
(Pereyra et al., 2020). 

Saprotroph, 
Mycoparasite, 
Other/Unknown 

Ascomycota Hypocreales Bionectriaceae Clonostachys Clonostachys have 
multi-trophic lifestyles 
including saprobes in 
soil and dead organic 

Saprotroph, 
Mycoparasite, 
Mutualist, 
Other/Unknown 
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matter, mutualists in 
rhizospheres, and 
necrotrophic 
mycoparasites by killing 
and feeding on their 
mycohosts (Piombo et 
al., 2023). 

Ascomycota Chaetosphaeriales Chaetosphaeriaceae Codinaeopsis Ascomycete fungi and a 
Class 2 endophyte 
(Morgan-Jones, 1978; 
Rodriguez et al., 2009). 

Other/Unknown 

Ascomycota Glomerellales Gloeophyllaceae Colletotrichum sp. Colletotrichum tofieldiae 
strain Ct0861 mutualist 
to Arabidopsis thaliana, 
maize (Zea mays L.) and 
tomato (Solanum 
lycopersicum) (Diaz-
Gonzalez et al., 2020). 
Pathogenic 
Colletotrichum species 
are hemibiotrophic 
where the initial 
infection is 
asymptomatic followed 
by necrotrophic phase 
(Kleeman et al., 2012).   

Mutualist, 
Phytopathogen 

Ascomycota Diaporthales Schizoparmeaceae Coniella Coniella are widespread 
plant pathogens common 
as parasites causing fruit, 
foliar, leaf, stem, and 
root diseases (Alvarez, 
Groenewald & Crous, 
2016). 

Phytopathogen 

Ascomycota Hypocreales Nectriaceae Cosmospora Cosmospora are 
considered fungicolous 
fungi which a diverse 
group of organisms 
associated with other 
fungi which can be 
found on bark or 
stromatic pyrenomycetes 
(Rossman, Farr & 
Akulov, 2008).  

Mycoparasite 

Basidiomycota Tremellales Cryptococcaceae Cryptococcus sp. Creptococcus are known 
as the most heterogenous 
taxa of yeasts (Suzuki 
and Nakase, 1998). 
Saprotrophic C. 
podzolicus and C. 
terricola are found on 
the surface of roots and 
in therhizosphere (Buee 
et al., 2009); 
Mycoparasitic 
Cryptococcus luteolus is 
effective against 
Alternaria porri (Ellis) 
Ciferri (Tyage, Dube and 
Charaya, 1990); Some 
species are pathogenic as 
well (Dupont et al, 
2016). 

Saprotroph, 
Mycoparasite, 
Phytopathogen, 
Other/Unknown 

Ascomycota Saccharomycetales Phaffomycetaceae Cyberlindnera Phytopathogenic C. 
amylophila was spread in 
diseased pine wood trees 
(Liu et al., 2021); 
Cyberlindnera was 
found in 
Dendroctonus-bark 
beetles where females 

Saprotroph, 
Mycoparasite, 
Phytopathogen, 
Other/Unknown 
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can harbor microbes in 
organs called mycetangia 
(Vazquez-Ortiz et al., 
2022). 

Ascomycota Hypocreales Nectriaceae Cylindrocladiella Cylindrocladiella spp. 
are soil-borne fungi and 
as pathogens can cause 
diseases in crop plants 
such as leaf spots, root, 
stem, and cutting rots 
(Lombard et al, 2012). 

Phytopathogen 

Ascomycota Diaporthales Valsaceae Cytospora Cytospora has 
bioactivity to produce 
anti-fungal and anti-
bacterial metabolites to 
restrict the growth of 
Candida albicans 
(Refaei et al, 2011). 

Saprotroph, 
Mycoparasite 

Ascomycota Saccharomycetales Debaryomycetaceae Debaryomyces Debaryomyces are found 
in soils, waters, plants, 
foods, and clinical 
specimens growing 
rapidly at pH 3.0-8.0 
(Praphailong & Fleet, 
1999). 

Phytopathogen 

Ascomycota Chaetothyriales Herpotrichiellaceae Exophiala Ascomycete fungi and a 
Class 2 endophyte 
(Carmichael, 1966; 
Rodriguez et al., 2009). 

Saprotroph, 
Other/Unknown 

Ascomycota Glomerellales Plectosphaerellaceae Furcasterigmium Ascomycete fungi and a 
Class 2 endophyte 
(Giraldo & Crous, 2019; 
Rodriguez et al., 2009).  

Saprotroph, 
Other/Unknown 

Ascomycota Hypocreales Nectriaceae Fusarium Low abundance of 
Fusarium in soil and 
asymptomatically 
colonizes coastal 
beaches (Rodrigues et 
al., 2009). F. oxysporum 
is able to produce its' 
host metabolites such as 
podophyllotoxin, taxol, 
ginkgolide B, vincristine, 
and vinblastine (Anisha 
and Radhakrishnan, 
2017). 

Entomopathogen 

Basidiomycota Polyporales Ganodermataceae Ganoderma Ganoderma is a 
pathogenic decomposer 
in mycorrhizia group 
(Parlucha et al., 2021). It 
causes white rot disease 
in various tree species 
resulting in the break 
down of structural 
components of wood by 
simultaneous decay and 
selective delignification 
(Loyd et al., 2018). 

Phytopathogen 

Basidiomycota Geastrales Geastraceae Geastrum Geastrum are gasteroid 
fungi which are found in 
in Quezon Protected 
Landscape (QPL) 
(Parlucha et al., 2021)  in 
China and in Wunvfeng 
National Forest Park in 
Northeast China (Tuo et 
al., 2022). 

Saprotroph, Mutualist, 
Other/Unknown 

Ascomycota Saccharomycetales Dipodascaceae Geotrichum Geotrichum spp. are 
ubiquitous saprotrophic 

Saprotroph, 
Phytopathogen 
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fungi (Antoniassi et al., 
2013). Geotrichum 
candidum is a 
filamentous 
hemiascomycete fungus 
which causes sour rot 
disease of fleshy fruits 
and citrus (Gold, Casale, 
& Keen, 1991). 

Ascomycota Hypocreales Nectriaceae Gliocephalotrichum Gliocephalotrichum 
species can cause 
postharvest diseases and 
fruit rot of tropical plants 
while causing lesions, 
soaked exocarp, 
mesocarp, and endocarp, 
and mycelium reaching 
deep into the seed (Silva 
et al., 2020). 

Phytopathogen 

Ascomycota Hypocreales Nectriaceae Gliocladiopsis Gliocladiopsis is a plant 
pathogen which has 
bioactivity against 
Pythium myriotylum (a 
soil-borne oomycete 
necrotroph) (Anisha and 
Radhakrishnan, 2017).  

Phytopathogen 

Ascomycota Hypocreales Bionectriaceae Gliomastix Gliomastix murorum var. 
felina is a saprotroph 
(Kwa´sna et al., 2021). 

Saprotroph, 
Other/Unknown 

Ascomycota Hypocreales Nectriaceae Glionectria sp. Glionectria tenuis found 
in soil samples in China 
(Lombard & Crous, 
2012). 

Saprotroph 

Basidiomycota Gloeophyllales Gloeophyllaceae Gloeophyllum Wood-degrading 
Gloeophyllum sp. are 
basidiomycetes and are 
know as brown rot 
fungus (Presley et al., 
2020). 

Saprotroph, 
Other/Unknown 

Ascomycota Saccharomycetales Saccharomycodaceae Hanseniaspora Budding yeast, 
Ascomycete fungi H. 
uvarum is found on 
mature fruits and grapes 
as part of the 
fermentation 
microbiome. It also has 
mycoparasitic qualities 
against fungi that are 
responsible for mold 
development on fruits 
(Hanseniaspora, 2020; 
(Albertin et al., 2016).  

Phytopathogen, 
Mycoparasite 

Ascomycota Pleosporales Didymosphaeriaceae Kalmusia Ascomycete fungi and a 
Class 2 endophyte. 
Kalmusia variispora is 
associated with 
grapevine trunk disease 
in Iran (Hongsanan et 
al., 2020; Rodriguez et 
al., 2009; Abed-Ashtiani 
et al., 2019). 

Phytopathogen 

Ascomycota Saccharomycetales Incertae Kodamaea Budding yeast, 
Ascomycete fungi, and a 
Class 2 endophyte 
(Kodamaea, n.d.; 
Rodriguez et al., 2009). 

Saprotroph, 
Other/Unknown 

Ascomycota Saccharomycetales Debaryomycetaceae Kurtzmaniella Kurtzmaniella are 
budding yeast, 
Ascomycete fungi, and a 

Phytopathogen 
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Class 2 endophyte 
associated with rotting 
wood, mushroom and 
tree bark samples 
collected in Brazilian 
ecosystems and in 
French Guiana. 
(Lachance & Starmer, 
2008; Rodriguez et al., 
2009; Lopes et al., 
2019). 

Ascomycota Botryosphaeriales Botryosphaeriaceae Lasiodiplodia Lasiodiplodia species are 
Ascomycetes and 
Dothideomycetes with 
some of the species 
being ubiquitous and 
pluvivorous. Most 
species are plant 
pathogens causing leaf 
lesions, fruit and root rot, 
dieback, and cancers 
(Douanla-Meli and 
Scharnhorst, 2021). L. 
theobromae was found in 
crawling insects, 
primarily ants and danaid 
butterfly, Idea leuconoe 
(Nago and Matsumoto, 
2014). 

Phytopathogen, 
Entomopathogen 

Ascomycota Hypocreales Cordycipitaceae Lecanicillium Lecanicillium spp. are 
mitosporic fungi known 
as entomopathogens. 
They are pathogenic 
against insects, 
phytoparasitic nematodes 
or fungi. Some species 
are mycoparasites 
though colonization of 
host plant tissues and 
resulting in disease 
resistance (Goettel et al., 
2008). 

Entomopathogen, 
Mycoparasite 

Ascomycota Saccharomycetales Saccharomycetaceae Limtongozyma Budding yeast, 
Ascomycete fungi, and a 
Class 2 endophyte 
(Boontham et al., 2019; 
Rodriguez et al., 2009). 

Saprotroph, 
Other/Unknown 

Ascomycota Saccharomycetales Lipomycetaceae Lipomyces Lipomyces are budding 
yeast, Ascomycete fungi, 
and a Class 2 endophytes 
that are from beach 
forest soils and they have 
the ability to grow in the 
absence of external 
nitrogen sources and 
utilize heterocyclic 
compounds 
 (Kurtzman & Smith, 
2011; Rodriguez et al., 
2009; Yurkov, Kemler, 
& Begerow, 2011). 

Phytopathogen 

Ascomycota Hypocreales Nectriaceae Mariannaea Mariannaea are 
saprotrophic fungi and 
M. humicola is the first
marine saprotrophic
strain (Purahong et al.,
2019).

Saprotroph, 
Other/Unknown 

Ascomycota Saccharomycetales Pichiaceae Martiniozyma Budding yeast, 
Ascomycete fungi, and a 
Class 2 endophyte 

Saprotroph, 
Other/Unknown 



Karnitskiy,	F.	

18	

(Kurtzman, 2015; 
Rodriguez et al., 2009). 

Ascomycota Chaetothyriales Herpotrichiellaceae Minimelanolocus Ascomycete fungi and a 
Class 2 endophyte 
(Castaneda Ruiz & 
Heredia, 2000; 
Rodriguez et al., 2009). 

Saprotroph, 
Other/Unknown 

Mucoromycota Mucorales Mucoraceae Mucor Mucoralean fungi are 
mostly saprotrophs 
common od decaying 
plant matter using 
available simple 
carbohydrate molecules 
(Pawlowska et al., 2019; 
Botha & du Preez, 
1999). Also, plant 
pathogens M. piriformis 
causes post-harvest 
decay of fruits, and M. 
indicus and M. 
circinelloides are able to 
produce mycotoxins 
(Botha & du Preez, 
1999). 

Saprotroph, 
Phytopathogen 

Ascomycota Glomerellales Plectosphaerellaceae Musicillium Musicillium are 
Ascomycete fungi and a 
Class 2 endophytes 
which cause cigar-end 
rot of bananas (Zare et 
al., 2007; Rodriguez et 
al., 2009). 

Phytopathogen 

Ascomycota Saccharomycetales Lipomycetaceae Myxozyma Budding yeast, 
Ascomycete fungi, and a 
Class 2 endophyte 
(Kurtzman & Smith, 
2011; Rodriguez et al., 
2009). 

Saprotroph, 
Other/Unknown 

Ascomycota Saccharomycetales Pichiaceae Nakazawaea Budding yeast, 
Ascomycete fungi, and a 
Class 2 endophyte 
(Kurtzman, 2011 (2); 
Rodriguez et al., 2009). 

Saprotroph, 
Other/Unknown 

Ascomycota Hypocreales Nectriaceae Nectria Nectria cinnabarina is a 
plant pathogen and 
Hypocreales fungi which 
is found on hardwood 
trees and woody shrubs 
in temperate regions of 
the Northern 
Hemisphere. It’s causes 
"coral spot" disease on 
apple and other 
hardwood trees 
(Hirooka, Rossman, & 
Chaverri, 2011).  

Phytopathogen 

Ascomycota Amphisphaeriales Sporocadaceae Neopestalotiopsis Phytopathogenic 
Neopestalotiopsis are 
Ascomycete fungi and a 
Class 2 endophytes in 
tropical and subtropical 
regions. They can cause 
leaf spot, dry flower, 
fruit rot, fruit scab, and 
trunk diseases. N. 
drenthii causes necrotic 
flower blight of 
Macadamia integrifolia 
(macadamia tree) in 
Australia 

Phytopathogen 



Karnitskiy,	F.	

19	

(Maharachchikumbura et 
al., 2014; Rodriguez et 
al., 2009; Prasannath et 
al, 2021).  

Ascomycota Saccharomycetales Pichiaceae Ogataea Budding yeast, 
Ascomycete fungi, and a 
Class 2 endophyte 
(Yamada et al., 1994; 
Rodriguez et al., 2009). 

Saprotroph, 
Other/Unknown 

Ascomycota Thyridariaceae Pleosporomycetidae Parathyridaria Ascomycete fungi and a 
Class 2 endophyte 
(Jaklitsch & Voglmayr, 
2016; Rodriguez et al., 
2009). 

Saprotroph, 
Other/Unknown 

Ascomycota Hypocreales Cordycipitaceae Parengyodontium Environmental saprobe 
Parengyodontium album 
was found in marine 
sediments and in indoor 
mineral materials 
(Belfiori, Rubini, & 
Riccioni, 2021). C. 
vestitus is a fungal 
mycelium that causes 
pistachio dieback (Hadj 
et al., 2019). 

Saprotroph, 
Phytopathogen, 
Other/Unknown 

Ascomycota Eurotiales Aspergillaceae Penicillium Saprotrophic Penicillium 
lives on plant parts, soil, 
decaying organic 
substances, and plant 
residues. But some 
species are plant 
pathogens via production 
of mycotoxins and 
conidia/phialospores 
(Moretti and Sarroco, 
2016; Riedl, 1972). 

Saprotroph, 
Phytopathogen 

Ascomycota Togniniaceae Togniniaceae Phaeoacremonium Plant pathogen 
Phaeoacremonium can 
infect with wide range of 
woody plants such as 
Fraxinus latifola by 
causing brown wood 
staining (Held et al., 
2021). 

Phytopathogen 

Basidiomycota Polyporales Meruliaceae Phlebia Phlebia are saprobes 
found in boreal and 
temperate forests as 
white rot type of decay 
on deciduous tree 
stumps, dead trunks and 
branches (Kuuskeri et 
al., 2016). 

Saprotroph, 
Other/Unknown 

Ascomycota Saccharomycetales Pichiaceae Pichia Pichia can produce killer 
toxins that are lethal to 
other sensitive yeasts and 
filamentous fungi such 
as Aspergillus, Candida, 
and Fusarium. Pichia is 
also pathotroph-
saprotroph-symbiotroph 
and an opportunistic 
pathogen (Sajid et al., 
2022; Azpiazu-
Muniozguren et al., 
2021). 

Mycoparasite, 
Phytopathogen 

Ascomycota Pleurotheciales Pleurotheciaceae Pleurotheciella Pleurotheciella are 
saprobes that are 
Ascomycete fungi and a 
Class 2 endophyte 

Saprotroph, 
Other/Unknown 



Karnitskiy,	F.	

20	

(Reblova et al., 2016; 
Rodriguez et al., 2009; 
Lance et al., 2020). 

Ascomycota Hypocreales Clavicipitaceae Pochonia P. chlamydosporia is a
fungal egg parasite of
root-knot and cyst
nematodes found in
barley, tomato, potato, or
Arabidopsis
(Ghahremani et al.,
2019).

Entomopathogen. 

Ascomycota Pleosporale Sporormiaceae Preussia Ascomycete fungi and a 
saprotroph (Lozano et 
al., 2021). 

Saprotroph 

Ascomycota Hypocreales Nectriaceae Pseudocosmospora Phytopathogenic 
Pseudocosmospora 
rogersonii causes wood 
decay on Verdeal-
Transmontana olive tree 
resulting in leaf damage 
(Markakis et al, 2017). 
Also, Pseudocosmospora 
species are hardly 
identified because of 
their decayed condition 
(Zeng & Zhuang, 2021). 

Phytopathogen 

Basidiomycota Agaricales Hymenogastraceae Psilocybe Psilocybe are a diverse 
genera of fungi and are 
found in the neotropic 
ecozone and in Mexico 
(De Mattos-Shipley et 
al., 2016). 

Saprotroph, 
Other/Unknown 

Ascomycota Hypocreales Ophiocordycipitaceae Purpureocillium Entomopathogenic 
Purpureocillium 
lilacinum is a fungal 
endophyte that infects 
insect herbivores like 
cotton aphids and 
pathogenic insects. P. 
lilacinum is used as a 
biocontrol agent against 
root-knot nematode 
(Castillo Lopez et al., 
2014). 

Entomopathogen 

Ascomycota Pleosporales Cucurbitariaceae Pyrenochaeta Pyrenochaeta lycopersici 
is a soil-living 
filamentous Ascomycete 
fungi and a Class 2 
endophyte which causes 
Corky Root Rot (CRR) 
in tomato plants 
(Pyrenochaeta, n.d.; 
Rodriguez et al., 2009; 
Valente, Infantino, & 
Aragona, 2011). 

Phytopathogen 

Ascomycota Chaetothyriales Herpotrichiellaceae Rhinocladiella Ascomycete fungi and a 
Class 2 endophyte 
(Rhinocladiella, n.d.; 
Rodriguez et al., 2009). 

Saprotroph, 
Other/Unknown 

Basidiomycota Sporidiobolales Sporidiobola Rhodosporidiobolus Rhodosporidiobolus  
are marine fungi and can 
be found in the coastal 
waters of Southern China 
(Pham et al., 2021). 

Saprotroph, 
Other/Unknown 

Ascomycota Pleosporales Thyridariaceae Roussoella Ascomycete fungi and a 
Class 2 endophyte 
(Roussoella, n.d.; 
Rodriguez et al., 2009). 

Saprotroph, 
Other/Unknown 
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Ascomycota Saccharomycetales Saccharomycodaceae Saccharomycopsis Necrotrophic 
mycoparasite 
Saccharomycopsis 
schoenii can predate, 
attack, and kill variety of 
yeasts including Candida 
auris (Junker et al., 
2019). 

Mycoparasite 

Basidiomycota Tremellales Trichomonascaceae Saitozyma Saprotrophic fungi 
Saitozyma can produce 
lipase to degrade fats (Li 
et al., 2022). 

Saprotroph, 
Other/Unknown 

Ascomycota Saccharomycetales Dipodascaceae Sporopachydermia Budding yeast, 
Ascomycete fungi, and a 
Class 2 endophyte 
(Sporopachydermia, n.d.; 
Rodriguez et al., 2009). 

Saprotroph, 
Other/Unknown 

Ascomycota Saccharomycetales Incertae Starmera Budding yeast, 
Ascomycete fungi, and a 
Class 2 endophyte 
(Yamada et al., 1997; 
Rodriguez et al., 2009). 

Saprotroph, 
Other/Unknown 

Ascomycota Saccharomycetales Incertae Starmerella Starmerella are a 
budding yeast, 
Ascomycete fungi, and a 
Class 2 endophyte which 
are found in pollen and 
honey of stingless bees 
Melipona quadrifasciata 
and Tetragonisca 
angustula. The yeast also 
partakes in pollen and 
honey fermentation 
(Rosa & Lachance, 
1998; Rodriguez et al., 
2009; Santos et al., 
2023).  

Entomopathogen 

Ascomycota Eurotiales Trichocomaceae Talaromyces Talaromyces are 
penicillum-like fungi 
found on dung due to 
their ability to grow at 
37°C (Guevera-Suarez et 
al., 2019). 

Saprotroph, 
Other/Unknown 

Ascomycota Hypocreales Tilachlidiaceae Tilachlidium Tilachlidium sp. 
(CANU-T988) was 
found on decaying wood 
in Christchurch, New 
Zealand (Feng et al., 
2004). 

Saprotroph, 
Other/Unknown 

Ascomycota Hypocreales Hypocreacea Trichoderma Trichoderma are 
saprobes found in forest 
soil, plant roots, and 
leaves (Oh et al., 2018). 
As a common 
rhizosphere inhabitants, 
they can parasitize other 
fungi and compete with 
deleterious plant 
microorganisms 
(Contreras et al., 2016). 

Saprotroph, 
Mycoparasite 

Ascomycota Chaetothyriales Herpotrichiellaceae Veronaea Ascomycete fungi and 
dematiaceous mold 
which is abundant in 
healthy soil (Soto et al., 
2017; Xu et al., 2012). 

Saprotroph, 
Other/Unknown 

Ascomycota Hypocreales Nectriaceae Volutella An opportunistic 
pathogen Volutella buxi 
causes volutella blight on 
ornamental boxwood 

Phytopathogen 
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resulting while infecting 
the plant’s foliage, 
shoots and branches 
(Nbrazee, 2020). 

Basidiomycota Wallemiales Wallemiaceae Wallemia Wallemia are 
xerotolerant, xerophilic, 
and also halophilic 
species spread 
worldwide in saline and 
extreme environments 
(Azpiazu-Muniozguren 
et al., 2021).  

Saprotroph, 
Other/Unknown 

Ascomycota Microascales Microascaceae Wardomycopsis Ascomycete fungi and a 
Class 2 endophyte  
(Wardomycopsis, n.d.; 
Rodriguez et al., 2009) 

Saprotroph, 
Other/Unknown 

Ascomycota Saccharomycetales Phaffomycetaceae Wickerhamomyces Budding yeast, 
Ascomycete fungi, and a 
Class 2 endophyte 
(Kutzman et al., 2008; 
Rodriguez et al., 2009) 
W. anomalus survive in
the insect (mosquito) gut
and different mutualistic
yeast-insect symbioses.
It also acts as an
antimicrobial agent
(Cappelli, Favia, &
Ricci, 2021).

Entomopathogen 

Ascomycota Hypocreales Nectriaceae Xenoacremonium Saprotrophic X. recifei 
was found in non-
phosphorous-amended 
soil and rhizosphere soil 
(Lombard et al., 2015; 
Purahong et al., 2019). 

Saprotroph, 
Other/Unknown 

Basidiomycota Hymenochaetales Schizoporaceae Xylodon Xylodon are white-rot 
fungi which can grow on 
angiosperms and 
gymnosperms. They can 
be found on brown-
rotten spruce stumps, 
palms or palm tree 
inflorescences, bamboo, 
ferns, and on the 
herbaceous Staehelina 
dubia L. and Fallopia 
sachalinensis (Cho et al., 
2021). 

Phytopathogen 

Ascomycota Saccharomycetales Trichomonascaceae Zygoascus Budding yeast, 
Ascomycete fungi, and a 
Class 2 endophyte  
(Kurtzman and Robnett, 
2007; Rodriguez et al., 
2009) 

Saprotroph, 
Other/Unknown 
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Figure 1. Phylogeny of the endophytic fungi in the Rafflesia seed mycobiome. The 

ecophysiological roles of these taxa according to the literature were mapped on the phylogeny. 
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DISCUSSION 

The Rafflesia seed harbored a diverse mycobiome, with fungal genera belonging to 

Ascomycota and Basidiomycota phyla, which represents only 2 out of the 12 fungal phyla 

known so far (James et al., 2020). Based on literature, Rafflesia seed fungal endophytes were 

classified as either saprotrophs, phytopathogens, mycoparasites, plant mutualists, 

entomopathogens, and some unknowns (Table 1; Fig. 1). There was no phylogenetic pattern 

detected in the ecophysiological traits of Rafflesia seed fungi, such that the traits are scattered 

and not associated within a particular fungal clade, suggesting that these traits have evolved 

repeatedly throughout the fungal phylogeny as ecological adaptations (Fig. 1). 

Phylum Ascomycota was the most diverse group within Rafflesia-associated fungi. Many 

species within Ascomycota are classified as Class 2 endophytes which have diverse 

ecophysiological properties (Rodriguez et al., 2009). Rodriguez et al. (2009) described them as 

the colonizers of various plant organs such as roots, stems, and leaves. They are also capable of 

forming extensive infections within plants and can spread through seed and/or rhizomes with 

high infection rates in plants growing in high-stress habitats (Rodriguez et al., 2009). Certain 

Class 2 endophyte fungal species are plant mutualists, having the ability to increase plant 

biomass, root and shoot growth, and provide tolerance against various biotic and abiotic stresses 

such as disease, drought, desiccation, heat, and salinity making them potential bio control agents 

and biofertilizers (Rodriguez et al., 2009). However, abundance of Class 2 endophytes is 

generally low in the rhizosphere, but some can inhabit agricultural fields without causing any 

apparent symptoms and colonize the roots, stems, and leaves of plants like watermelon (Citrullus 

lanatus) without inducing host defense systems (Rodriguez et al., 2009). 
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Another major fungal phylum represented within Rafflesia seed samples was phylum 

Basidiomycota. The difference between Basidiomycota and Ascomycota phylum is that 

Basidiomycetous fungi have longer mating periods (James et al., 2020), club shaped “fleshy” 

fruiting body (Jacinto, n.d.), and are more common in plant foliage than in soil (Rodriguez et al., 

2009). While Ascomycete fungi are known as sac fungi due to their tube forming appereances 

(Unknown, n.d.). 

This study on Rafflesia seed mycobiome helped us characterize its seed-associated fungal 

diversity and gain insights on their ecological traits, whether they are saprotrophs, 

entomopathogens, phytopathogens, and mycoparasites, and their potential role in Rafflesia’s life 

cycle. For example, saprotrophs are fungi with cosmopolitan distribution which obtain nutrients 

from dead or decaying organic matter (Tennakoon et al., 2022). The Rafflesia seed Ascomycete 

endophytes, Veronaea and Trichoderma, are saprophytes most commonly found in plant-

associated environments such as forest soil, roots, and leaves (Xu et al., 2012; Oh et al., 2018). 

By breaking down decomposing matter, they recycle nutrients that conceivably benefits 

Tetrastigma, though their presence in Rafflesia seed is curious. It has been hypothesized that 

some fungal endophytes may be latent saprotrophs that switch to this new ecological role upon 

host senescence (Promputtha et al., 2007). There were also Basiodiomycete endophytes in the 

Rafflesia seed such as Gloeophyllum and Saitozyma that not only serve as saprotrophs and 

promote nutrient cycling but also produce secondary metabolites (Presley et al., 2020; Li et al., 

2022) that benefit their plant hosts, and conceivably could do the same for Rafflesia and/or 

Tetrastigma. 

The mutualistic fungal endophyte Colletotrichum was also detected within Rafflesia 

samples. Colletotrichum tofieldiae strain Ct0861 has a mutualistic relationship with Arabidopsis 
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thaliana, promoting plant growth and silique production under low phosphate conditions (Diaz-

Gonzalez et al., 2020). It was also found by Diaz-Gonzales et al. (2020) to promote growth in 

vitro of maize and tomato seedlings. Fungal endophytes colonize internal plant tissues without 

causing disease symptoms and establish mutualistic interactions with host plants, promoting 

growth and tolerance to stresses (Diaz-Gonzalez et al., 2020). Mutualist fungi such as 

Colletotrichum could provide beneficial conditions to both Rafflesia and its host plant 

Tetrastigma.  

Of the classified seed fungal endophytes in Rafflesia, 69 percent (57/83) belonged to the 

Ascomycete order Hypocreales. Most entomopathogenic fungi described within Rafflesia species 

were within this order. Upon maturity, the Rafflesia fruit dehisces, revealing a coconut-scented 

white pulp holding the millions of Rafflesia seeds (Molina et al., 2017). This is very attractive to 

various insects (beetles, flies, etc.) that feed on the pulp and/or lay eggs in it. Furthermore, ants 

such as Technomyrmex sp. and Pheidologeton sp. have been found inside the fruit wall of 

Rafflesia philippensis (Hidayati and Walck, 2015), drawn to the elaiosomes on the Rafflesia 

seed. The ants then carry the seeds back to their nest where they sprout and infect the root of 

nearby Tetrastigma, in effect facilitating Rafflesia seed dispersal. This diversity of insects 

associated with the Rafflesia fruit could explain why entomopathogenic fungi, which parasitize 

on insects, were detected as fungal endophytes. 

There were also several fungal endophytes within the Rafflesia seed that were classified 

as phytopathogenic and presumably destructive to Rafflesia. Phytopathogens, to infiltrate plant 

host tissue, produce cell-wall degrading enzymes like pectinase, cellulase, and proteases (Peng et 

al., 2021) which are also enzymes produced by parasitic plants of Orobanchaceae (Yang et al., 

2015). It is possible that by harboring phytopathogenic fungi in its seeds, Rafflesia takes 
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advantage of their cell-wall degrading enzymes to infect its own host Tetrastigma. Further 

studies are needed to confirm this.   

This study on Rafflesia seed mycobiome helped us characterize its seed-associated fungal 

diversity and gain insights on their ecological traits, whether they are mutualists, saprotrophs, 

entomopathogens, phytopathogens, and mycoparasites, and their potential role in Rafflesia’s life 

cycle. Majority of the identified fungal genera were Ascomycete fungi. There was no 

phylogenetic pattern detected in the ecophysiological traits of Rafflesia seed fungi, suggesting 

that these traits have evolved repeatedly throughout the fungal phylogeny as ecological 

adaptations. Targeted studies could be conducted to better understand the role of specific fungal 

species in the life cycle of Rafflesia. Furthermore, collaborations between researchers in different 

fields such as plant biology, microbiology, and ecology could help generate new insights and 

promote a more holistic understanding of Rafflesia and its associated fungi. These studies could 

provide valuable information for conservation efforts aimed at protecting these unique and rare 

plants. 

 
 

 

 

 

 

 

 

 

 

 

 

 



Karnitskiy,	F.	

28	

BIBLIOGRAPHY 

Abed-Ashtiani, F., Narmani, A., & Arzanlou, M. (2019). Analysis of kalmusia variispora 
associated with grapevine decline in Iran. European Journal of Plant Pathology, 154(3), 
787–799.  

Abeywickrama, P. D., Zhang, W., Li, X., Jayawardena, R. S., Hyde, K. D., & Yan, J. (2021). 
Campylocarpon fasciculare (Nectriaceae, Sordariomycetes); Novel Emergence of Black-
Foot Causing Pathogen on Young Grapevines in China. Pathogens (Basel, Switzerland), 
10(12), 1555. 

Akins, R. A. (2005).  An update on antifungal targets and mechanisms of resistance in Candida 
albicans. Medical Mycology, 43(4), 285-318. 

Albertin, W., Setati, M. E., Miot-Sertier, C., Mostert, T. T., Colonna-Ceccaldi, B., Coulon, J., 
Girard, P., Moine, V., Pillet, M., Salin, F., Bely, M., Divol, B., & Masneuf-Pomarede, I. 
(2016). Hanseniaspora uvarum from winemaking environments show spatial and 
temporal genetic clustering. Frontiers in Microbiology, 6. 

Alvarez, L. V., Groenewald, J. Z., & Crous, P. W. (2016). Revising the Schizoparmaceae: 
Coniella and its synonyms Pilidiella and Schizoparme. Studies in Mycology, 85(1), 1–34. 

Anisha, C. and Radhakrishnan, E. K. (2017). Metabolite analysis of endophytic fungi from 
cultivars of Zingiber officinale Rosc. identifies myriad of bioactive compounds including 
tyrosol. Biotech, 3(7), 146. 

Antoniassi, N. A., Juffo, G. D., Santos, A. S., Pescador, C. A., Ferreiro, L., & Driemeier, D. 
(2013). Geotrichum candidum as a possible cause of bovine abortion. Journal of 
Veterinary Diagnostic Investigation, 25(6), 795-797.  

Azpiazu-Muniozguren, M., Perez, A., Rementeria, A., Martinez-Malaxetxebarria, I., Alonso, R., 
Laorden, L., Gamboa, J., Bikandi, J., Garaizar, J., & Martinez-Ballesteros, I. (2021). 
Fungal Diversity and Composition of the Continental Solar Saltern in Añana Salt Valley 
(Spain). Journal of Fungi, 7(12), 1074. 

Bahmani, Z., Abdollahzadeh, J., Amini, J., & Evidente, A. (2021). Biscogniauxia rosacearum the 
charcoal canker agent as a pathogen associated with grapevine trunk diseases in Zagros 
region of Iran. Scientific reports, 11(1), 14098.  

Belfiori, B., Rubini, A., & Riccioni, C. (2021). Diversity of Endophytic and Pathogenic Fungi of 
Saffron (Crocus sativus) Plants from Cultivation Sites in Italy. Diversity, 13(11), 535. 

Bensch, K., Groenewald, J. Z., Dijksterhuis, J., Starink-Willemse, M., Andersen, B., Summerell, 
B. A., Shin, H. D., Dugan, F. M., Schroers, H. J., Braun, U., & Crous, P. W. (2010).
Species and ecological diversity within the Cladosporium cladosporioides complex
(Davidiellaceae, Capnodiales). Studies in mycology, 67, 1–94.

Botha, A., & du Preez, J. C. (1999). Mucor. Encyclopedia of Food Microbiology, 1493–1500. 
Botta, L., Saladino, R., Barghini, P., Fenice, M., & Pasqualetti, M. (2020). Production and 

identification of two antifungal terpenoids from the Posidonia oceanica epiphytic 
Ascomycota Mariannaea humicola IG100. Microbial Cell Factories, 19(1). 

Boontham, W., Angchuan, J., Boonmak, Ch., & Srisuk, N. (2019). Limtongozyma siamensis 
gen. nov., sp. Nov., a yeast species in the Saccharomycetales and reassignment of 
Candida cylindracea to the genus Limtongozyma. International Journal of Systematic and 
Evolutionary Microbiology, 70(1), 199-203.  



	 	 Karnitskiy,	F.	
	

	 29	

Buée, M., Reich, M., Murat, C., Morin, E., Nilsson, R. H., Uroz, S., & Martin, F. (2009). 454 
Pyrosequencing analyses of forest soils reveal an unexpectedly high fungal diversity. 
New Phytologist, 184(2), 449–456. 

Cappelli, A., Favia, G., & Ricci, I. (2021). Wickerhamomyces anomalus in Mosquitoes: A 
Promising Yeast-Based Tool for the "Symbiotic Control" of Mosquito-Borne Diseases. 
Frontiers in microbiology, 11, 621605.  

Carmichael, J. W. (1966). Cerebral mycetoma of trout due to a phialophora-like fungus. 
Sabouraudia, 120-123.  

Castañeda Ruiz, R. F., & Heredia, G. (2000). Two new dematiaceous hyphomycetes on Cyathea 
from Mexico. Cryptogamie Mycologie, 21(4), 221-228. 

Castillo Lopez, D., Zhu-Salzman, K., Ek-Ramos, M. J., Sword, G. A. (2014) The 
Entomopathogenic Fungal Endophytes Purpureocillium lilacinum (Formerly 
Paecilomyces lilacinus) and Beauveria bassiana Negatively Affect Cotton Aphid 
Reproduction under Both Greenhouse and Field Conditions. PLoS ONE, 9(8), e103891. 

Cho, Y., Kim, J. S., Dai, Y-C., Gafforov, Y., & Lim, Y. W. (2021). Taxonomic evaluation of 
Xylodon (Hymenochaetales, Basidiomycota) in Korea and sequence verification of the 
corresponding species in GenBank. PeerJ, 9. 

Contreras-Cornejo, H. A., Macías-Rodríguez, L., del-Val, E., & Larsen, J. (2016). Ecological 
functions of Trichoderma spp. and their secondary metabolites in the rhizosphere: 
interactions with plants. FEMS microbiology ecology, 92(4). 

Creuwels, J., and Pieterse, S. (2022). Clavispora lusitaniae Rodr.Mir., 1979. Checklist Dutch 
Species Register - Nederlands Soortenregister. Naturalis Biodiversity Center. Checklist 
dataset https://doi.org/10.15468/rjdpzy. Retrieved on January 16th, 2023. 

Crous, P. W., Giraldo, A., Hawksworth, D.L., Robert, V., Kirk, P. M., Guarro, J., Robbertse, B., 
Schoch, C.L., Damm, U., Trakunyingcharoen, T., & Groenewald, J. Z. (2014). The 
Genera of Fungi: fixing the application of type species of generic names. IMA Fungus, 
5(1), 141-160. 

Cui, J-L., Vijayakumar, V., & Zhang, G. (2018) Partitioning of Fungal Endophyte Assemblages 
in Root-Parasitic Plant Cynomorium songaricum and Its Host Nitraria tangutorum. 
Frontiers in Microbiology, 9, 666. 

De Mattos-Shipley, K. M. J., Ford, K. L., Alberti, F., Banks, A. M., Bailey, A. M., & Foster, G. 
D. (2016). The good, the bad and the tasty: The many roles of mushrooms. Studies in 
Mycology, 85, 125–157. 

De Vega, C., Arista, M., Ortiz, P. L., & Talavera, S. (2010). Anatomical relations among 
endophytic holoparasitic angiosperms, autotrophic host plants and Mycorrhizal fungi: A 
novel tripartite interaction. American Journal of Botany, 97(5), 730-737. 

Diaz-González, S., Marín, P., Sánchez, R., Arribas, C., Kruse, J., González-Melendi, P., 
Brunner, F., & Sacristán, S. (2020). Mutualistic Fungal Endophyte Colletotrichum 
tofieldiae Ct0861 Colonizes and Increases Growth and Yield of Maize and Tomato 
Plants. Agronomy, 10(10), 1493. 

Dolatabad, H. K., Javan-Nikkhah, M. & Shier, W. T. (2017). Evaluation of antifungal, phosphate 
solubilisation, and siderophore and chitinase release activities of endophytic fungi from 
Pistacia vera. Mycological Progress, 16, 777-790. 

Douanla-Meli, C. & Scharnhorst, A. (2021). Palm Foliage as Pathways of Pathogenic 
Botryosphaeriaceae Fungi and Host of New Lasiodiplodia Species from Mexico. 
Pathogens, 10, 1297. 



	 	 Karnitskiy,	F.	
	

	 30	

Dupont, A. Ö. C., Griffiths, R. I., Bell, T., & Bass, D. (2016). Differences in soil micro-
eukaryotic communities over soil pH gradients are strongly driven by parasites and 
saprotrophs. Environmental Microbiology, 18(6), 2010–2024. 

Durán Graeff, L., Seidel, D., Vehreschild, M. J., Hamprecht, A., Kindo, A., Racil, Z., Demeter, 
J., De Hoog, S., Aurbach, U., Ziegler, M., Wisplinghoff, H., Cornely, O. A., & 
FungiScope Group (2017). Invasive infections due to Saprochaete and Geotrichum 
species: Report of 23 cases from the FungiScope Registry. Mycoses, 60(4), 273–279. 

Félix, C., Salvatore, M. M., DellaGreca, M., Meneses, R., Duarte, A. S., Salvatore, F., Naviglio, 
D., Gallo, M., Jorrin-Novo, J. V., Alves, A., Andolfi, A., & Esteves, A. C. 
(2018). Production of toxic metabolites by two strains of Lasiodiplodia theobromae, 
isolated from a coconut tree and a human patient. Mycologia, 1–12. 

Feng, Y., Blunt, J. W., Cole, A. L. J., & Munro, M. H. G. (2004). Novel Cytotoxic 
Thiodiketopiperazine Derivatives from a Tilachlidium sp. Journal of Natural Products, 
67(12), 2090–2092. 

Fernández-López, J., Telleria, M. T., Dueñas, M., Wilson, A. W., Padamsee, M., Buchanan, P. 
K., Mueller, G. M., & Martín, M. P. (2019). Addressing the diversity of Xylodon 
raduloides complex through Integrative Taxonomy. IMA Fungus, 10(1). 

Ghahremani, Z., Escudero, N., Saus, E., Gabaldón, T., & Sorribas, F. J. (2019). Pochonia 
chlamydosporia Induces Plant-Dependent Systemic Resistance to Meloidogyne incognita. 
Frontiers in plant science, 10, 945.  

Giovaninni, L., Palla, M., Agnolucci, M., Avio, L., Sbrana, C., Turrini, A., & Giovannetti, M. 
(2020). Arbuscular Mycorrhizal Fungi and Associated Microbiota as Plant Biostimulants: 
Research Strategies for the Selection of the Best Performing Inocula. MDPI, 10, 106.  

Giraldo, A., & Crous, P. W. (2019). Inside Plectosphaerellaceae. Studies in Mycology, 92, 227-
286. 

Goettel, M. S., Koike, M., Kim, J. J., Aiuchi, D., Shinya, R., & Brodeur, J. (2008). Potential of 
Lecanicillium spp. for management of insects, nematodes and plant diseases. Journal of 
invertebrate pathology, 98(3), 256–261.  

Gold, S. E., Casale, W. L., & Keen, N. T. (1991). Characterization of two β-tubulin genes from 
Geotrichum candidum. MGG Molecular & General Genetics, 230(1-2), 104–112. 

Gonzalez-Menendez, V., Martin, J., Siles, J. A., Gonzalez-Tejero, M. R., Reyes, F., Platas, G., 
Tormo, J. R., & Genilloud, O. (2017). Biodiversity and chemotaxonomy of Preussia 
isolates from the Iberian Peninsula. Mycological Progress, 16(7), 713–728. 

Govaerts, R., Nic Lughadha, E., Black, N., Turner, R. & Paton, A. (2021). The World Checklist 
of Vascular Plants, a continuously updated resource for exploring global plant diversity. 
Scientific Data, 8, 215. 

Grum-Grzhimaylo, A. A., Georgieva, M. L., Bondarenko, S. A., Debets, A. J. M., & Bilanenko, 
E. N. (2015). On the diversity of fungi from soda soils. Fungal Diversity, 76, 27-74. 

Guevara-Suarez, M., García, D., Cano-Lira, J. F., Guarro, J., & Gené, J. (2019). Species diversity 
in Penicillium and Talaromyces from herbivore dung, and the proposal of two new 
genera of penicillium-like fungi in Aspergillaceae. Fungal Systematic and Evolution, 5, 
39-75. 

Guindon, S., Dufayard, J. F., Lefort, V., Anisimova, M., Hordijk W. & Gascuel, O. (2010). New 
Algorithms and Methods to Estimate Maximum-Likelihood Phylogenies: Assessing the 
Performance of PhyML 3.0. Systematic Biology, 59(3), 307-21. 



	 	 Karnitskiy,	F.	
	

	 31	

Hadj Taieb, K., Gharsalla, H., Ksentini, I., Schuster, C., Bravo, M. F., Jurado, I. G., Quesada-
Moraga, E., Leclerque, A., Triki, M. A., & Ksantini, M. (2019). Phytopathogenic and 
antagonistic potentialities of fungi associated with pistachio bark beetle, Chaetoptelius 
vestitus (Coleoptera, Curculionidae), infesting pistachio (Pistacia vera) in Tunisia. 
Journal of Applied Microbiology. 

Hanseniaspora. (2020). Retrieved from 
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=29832&l
vl=3&lin=f&keep=1&srchmode=1&unlock on January 17th, 2023.  

Held, B. W., Simeto, S., Rajtar, N. N., Cotton, A. J., Showalter, D. N., Bushley, K. E., & 
Blanchette, R. A. (2021). Fungi associated with galleries of the emerald ash borer. Fungal 
Biology, 125(7), 551–559. 

Hidayati, S. N. and Walck, J. L. (2015). A Review of the Biology of Rafflesia: What Do We 
Know and What’s Next? Buletin Kebun Raya, 19(2), 67-78. 

Hirooka, Y., Rossman, A. Y., & Chaverri, P. (2011). A morphological and phylogenetic revision 
of the Nectria cinnabarina species complex. Studies in Mycology, 68, 35–56. 

Hongsanan, S., Hyde, K. D., Phookamsak, R., Wanasinghe, D. N., McKenzie, E. H. C., Sarma, 
V. V., Boonmee, S., Lücking, R., Bhat, D. J., Liu, N. G., Tennakoon, D. S., Pem, D., 
Karunarathna, A., Jiang, S. H., Jones, E. B. G., Phillips, A. J. L., Manawasinghe, I. S., 
Tibpromma, S., Jayasiri, S. C., Sandamali, D. S., Jayawardena, R. S., Wijayawardene, N. 
N., Ekanayaka, A. H., Jeewon, R., Lu, Y. Z., Dissanayake, A. J., Zeng, X. Y., Luo, Z. L., 
Tian, Q., Phukhamsakda, C., Thambugala, K. M., Dai, D. Q., Chethana, K. W. T., 
Samarakoon, M. C., Ertz, D., Bao, D. F., Doilom, M., Liu, J. K., PérezOrtega, S., Suija, 
A., Senwanna, C., Wijesinghe, S. N., Konta, S., Niranjan, M., Zhang, S. N., Ariyawansa, 
H. A., Jiang, H. B., Zhang, J. F., Norphanphoun, C., de Silva, N., Thiyagaraja, V., Zhang, 
H., Bezerra, J. D. P., Miranda-González, R., Aptroot, A., Kashiwadani, H., 
Harishchandra, D., Sérusiaux, E., Aluthmuhandiram, J. V. S., Abeywickrama, P. D., 
Devadatha, B., Wu, H. X., Moon, K. H., Gueidan, C., Schumm, F., Bundhun, D., 
Mapook, A., Monkai, J., Chomnunti, P., Suetrong, S., Chaiwan, N., Dayarathne, M. C., 
Yang, J., Rathnayaka, A. R., Bhunjun, C. S., Xu, J. C., Zheng, J. S., Liu, G., Feng, Y., & 
Xie, N. (2020). Refined families of Dothideomycetes: Sothideomycetidae and 
Pleosporomycetidae. Mycosphere, 11(1), 1553-2107. 

Jacinto, V. (n.d.). Basidiomycota. Retrieved from https://idfg.idaho.gov/species/taxa/69  
Jaklitsch, W. M., & Voglmayr, H. (2016). Hidden diversity in Thyridaria and a new 

circumscription of the Thyridariaceae. Studies in Mycology, 85, 35–64. 
James, T. Y., Stajich, J. E., Hittinger, C. T., & Rokas, A. (2020). Toward a Fully Resolved 

Fungal Tree of Life. Annual Review of Microbiology, 74(1). 
Jeffries, P. (1995). Biology and ecology of mycoparasitism. Canadian Journal of Botany, 73(S1), 

1284–1290. 
Joost R. E. (1995). Acremonium in fescue and ryegrass: boon or bane? A review. Journal of 

animal science, 73(3), 881–888. 
Junker, K., Chailyan, A., Hesselbart, A., Forster, J., & Wendland, J. (2019). Multi-omics 

characterization of the Necrotrophic Mycoparasite saccharomycopsis schoenii. PLOS 
Pathogens, 15(5). 

Kandemir, H., Dukik, K., de Melo Teixeira, M., Benjamin Stielow, J., Zohra Delma, F., Al-
Hatmi, A. M. S., Ahmed, S. A., Ilkit, M., & Sybren de Hoog, G. (2022). Phylogenetic 
and ecological reevaluation of the order Onygenales. Fungal Diversity, 115, 1–72. 



	 	 Karnitskiy,	F.	
	

	 32	

Kleemann, J., Rincon-Rivera, L. J., Takahara, H., Neumann, U., van Themaat, E. V. L., van der 
Does, H. C., Hacquard, S., Stuber, K., Will, I., Schmalenbach, W., Schmeizer, E., & 
O’Connell, R. J. (2012). Sequential Delivery of Host-Induced Virulence Effectors by 
Appressoria and Intracellular Hyphae of the Phytopathogen Colletotrichum 
higginsianum. PLoS Pathogens, 8(4). 

Kurtzman, C. P., & Robnett, Ch. J. (2007). Multigene phylogenetic analysis of 
the Trichomonascus, Wickerhamiella and Zygoascus yeast clades, and the proposal 
of Sugiyamaella gen. nov. and 14 new species combinations. FEMS Yeast Research, 7(1), 
141–151. 

Kurtzman, C. P., Robnett, C. J., & Basehoar-Powers, E. (2008). Phylogenetic relationships 
among species of Pichia, Issatchenkia and Williopsis determined from multigene 
sequence analysis, and the proposal of Barnettozyma gen. nov., Lindnera gen. nov. and 
Wickerhamomyces gen. nov. FEMS Yeast Research, 8(6), 939-54. 

Kurtzman, C. P. (2015). Description of Martiniozyma gen. nov. and transfer of seven Candida 
species to Saturnispora as new combinations. Antonie Van Leeuwenhoek, 108(4), 803-
809.  

Kurtzman, C. P. (2011). Chapter 53 - Ogataea Y. Yamada, K. Maeda & Mikata (1994). The 
Yeasts, 5, 645-671. 

Kurtzman, C. P., & Smith, M. T. (2011). Myxozyma van der Walt, Weijman & von Arx (1981). 
The Yeasts, 1303–1312. 

Kuuskeri, J., Häkkinen, M., Laine, P., Smolander, O.-P., Tamene, F., Miettinen, S., Nousiainen, 
P., Kemell, M., Auvinen, P., & Lundell, T. (2016). Time-scale dynamics of proteome and 
transcriptome of the white-rot fungus Phlebia radiata: growth on spruce wood and decay 
effect on lignocellulose. Biotechnology for Biofuels, 9(1). 

Kwa´sna, H., Szewczyk, W., Baranowska, M., Gallas, E., Wi´sniewska, M., & Behnke-
Borowczyk, J. (2021). Mycobiota Associated with the Vascular Wilt of Poplar. Plants, 
10, 892.  

Lachance, M. A., & Starmer, W. T. (2008). Kurtzmaniella gen. nov. and description of the 
heterothallic, haplontic yeast species Kurtzmaniella cleridarum sp. nov., the teleomorph 
of Candida cleridarum. International Journal of Systematic and Evolutionary 
Microbiology, 58(2), 520-524.  

Lance, A. C., Carrino-Kyker, S. R., Burke, D. J., & Burns, J. H. (2020). Individual Plant-Soil 
Feedback Effects Influence Tree Growth and Rhizosphere Fungal Communities in a 
Temperate Forest Restoration Experiment. Frontiers in Ecology and Evolution, 7. 

Li, L., Xia, T., & Yang, H. (2022). Seasonal patterns of rhizosphere microorganisms suggest 
carbohydrate-degrading and nitrogen-fixing microbes contribute to the attribute of full-
year shooting in woody bamboo Cephalostachyum pingbianense. Frontiers in 
Microbiology, 13. 

Liu, X. Z., Wang, Q. M., Göker, M., Groenewald, M., Kachalkin, A.V., Lumbsch, H.T., 
Millanes, A.M., Wedin, M., Yurkov, A.M., Boekhout, T., & Bai, F. Y. (2016). Towards 
an integrated phylogenetic classification of the Tremellomycetes. Studies in Mycology, 
81, 85-147.  

Liu, Y., Qu, Z.-L., Liu, B., Ma, Y., Xu, J., Shen, W.-X., & Sun, H. (2021). The Impact of Pine 
Wood Nematode Infection on the Host Fungal Community. Microorganisms, 9(5), 896. 

Lombard, L., Shivas, R. G., To-Anun, C., & Crous, P. W. (2012). Phylogeny and taxonomy of 
the genus Cylindrocladiella. Mycological Progress, 11(4), 835–868. 



	 	 Karnitskiy,	F.	
	

	 33	

Lombard, L., & Crous, P. W. (2012). Phylogeny and taxonomy of the genus Gliocladiopsis. 
Persoonia - Molecular Phylogeny and Evolution of Fungi, 28(1), 25–33. 

Lopes, M. R., Santos, A. R. O., Moreira, J. D., Santa-Brígida, R., Martins, M. B., Pinto, F. O., 
Valente, P., Morais, P. B., Jacques, N., Grondin, C., Casaregola, S., Lachance, M. A., & 
Rosa, C. A. (2019). Kurtzmaniella hittingeri f.a., sp. nov., isolated from rotting wood and 
fruits, and transfer of three Candida species to the genus Kurtzmaniella as new 
combinations. International journal of systematic and evolutionary microbiology, 69(5), 
1504–1508. 

Loyd, A. L., Linder, E. R., Anger, N. A., Richter, B. S., Blanchette, R. A., & Smith, J. A. (2018). 
Pathogenicity of Ganoderma Species on Landscape Trees in the Southeastern United 
States. Plant Disease, 102(10), 1944–1949. 

Lozano, Y. M., Aguilar-Trigueros, C. A., Roy, J. and Rillig, M.C. (2021). Drought induces shifts 
in soil fungal communities that can be linked to root traits across 24 plant species. New 
Phytologist, 232(5), 1917-1929.  

Maharachchikumbura, S. S. N., Hyde, K. D., Groenewald, J. Z., Xu, J., & Crous, P. W. 
(2014). Pestalotiopsis revisited. Studies in Mycology, 79, 121–186. 

Markakis, E. A., Kavroulakis, N., Ntougias, S., Koubouris, G. C., Sergentani, C. K., & 
Ligoxigakis, E. K. (2017). Characterization of Fungi Associated With Wood Decay of 
Tree Species and Grapevine in Greece. Plant Disease, 101(11), 1929–1940. 

Minter, D. W. (2009). Cyberlindnera, a replacement name for Lindnera Kurtzman et al., nom. 
illegit. Mycotaxon, 110(1), 473–476. 

Molina, J., Hazzouri, K. M., Nickrent, D., Geisler, M., Meyer, R. S., Pentony, M. M., Flowers, J. 
M., Pelser, P., Barcelona, J., Inovejas, S. A., Uy, I., Yuan, W., Wilkins, O., Michel, C. I., 
Locklear, S., Concepcion, G. P., & Purugganan, M. D. (2014). Possible loss of the 
chloroplast genome in the parasitic flowering plant Rafflesia lagascae (Rafflesiaceae). 
Molecular biology and evolution, 31(4), 793–803.  

Molina, J., McLaughlin, W., Wallick, K., Pedales, R., Marius, M. V., Tandang, D. N., Damatac 
11, A., Stuhr, N., Pell, S. K., Lim, T. M., & Novy, A. (2017). Ex Situ Propagation of 
Philippine Rafflesia in the United States: Challenges and Prospects. Sibbaldia: The 
International Journal of Botanic Garden Horticulture, (15), 77- 96. 

Molina, J., Wicaksono, A., Michael, T. P., Kwak, S.-H., Pedales, R. D., Joly-Lopez, Z., Petrus, 
S., Mamerto, A., Tomek, B., Ahmed, S., Maddu, V., Yakubova, K., Tandang, D., Morin, 
J. W., Park, S.-Y., Lee, H.-O., McLaughlin, W., Wallick, K., Adams, J., Novy, A., Pell, 
S., & Purugganan, M. D. (2023). The seed transcriptome of Rafflesia reveals horizontal 
gene transfer and convergent evolution: Implications for conserving the world’s largest 
flower. Plants People Planet.  

Moretti, A., & Sarrocco, S. (2016). Fungi. Encyclopedia of Food and Health, 162–168. 
Morgan-Jones, G. (1978). Notes on Hyphomycetes. XXV. Concerning Eversia subopaca. 

Mycotaxon, 7(2), 333-336. 
Nais J. (2001). Rafflesia of the world. Borneo (Kota Kinabalu): Natural History Publications. 
Nago, H., & Matsumoto, M. (2014). An Ecological Role of Volatiles Produced by Lasiodiplodia 

theobromae. Bioscience, Biotechnology, and Biochemistry, 58(7), 1267–1272. 
Naumov, G. I., Naumova, E. S., Smith, M. T., & de Hoog, G. S. (2003). Ribosomal DNA 

sequencing and reinstatement of the genus Arthroascus von Arx. The Journal of General 
and Applied Microbiology, 49(5), 267-270.  



	 	 Karnitskiy,	F.	
	

	 34	

Nbrazee. (2020, May 28). Boxwood: Common health issues in the landscape. Center for 
Agriculture, Food, and the Environment. 

NCBI Taxonomy. (n.d.). Kodamaea. 
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=77850&l
vl=3&lin=f&keep=1&srchmode=1&unlock  

NCBI Taxonomy. (n.d.). Pyrenochaeta. 
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=285810
&lvl=3&lin=f&keep=1&srchmode=1&unlock 

NCBI Taxonomy. (n.d.). Rhinocladiella.  
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=5587&lvl=3&li

n=f&keep=1&srchmode=1&unlock 
NCBI Taxonomy. (n.d.). Roussoella. 

https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=63193&l
vl=3&lin=f&keep=1&srchmode=1&unlock  

NCBI Taxonomy. (n.d.). Sporopachydermia. 
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=45793&l
vl=3&lin=f&keep=1&srchmode=1&unlock 

NCBI Taxonomy. (n.d.). Wardomycopsis. 
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=456820
&lvl=3&lin=f&keep=1&srchmode=1&unlock 

Nelson, A., Vandegrift, R., Carroll, G. C., & Roy, B. A. (2020). Double lives: transfer of fungal 
endophytes from leaves to woody substrates. PeerJ, 9341. 

Ng, S. M., Lee, X. W., Mat-Isa, M. N., Aizat-Juhari, M. A., Adam, J. H., Mohamed, R., Wan, 
K.-L., & Firdaus-Raih, M. (2018). Comparative analysis of nucleus-encoded plastid-
targeting proteins in Rafflesia cantleyi against photosynthetic and non-photosynthetic 
representatives reveals orthologous systems with potentially divergent 
functions. Scientific Reports, 8, 17258. 

Oh, S. Y., Park, M. S., Cho, H. J., & Lim, Y. W. (2018). Diversity and effect of Trichoderma 
isolated from the roots of Pinus densiflora within the fairy ring of pine mushroom 
(Tricholoma matsutake). PLoS One, 13(11). 

Parlucha, J. A., Soriano, J. K. R., Yabes, M. D., Pampolina, N. M. & Tadiosa, E. R. (2021). 
Species and functional diversity of macrofungi from protected areas in mountain forest 
ecosystems of Southern Luzon, Philippines. Tropical Ecology, 62, 359-367. 

Pawlowska, J., Okrasinska, A., Kisto, K., Aleksandrzak-Piekarczyk, T., Szatraj, K., Dolatabadi, 
S., & Muszewska, A. (2019). Carbon assimilation profiles of mucoralean fungi show 
their metabolic versatility. Nature Research, 9, 11864. 

Peng, Y., Li, S. J., Yan, J., Tang, Y., Cheng, J. P., Gao, A. J., Yao, X., Ruan, J.J., & Xu, B. L. 
(2021). Research Progress on Phytopathogenic Fungi and Their Role as Biocontrol 
Agents. Frontiers in Microbiology, 12, 670135. 

Penicillium. microbewiki. (n.d.). https://microbewiki.kenyon.edu/index.php/Penicillium  
Pennerman, K. K., Yin, G., Glenn, A. E., & Bennett, J. W. (2020). Identifying candidate 

Aspergillus pathogenicity factors by annotation frequency. BMC Microbiology, 20(1). 
Pereyra, M. M., Díaz, M. A., Meinhardt, F., & Dib, J. R. (2020). Effect of stress factors 

associated with postharvest citrus conditions on the viability and biocontrol activity of 
Clavispora lusitaniae strain 146. PLOS ONE, 15(9).  



	 	 Karnitskiy,	F.	
	

	 35	

Pham, T. T., Dinh, K. V., & Nguyen, V. D. (2021). Biodiversity and Enzyme Activity of Marine 
Fungi with 28 New Records from the Tropical Coastal Ecosystems in Vietnam. 
Mycobiology, 49(6), 559-581. 

Piombo, E., Guaschino, M., Jensen, D. F., Karlsson, M., & Dubey, M. (2023). Insights into the 
ecological generalist lifestyle of Clonostachys fungi through analysis of their predicted 
secretomes. Frontiers in Microbiology, 14. 

Porras-Alfaro, A., & Bayman P. (2011). Hidden Fungi, Emergent Properties: Endophytes and 
Microbiome. Annual Review of Phytopathology, 49, 291-315.  

Praphailong, W., & Fleet, G. H. (1999). DEBARYOMYCES. Encyclopedia of Food 
Microbiology, 515–520. 

Prasannath, K., Shivas, R. G., Galea, V. J., & Akinsanmi, O. A. (2021). 
NeopestalotiopsisSpecies Associated with Flower Diseases of Macadamia integrifolia in 
Australia. Journal of fungi (Basel, Switzerland), 7(9), 771.  

Prasongsuk, S., Lotrakul, P., Ali, I., Bankeeree, W., & Punnapayak, H. (2018). The current status 
of Aureobasidium pullulans in biotechnology. Folia microbiologica, 63(2), 129–140.  

Presley, G. N., Zhang, J., Purvine, S. O., & Schilling, J. S. (2020). Functional Genomics, 
Transcriptomics, and Proteomics Reveal Distinct Combat Strategies Between Lineages of 
Wood-Degrading Fungi With Redundant Wood Decay Mechanisms. Frontiers in 
Microbiology, 11, 1646. 

Promputtha, I., Lumyong, S., Dhanasekaran, V., McKenzie, E. H., Hyde, K. D., & Jeewon, R. 
(2007). A phylogenetic evaluation of whether endophytes become saprotrophs at host 
senescence. Microbial Ecology, 53(4), 579-90. 

Raimondo, M. L., Lops, F., & Carlucci, A., Dr (2021). First report of Phaeoacremonium 
amygdalinum associated with almond dieback and wood disease in Italy. Plant disease, 
10.1094/PDIS-03-21-0565-PDN. Advance online publication.  

Rashmi, M., Kushveer, J.S., & Sarma, V.V. (2019). A worldwide list of endophytic fungi with 
notes on ecology and diversity. Mycosphere, 10(1), 798–1079. 

Reblova, M., Seifert, K. A., Fournier, J. & Stepanek, V. (2016). Newly recognised lineages of 
perithecial ascomycetes: the new orders Conioscyphales and Pleurotheciales. Persoonia, 
37, 57-81. 

Rebnegger, C., Vos, T., Graf, A. B., Valli, M., Pronk, J. T., Daran-Lapujade, P., & Mattanovich, 
D. (2016). Pichia pastoris Exhibits High Viability and a Low Maintenance Energy 
Requirement at Near-Zero Specific Growth Rates. Applied and environmental 
microbiology, 82(15), 4570–4583.  

Redman, R. S., Dunigan, D. D., & Rodriguez, R. J. (2001). Fungal symbiosis from mutualism to 
parasitism: who controls the outcome, host or invader? New Phytologist, 151, 705-716.  

Refaei, J., Jones, E. B. G., Sakayaroj, J., & Santhanam, J. (2011). Endophytic fungi from 
Rafflesia cantleyi: species diversity and antimicrobial activity. Mycosphere, 24, 429–447. 

Riebesehl, J., Yurchenko, E., Nakasone, K. K., & Langer, E. (2019). Phylogenetic and 
morphological studies in Xylodon (Hymenochaetales, Basidiomycota) with the addition 
of four new species. MycoKeys, 47, 97–137.  

Riedl, H. (1972). A model proposed for the process of evolution with special reference to plants. 
Acta Biotheoretica, 21(1-2), 63–85. 

Rodriguez, R. J., White, J. F. Jr., Arnold, A. E. & Redman, R. S. (2009). Fungal endophytes: 
diversity and functional roles. New Phytologist, 182(2), 314– 330. 



	 	 Karnitskiy,	F.	
	

	 36	

Rosa, C. A., & Lachance, M. A. (1998). The yeast genus Starmerella gen. nov. and Starmerella 
bombicola sp. nov., the teleomorph of Candida bombicola (Spencer, Gorin & Tullock) 
Meyer & Yarrow. International Journal of Systematic and Evolutionary Microbiology, 
48(4), 1413-1417.  

Rossman, A. Y., Farr, D. F., & Akulov, A. (2008). Cosmospora stegonsporii sp. nov.. Fungal 
Planet, 23. 

Sajid, M., Srivastava, S., Yadav, R. K., Singh, H., Singh, S., & Bharadwaj, M. (2022). 
Composition and Ecological Functionality of Fungal Communities Associated with 
Smokeless Tobacco Products Mainly Consumed in India. Microbiology Spectrum, 10(4). 

Santos, A. C. C., Borges, L. D. F., Rocha, N. D. C., de Carvalho Azevedo, A. V., Bonetti, A. M., 
dos Santos, A. R., da Rocha Fernandes, G., Dantas, R. C. C., & Ueira-Vieira, C. 
(2023). Bacteria, yeasts, and fungi associated with larval food of Brazilian native 
stingless bees. Scientific Reports, 13, 5147. 

Sharma, L., & Marques, G. (2018). Fusarium, an Entomopathogen-A Myth or Reality?. 
Pathogens (Basel, Switzerland), 7(4), 93. 

Silva, M., Barreto, R. W., Pereira, O. L., Freitas, N. M., Groenewald, J. Z., & Crous, P. W. 
(2016). Exploring fungal mega-diversity: Pseudocercospora from Brazil. Persoonia, 37, 
142–172.  

Silva, R. A. F. D., de Almeida, C. P., Reis, A., Aguiar, F. M., Chaverri, P., & Pinho, D. B. 
(2020). Three new species of Gliocephalotrichum causing fruit rot on different hosts from 
Brazil. Mycologia, 112(5), 1003–1016.  

Smith, M. T., & Kurtzman, C. P. (2011). Lipomyces Lodder & Kreger-van Rij (1952). The 
Yeasts, 545–560.  

Smith, D. R. (2018). Lost in the Light: Plastid Genome Evolution in Nonphotosynthetic Algae. 
Plastid Genome Evolution, 29–53. 

Soto, E., Richey, Ch., Reichley, S. R., Stevens, B., Kenelty, K. V., Lewis, J., Byrne, B., 
Wiederhold, N. P., Waltzek, T. B., Sheley, M. F., Camus, A. C., & Griffin, M. J. (2017). 
Diversity of Veronaea botryose from different hosts and evaluation of laboratory 
challenge models for phaeohyphomycosis in Acipenser transmontanus. Diseases of 
Aquatic Organisms, 125, 7-18. 

Suzuki, M., & Nakase, T. (1998). Cellular Neutral Sugar Compositions and Ubiquinone Systems 
of the Genus Candida. Microbiology And Culture Collections (Japan), 14(2), 49-62. 

Tuo, Y., Rong, N., Hu, J., Zhao, G., Wang, Y., Zhang, Z., Qi, Z., Li, Y., & Zhang, B. (2022). 
Exploring the Relationships between Macrofungi Diversity and Major Environmental 
Factors in Wunvfeng National Forest Park in Northeast China. Journal of Fungi, 8, 98. 

Tyagi, S., Dube, V. P., & Charaya, M. U. (1990). Biological control of the purple blotch of onion 
caused by Alternaria porri (Ellis) Ciferri. Tropical Pest Management, 36(4), 384–386. 

Unknown. (n.d.). Ascomycota. Retrieved from https://ascomycete.org/Ascomycota 
Valente, M. T., Infantino, A., & Aragona, M. (2011). Molecular and functional characterization 

of an endoglucanase in the phytopathogenic fungus Pyrenochaeta lycopersici. Current 
Genetics, 57(4), 241–251. 

Vazquez-Ortiz, K., Pineda-Mendoza, R. M., González-Escobedo, R., Davis, T. S., Salazar, K. F., 
Rivera-Orduña, F. N., & Zúñiga, G. (2022). Metabarcoding of mycetangia from the 
Dendroctonus frontalis species complex (Curculionidae: Scolytinae) reveals diverse and 
functionally redundant fungal assemblages. Frontiers in Microbiology, 13, 969230. 



	 	 Karnitskiy,	F.	
	

	 37	

Vega, F. E., Posada, F., Catherine Aime, M., Pava-Ripoll, M., Infante, F., & Rehner, S. A. 
(2008). Entomopathogenic fungal endophytes. Biological Control, 46(1), 72–82. 

Verkley, G. J. M., Dukik, K., Renfurm, R., Göker, M., & Stielow, J. B. (2014). Novel genera and 
species of coniothyrium-like fungi in Montagnulaceae (Ascomycota). Persoonia - 
Molecular Phylogeny and Evolution of Fungi, 32(1), 25–51. 

Waliullah, S., Fonsah, E. G., Brock, J., Li, Y., & Ali, M. E. (2022). First Report of Crown Rot of 
Banana Caused by Fusarium proliferatum in Georgia, U.S.A. Plant disease, 106(5), 1526. 

Wang, J., Chen, C., Ye, Z., Li, J., Feng, Y., & Lu, Q. (2018). Relationships Between Fungal and 
Plant Communities Differ Between Desert and Grassland in a Typical Dryland Region of 
Northwest China. Frontiers in Microbiology, 9, 2327 

Weber, H. (1985). N. J. W. Kreger-van Rij (Editor), The Yeasts — a Taxonomic Study (3rd 
revised and enlarged edition). Amsterdam 1984. Elsevier Science Publishers B V. ISBN: 
0-444-80421-8. Journal of Basic Microbiology, 25(8), 520–520.  

Wicaksono, A., Raihandhany, R., Zen, T. V., Teixeira da Silva, J. A., Agatha, A., Cristy, G. P., 
Ramadhan, A. T. K., & Parikesit, A. A. (2022). Screening Rafflesia and Sapira 
Metabolites Using a Bioinformatics Approach to Assess Their Potential as Drugs. 
Philippine Journal of Science, 151(5), 1771-1791. 

Wijayawardene, N. N., Hyde, K. D., Rajeshkumar, K. C., Hawksworth, D. L., Madrid, H., Kirk, 
P. M., Braun, U., Singh, R. V., Crous, P. W., Kukwa, M., Lucking, R., Kurtzman, C. P., 
Yurkov, A., Haelewaters, D., Aptroot, A., Thorsten Lumbsch, T., Timdal, E., Ertz, D., 
Etayo, J., Phillips, A. J. L., Groenewald, J. Z., Papizadeh, M., Selbmann, L., Dayarathne, 
M. C., Weerakoon, G., Gareth Jones, E. B., Suetrong, S., Tian, Q., Castaneda-Ruiz, R. F., 
Bahkali, A, H., Pang, K-L., Tanaka, K., Dai, D. Q., Sakayaroj, J., Hujslova, M., 
Lombard, L., Shenoy, B. D., Suija, A., Maharachchikumbura, S. S. N., Thambugala, K. 
M., Wanasinghe, D. N., Sharma, B. O., Gaikwad, S., Pandit, G., Zucconi, L., Onofri, S., 
Egidi, E., Raja, H. A., Kodsueb, R., Caceres, M. E. S., Perez-Ortega, S., Fiuza, P. O., 
Monteiro, J. S., Vasilyeva, L. N., Shivas, R. G., Prieto, M., Wedin, M., Olariaga, I., 
Lateef, A. A., Agrawal, Y., Fazeli, S. A. Sh., Amoozegar, M. A., Zhao, G. Z., Pfliegler, 
W. P., Sharma, G., Oset, M., Abdel-Wahab, M. A., Takamatsu, S., Bensch, K., de Silva, 
N. I., De Kesel, A., Karunarathna, A., Boonmee, S., Pfister, D. H., Lu, Y-Z., Luo, Z-L., 
Boonyuen, N., Daranagama, D. A., Senanayake, I. C., Jayasiri, S. C., Samarakoon, M. C., 
Zeng, X-Y., Doilom, M., Quijada, L., Rampadarath, S., Heredia, G., Dissanayake, A. J., 
Jayawardana, R. S., Perera, R. H., Tang, L. Z., Phukhamsakda, Ch, Hernandez-Restrepo, 
M., Ma, X., Tibpromma, S., Gusmao, L. F. P., Weerahewa, D., & Kukwa, M. 
(2017). Notes for genera: Ascomycota . Fungal Diversity, 86(1), 1–594.  

Xi, Z., Bradley, R. K., Wurdack, K. J., Wong, K., Sugumaran, M., Bomblies, K., Rest, J. S. & 
Davis, C. C. (2012) Horizontal transfer of expressed genes in a parasitic flowering plant. 
BMC Genomics,13, 227. 

Xu, L., Ravnskov, S., Larsen, J., Nilsson, R. H., & Nicolaisen, M. (2012). Soil fungal 
community structure along a soil health gradient in pea fields examined using deep 
amplicon sequencing. Soil Biology and Biochemistry, 46, 26–32. 

Yamada, Y., Maeda, K., & Mikata, K. (1994). The phylogenetic relationships of the hat-shaped 
ascospore-forming, nitrate-assimilating Pichia species, formerly classified in the genus 
Hansenula Sydow et Sydow, based on the partial sequences of 18S and 26S ribosomal 
RNAs (Saccharomycetaceae): the proposals of three new genera, Ogataea, Kuraishia, and 
Nakazawaea. Bioscience, Biotechnology, and Biochemistry, 58(7), 1245-57.  



	 	 Karnitskiy,	F.	
	

	 38	

Yamada, Y., Higashi, T., Ando, S. & Mikata, K. (1997). The phylogeny of strains of species of 
the genus Pichia Hansen (Saccharomycetaceae) based on the partial sequences of 18S 
ribosomal RNA: The proposals of Phaffomyces and Starmera, the new genera. Bulletin of 
the Faculty of Agriculture Shizuoka University, 47, 23-35. 

Yang, Z., Wafula, E. K., Honaas, L. A., Zhang, H., Das, M., Fernandez-Aparicio, M., Huang, K., 
Bandaranayake, P. C., Wu, B., Der, J. P., Clarke, C. R., Ralph, P. E., Landherr, L., 
Altman, N. S., Timko, M. P., Yoder, J. I., Westwood, J. H., & dePamphilis, C. W. (2015). 
Comparative transcriptome analyses reveal core parasitism genes and suggest gene 
duplication and repurposing as sources of structural novelty. Molecular Biology and 
Evolution, 32(3), 767-90. 

Yurkov, A. M., Kemler, M., & Begerow, D. (2011). Species accumulation curves and incidence-
based species richness estimators to appraise the diversity of cultivable yeasts from beech 
forest soils. PLoS ONE, 6(8).  

Zalar, P., Sybren de Hoog, G., Schroers, H. J., Frank, J. M., & Gunde-Cimerman, N. (2005). 
Taxonomy and phylogeny of the xerophilic genus Wallemia (Wallemiomycetes and 
Wallemiales, cl. et ord. nov.). Antonie Van Leeuwenhoek, 87(4), 311-28. 

Zare, R., Gams, W., Starink-Willemse, M., & Summerbell, R. C. (2007). Gibellulopsis, a 
suitable genus for Verticillium nigrescens, and Musicillium, a new genus for V. 
theobromae. Nova Hedwigia, 85(3-4), 463-489. 

Zeng, Z.-Q., & Zhuang, W.-Y. (2021). Our current understanding of the genus 
Pseudocosmospora (Hypocreales, Nectriaceae) in China. Mycological Progress, 20(4), 
419–429. 

 

 

 

 

 

 


	Characterization of the mycobiome of Rafflesia seeds: Their potential ecological roles and applications in Rafflesia propagation and conservation
	Recommended Citation

	Microsoft Word - Final Thesis w acknowledgements.docx

