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ABSTRACT

Among the approximately 160,000 described fungal species, about 0.1% possess
the capability to form specialized trapping structures through vegetative hypha or conidia
to capture nematodes for nutrient, these are known as Nematode-Trapping Fungi (NTF).
Presently, over 180 NTF species produce eight types of trapping structures have been
identified within Zoopagomycota (Zoopagales), Basidiomycota (Polyporales and
Agaricales), and Ascomycota (Orbiliomycetes). Among them, NTF in Orbiliomycetes
(ONTF) have emerged as a core group in NTF research due to they exhibit significant
potential for application in the biological control of harmful nematodes, while also holding
high research value in the theoretical studies on fungal evolution, regulation and balance of

ecosystems.

The primary research objectives in the field of nematophagous fungi revolve
around optimizing the utilization of NTF and unraveling their evolutionary processes.
Understanding the diversity and phylogenetic relationships of ONTF serves as the
foundational basis for achieving these core objectives. Therefore, this study selected
Yunnan Province, China, known for its rich biodiversity, as the research area. Soil samples
were collected from terrestrial forests, freshwater, and burned forests habitats. ONTF were
isolated and identified. The aim is to explore ONTF diversity and discover new ONTF

species
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A total of 3929 isolates representing 91 ONTF species were isolated from 3788
samples. From 1710 terrestrial soil samples and 1710 freshwater sediment samples, 1832
strains representing 49 species and 1623 strains representing 42 species of ONTF were
respectively isolated. In both habitats, Arthrobotrys is consistently dominant, with 1734
strains representing 40 species and 1536 strains representing 35 species, whereas the genera
Dactylellina and Drechslerella were detected in lower numbers, with only 98 strains
representing nine species and 60 strains representing seven species, respectively. A total of
474 strains representing 38 species of ONTF were isolated from 368 burnt forest soil
samples, with the genus Dactylellina being the dominant group (264 strains, 22 species),
follow by Drechslerella (115 strains, nine species) and Arthrobotrys (95 strains, seven

species)

This study identified 42 new NTF species, accounting for 29% of all known NTF,
indicating a substantial number of undiscovered ONTF resources in nature. Seven new
Arthrobotrys species, one new Dactylellina species, and two new Drechslerella species
were discovered from 1,710 terrestrial soil samples. Twelve new Arthrobotrys species were
obtained from 1,710 freshwater sediment samples, suggesting that aquatic habitats contain
a significant number of undiscovered NTF. Geographically, 77.3% (17 species) of the new
species were found in the northwest of Yunnan Province (three parallel rivers region),
indicating this area may be a hot-spot for NTF distribution. Furthermore, 20 new species
of rare NTF (17 new Dactylellina species and three new Drechslerella species) were
isolated from 368 burned forest soil samples. Finding so many new species in such a
limeted samples suggesting that forest fires have a significant impact on ONTF and more

rare microbial resources may be unearthed in burned forests.

The discovery of Arthrobotrys blastospora among the 42 new species holds
significant importance for the evolutionary research of ONTF. A. blastospora produces
yeast-like blastospores, which is distinct from all modern ONTFs and remarkably similar

to the earliest fossil of carnivorous fungi (Palaeoanellus dimorphus). The identification of
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this species not only confirms the authenticity of this fossil and its relationship with modern

NTF but also provides crucial information for the evolutionary of NTF.

This study provides the new insights into the diversity and distribution of ONTF,
laying the foundation for ecology and evolutionary on ONTF. Furthermore, the discovery
of new ONTF species enriches the genetic resources available for the taxonomy and

application, offering abundant materials for further investigation.

Keywords: 42 New Taxa, Burned Forest, Diversity, Nematophagous Fungi,
Orbiliomycetes, Trapping Structure
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CHAPTER 1

INTRODUCTION

1.1 Nematophagous Fungi

Nematodes and fungi are both important components of the soil ecosystem,
directly or indirectly involved in nearly all ecological processes. They play a crucial
role in maintaining the material, energy cycles and ecological balance of the soil
ecosystem (Christensen, 1989; Dighton & White, Mekonen et al., 2017; Lazarovaet al.,
2021). The interaction between nematodes and fungi is complex. On one hand, some
nematodes feed on fungi and the decomposition products of fungi serves as a source of
nutrition for nematodes (Okada et al., 2005; Morris et al., 2014). On the other hand, in
soil habitats with complex biological composition and intense competition for
resources, fungi face intense nutritional competition pressure. Through a long process
of adaptive evolution, certain soil fungi have acquired the ability to obtain nutrients
from the most abundant soil animals, nematodes. Theses fungi are known as
nematophagous fungi, which obtain nutrition by parasitizing, colonizing, poisoning,
capturing and digesting nematodes, and serve as the primary regulatory factors for
nematodes in ecosystems (Liu et al., 2009; Dackman et al., 2021). These fungi are
widely distributed in almost all soil-related habitat, including the sediment from
freshwater, marine and hot spring, the soil from forest and agricultural, animal feces,
tree trunks and bird claws. etc. (Gray, 1983; Swe et al., 2009; Dackman et al., Freitas
etal., Zhang et al., 2021; Zhang & Hyde, Liu et al., 2014).

As an important component of the natural world, parasitic nematodes such as
root-knot nematodes, cyst nematodes, pine wood nematodes and intestinal parasitic
nematodes cause significant annual losses to global agriculture, forestry, livestock
farming and even aquaculture industries. There are over 4000 known species of plant-

parasitic nematodes that pose threats to nearly all economic crops (Bernard et al., 2017;



Dayi, 2024). Traditional control methods, such as crop rotation and breeding for
nematode-resistant varieties are time-consuming, labor-intensive, and often yield
limited results (Rahman et al., 2007; Timper, 2014). Although chemical pesticides can
rapidly eradicate nematodes with good efficacy, their broad spectrum of action
(affecting not only parasitic nematodes but also harmless nematodes and even other soil
organisms) leads to disruption of ecological balance, environmental pollution, pesticide
residues and the emergence of nematode resistance (Lamberti et al., 2000; Haydock et
al., 2006; Hussain et al., 2017). Relying on chemical pesticides for nematode control is
not a sustainable solution in the long term. Therefore, the development of ecologically
friendly and long-lasting nematode bio-control agents using natural enemies of
nematodes, such as nematophagous fungi has gained widespread attention (Lamovsek
et al., 2013; Braga & de Araujo, Norabadi et al., 2014; Stirling, 2018; Ahmad et al.,
2021).

Among the approximately 160,000 described species of fungi, around 0.5% are
nematophagous fungi (Yang et al., 2012; Herrera-Estrella et al., 2016; Yadav et al.,
2023). As a highly specialized group within the fungal kingdom, the diversity and
evolution of nematophagous fungi can provide valuable insights into the origin and
evolution of fungi, making them an indispensable component in understanding the
evolutionary history of fungi. Furthermore, the predatory ability of nematophagous
fungi is often considered an adaptive evolution to nutrient-deficient habitats. Therefore,
these highly specialized fungi are regarded as ideal group for studying adaptive
evolution in biology (Yang et al., 2007, 2012). In conclusion, nematophagous fungi
possess significant research value both in practical applications and theoretical studies.

Research on nematophagous fungi can be traced back to 180 years ago. In 1839,
Corda established the genus Arthrobotrys with Arthrobotrys superba Corda as the type
species (Corda, 1839). In 1850, Fresenius reported the second new species of this genus,
A. oligospora Fresenius (Fresenius, 1850). In 1876, Sorokin observed that members of
the genus Arthrobotrys could infect nematodes (Sorokin, 1876). In 1888, Zopf observed
that members of Arthrobotrys could capture nematodes using adhesive networks,
definitively establishing the relationship between these fungi and nematodes, marking
the formal beginning of research on nematode-trapping fungi (Zopf, 1888). In 1874,
Lohde observed that Harposporium anguillulae could penetrate the body wall of



Anguillule sp. and produce conidiophores and crescent-shaped conidia (Lohde, 1874),
bringing endoparasitic fungi into the spotlight. However, research in this field stagnated
for over 20 years until Sommerstorff reported Zoophagus insidians in 1911, which
captures flagellates using adhesive spheres (Sommerstorff, 1911), and conducted a
series of studies around Zoophagus (Gicklhorn, 1922; Arnaudow, 1923; Valkanov,
1931). During this period, due to methodological limitations, progress in studying
nematophagous fungi was extremely slow. It was not until 1933 that Drechsler, with
keen observational skills, discovered that placing chopped plant root pieces on a
nutrient-poor culture medium favored the growth and reproduction of nematodes,
inducing the germination and growth of nematophagous fungi (Drechsler, 1933ab),
leading to the discovery of a series of nematophagous fungi using this method.
Drechsler and Duddington's series of studies from 1933 to 1970 gradually unveiled the
mystery of nematophagous fungi, revealing that they are not a rare group; rather, they
are widespread in various ecosystems (Drechsler, 1934, 1937, 1940, 1944, 1946, 1947,
1952, 1954; Duddington, 1940, 1951, 1955).

With the gradual optimization of isolation methods, nearly a thousand species
of nematophagous fungi have been reported. Based on their mechanisms of action on
nematodes, they can be divided into four major categories.

1. Endoparasitic fungi, first reported by Lohde (Lohde, 1874), primarily
parasitize nematodes or rotifers through their adhesive spores and ingested spores. The
adhesive spores of these fungi can adhere to the surface of nematodes and invade their
bodies. Some species can produce adhesive zoospores that are attracted to and move
towards nematodes (Barron & Percy, 1975; Glockling & Beakes, 2000). The ingested
spores are adapted to the feeding behavior of nematodes, germinate, kill and digest
them inside their bodies after being fed by nematodes (Drechsler, 1946; Li et al., 2000;
Wang et al., 2007). Some species can even produce metabolites that are attractive to
nematodes, thus increasing their chances of being eaten. Endoparasitic fungi are a
taxonomically heterogeneous group, with over 150 species reported in at least 25 genera
in the Ascomycota, Basidiomycota, Chytridiomycota, Zygomycota and Oomycota (Zare
et al., 2000; Van Vooren & Audibert, 2005; Li et al., Liang et al., 2006; Balazy et al.,
2008; Kurihara et al., 2009; Evans et al., 2010).



2. Toxic fungi refer to a group of fungi that produce metabolites to poison
nematodes (Li et al., 2000; Zhang et al., 2011). Currently, about 300 species of fungi
have been reported to possess this ability, with nearly 200 species belonging to nearly
80 genera in the Basidiomycota, and over 90 species belonging to about 40 genera in
the Ascomycota (Zhang et al., 2011). Meanwhile, there are about ten species in
Zygomycota (Zhang et al., 2011). Nematocidal metabolites produced by these fungi are
a major research topic in the field of nematophagous fungi. At present, approximately
250 nematocidal metabolites have been identified, including terpenes, macrolides,
alkaloids, peptides, heterocycles, aromatics, fatty acids, quinones and alkynes (Zhang
etal., 2011).

3. Opportunistic fungi (egg parasitic and female parasitic fungi) can
parasitize nematode eggs, cysts and female (Liu et al., 2009; Zhang et al., 2011). In
1877, German scientist Kuhn discovered that the females of the sugar beet cyst
nematode, Heterodera schachtii, were infected by a fungus, which he named Tarichium
auxiliare (Catenaria auxiliaria), marking the first reported opportunistic fungus (Kuhn,
1877). Currently, more than 400 species of opportunistic fungi have been found in over
80 genera across various taxonomic units (Li et al., 2000; Zhang et al., 2011). These
fungi typically infect hosts that are immobile or have limited mobility, serving as
unspecialized nematophagous fungi (Zhang et al., 2011). Their life cycle usually does
not depend on nematodes, and they can survive independently in soil.

4. Nematode-trapping fungi refer to a group of fungi that can form
specialized structures through vegetative hypha differentiation to capture nematodes
(Li et al., 2000; Zhang & Mo, 2006; Zhang & Hyde, 2014). The first report of these
fungi was made by Corda on Arthrobotrys superba (Corda, 1839), followed by Sorokin
and Zopf's discovery of the predatory and prey relationship between the adhesive
networks produced by Arthrobotrys and nematodes (Sorokin, 1876; Zopf, 1888). Since
then, more and more species and trapping structures have been discovered. Currently,
at least 180 species of nematode-trapping fungi have been found in Ascomycota,
Basidiomycota, and Zygomycota. Approximately 80% of these species are predatory
members of Orbiliaceae, Orbiliomycetes (Li et al., 2000; Zhang & Hyde, 2014; Jiang
etal., 2017).



Due to the objective existence of fungal diversity and evolutionary complexity,
the classification of the above four major groups is relative, and there is still significant
debate when determining the classification of a particular species. For example,
Fusarium xiangyunensis can adhere to nematodes with adhesive spores, as well as
produce toxins to paralyze nematodes (Zhang et al., 2020); Penicillium lilacinum can
parasitize nematode cysts and eggs, while also producing toxins that are lethal to
nematodes (Girardi et al., 2022; Moliszewska et al., 2022); some species in the
Dactylellina of nematode-trapping fungi produce non-constricting rings that can be
defined as trapping structures when it not detached, but can also be defined as parasitic
structures when detached from the stalk and attached to nematode body (Zhang & Mo,
2006; Zhang & Hyde, 2014).

In the terms of biological control of nematodes, most endoparasitic fungi are
specialized parasites with a narrow host range. Their life cycle largely depends on the
presence of the host nematodes or rotifers, making it difficult for these fungi to thrive
in complex and dynamic soil environments (Jaffee et al., 1993; Nordbring-Hertz et al.,
2001; Liu et al., 2009; Dackman et al., 2021). Therefore, the potential application of
this group of fungi in nematode biological control is limited. The use of nematicidal
metabolites produced by toxic fungi for nematode control essentially falls under
chemical control, which may also face the problem of increased nematode resistance.
Although toxic fungi show certain potential in the bio-control of nematodes, there are
still many issues that need to be addressed in practical applications (Degenkolb &
Vilcinskas, 2016; Nguyen et al., 2018). Opportunistic fungi do not strictly rely on
nematodes for their life cycle and can survive independently in soil. However, these
fungi generally infect weak or immobile female nematode or eggs and have weak ability
to actively kill nematodes, making them unsuitable for developing specific bio-control
agents against nematodes (Ashraf & Khan, 2005; Akhtar et al., 2015). However, many
species of these fungi, such as Paecilomyces lilacinus, Gliocladium roseum and
Trichoderma harzianum, not only can infect nematodes but also exhibit capabilities to
suppress other pathogenic microorganisms and promote plant growth (Morales et al.,
2011; Akladious & Abbas, 2014; Chen et al., 2023). Therefore, using them as raw
materials for bio-fertilizers is a good choice. It is worth noting that almost all nematode-
trapping fungi can live saprophytically or as predators in their habitats, and can



maintaining stable population sizes in most soil ecosystems (Liu et al., 2009; Singh &
Pandey, 2014; Yang et al., 2020). NTF exhibit high species and trapping structural
diversity, with strong predatory abilities, making them the most promising group for
bio-control applications among nematophagous fungi (Pandit et al., 2014; Kang et al.,
2019; Zhang et al., 2020).

Furthermore, from a theoretical research perspective, the evolution of
nematophagous function and structure is one of the core research aspects on
nematophagous fungi. Endoparasitic fungi heavily rely on nematodes, making their
isolation difficult. In addition, their parasitic structures are single, and their species are
scattered taxonomic distribution (Zhang et al., 2011). Therefore, their evolutionary
research cannot be advanced in the short term and has not received much attention. As
for toxic and opportunistic fungi, it is difficult to confirm which species, metabolites or
functional structures are specifically evolved for nematodes. Consequently, the
evolutionary research of their nematode-feeding function has been largely ignored. In
contrast, nematode-trapping fungi have become the core representative group for the
theoretical research of nematophagous fungi evolution due to their relatively mature
isolation methods, diverse and sophisticated trapping structures specifically evolved for
nematodes, rich species diversity and concentrated taxonomic distribution (Zhang &
Mo, 2006; Zhang & Hyde, 2014). Both are from practical application and theoretical
research perspectives, nematode-trapping fungi exhibit significant research value.

1.2 Nematode-Trapping Fungi (NTF)

Nematode-trapping fungi (NTF) represent a unique group of carnivorous,
asexual fungi. Under the stress of long-term nutritional deficiency, their ancestors
evolved a survival strategy of catching nematodes with specialized trapping structures
to obtain nutrition (Yang et al., 2012; Zhang et al., 2023). Due to their excellent
environmental adaptability and broad-spectrum nematode-trapping function, these
fungi have become the most promising bio-control materials for pathogenic nematodes
(Su et al., 2017; Lafta & Kasim, 2019; Moosavi & Zare, 2020). Furthermore, due to

their rich species diversity, diverse nematode-trapping structures and concentrated



taxonomic distribution, this group of fungi has also gradually become a representative
group for fungal adaptive evolution research, as well as the core group for
nematophagous fungi research (Yang et al., 2012; Li et al., 2016; Yang et al., Zhang et
al., 2020).

Since stepping onto the research stage in 1839, the study of NTF has gradually
matured over more than 180 years of accumulation (Corda, 1839). Taxonomically, NTF
comprise a heterogeneous group. Currently, over 180 NTF species belonging to
Zoopagomycota (Zoopagales), Basidiomycota (Polyporales and Agaricales) and
Ascomycota, have been discovered, producing eight types of trapping structures (Li et
al., 2000; Swe et al., 2011; Jiang et al., 2017).

Zoopagaceae, Cochlonemataceae, Helicocephalidaceae, Sigmoideomycetaceae,
and Piptocephalidaceae within Zoopagomycota (Zoopagales) all possess carnivorous
capabilities to varying degrees (Fowler, 1970; Dayal, 1975; Morikawa et al., 1993; Gams
& Zare, 2003). Among them, nematode-associated species are mainly concentrated in
Zoopagaceae and Cochlonemataceae. Within Zoopagaceae, species with clear
nematophagous functions are mainly concentrated in the genera Stylopage, Zoopage, and
Zoophagus. They predominantly capture nematodes using adhesive hyphae or adhesive
protrusions on the hyphae, representing typical nematode-trapping fungi (Drechsler, 1939,
1941; Saikawa, 2021). Carnivorous species within Cochlonemataceae are mainly
distributed among the genera Amoebophilus, Aplectosoma, Bdellospora, Cochlonema,
Endocochlus and Euryancale. They produce adhesive or ingested spores to parasitize
nematodes and other soil-dwelling animals, thus being categorized as endoparasitic fungi
(Tanabeetal., 2000; Saikawa, 2021; Rahman et al., 2023). In theory, Zoopagales is a highly
specialized group of nematophagous fungi that should be the core group for studying the
origin and evolution of carnivorous fungi. However, due to the fact that most species of
this group of fungi are strictly predatory or parasitic, isolating and cultivating them for
subsequent research is extremely difficult, and their biological and evolutionary studies are
almost stalled (Liu et al., 2009; Benny et al., 2016; Moosavi & Zare, 2020).

Within the Basidiomycota, species with nematophagous capabilities are
distributed among nearly 20 genera, with species that clearly capture nematodes using
trapping structures mainly concentrated in Agaricales and Polyporales (Tzean & Liou,
1993; Sivanandhan et al., 2017). The typical representatives of NTF in Agaricales are



Hohenbuehelia (Nematoctonus), Coprinus and Stropharia. The former captures
nematodes using small balls covered with adhesive substances, while the latter two
capture nematodes using numerous spike-like structures forming a spiny ball (Luo et
al., 2004, 2006; Koziak et al., 2007; Zouhar et al., 2013; Koziak et al., 2007).
Hyphoderma is the only genus of NTF in Polyporales, and all Hyphoderma species
catch nematodes with stephanocysts (a kind of spherical cells produced from hypha or
conidia, with a ring of spiny structures at the base and covered with sticky material on
the surface) (Liou & Tzean, 1992; Tzean & Liou, 1993; Jiang et al., 2017). In addition,
numerous studies have reported that NTF in Basidiomycota, including those with
clearly identified trapping structures, can produce rich metabolites with nematicidal
activity. Therefore, compared with their nematode-trapping functions, they are more
commonly studied as sources of nematocidal metabolites.

Nematode-trapping fungi within Ascomycota are the main constituents of NTF.
Currently, 147 species have been discovered to produce five types of trapping
structures: adhesive knobs (the relationship between stalked adhesive knobs and
unstalked adhesive knobs is debatable), adhesive branches, non-constricting rings
(usually occur together with adhesive knobs), non-constricting rings and adhesive
networks (Figure 1.1). All 147 NTF species belong to the predatory members of
Orbiliaceae (the sole family in Orbiliomycetes, the earliest diverging lineage in
Pezizomycotina) (Cooke, 1965; Zhang & Mo, 2006; Zhang & Hyde, 2014; Quijada et
al., 2020; Zhang et al., 2022abc, 2023ab, 2024; Yang et al., 2023). They exhibit both
saprophytic and carnivorous lifestyles in their habitats (Liu et al., 2009). Due to this
diverse survival strategy, NTF in Orbiliomycetes are often widely distributed in various
habitats with high abundance, serving as important regulators of nematode populations
in nature and excellent materials for developing nematode bio-control agents (Gronvold
et al., 1993; Szab¢ et al., 2012; Saxena, 2018; Moosavi & Zare, Zhang et al., 2020).
Furthermore, their high species and morphological diversity (trapping structures,
conidia, etc.), well-established research methods and concentrated taxonomic
distribution make them a core group for studying the origin and evolution of
carnivorous fungi (Ahrén & Tunlid, 2003; Li et al., 2005; Yang et al., 2007, 2012; Su
etal., 2017).



Figure 1.1 Trapping structures of nematode-trapping fungi in Orbiliomycetes. (a)
Adhesive networks. (b) A nematode caught in adhesive networks. (c)
Constricting rings. (d) Nematodes caught in constricting rings. (e)
Adhesive branches. (f) Nematodes caught in adhesive branches. (g)
Adhesive knobs. (h) A nematode caught in adhesive knobs. (i) Non-
constricting rings and adhesive knobs. Bars: (a—i) = 20 um. Red arrows

point to trapping structures and green arrows point to captured nematodes
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1.3 Nematode-Trapping Fungi in Orbiliomycetes (ONTF)

1.3.1 Orbiliomycetes

Orbiliomycetes is an early-diverging lineage within Pezizomycotina,
Ascomycota (Pfister, 1997). It is a monoorder and monofamily groups (Orbiliaceae,
Orbiliales) (Kimbrough, 1970). Research related to Orbiliomycetes can be traced back
over 220 years (Persoon, 1801; Albertini & Schweinitz, 1805; Fries, 1815). Due to
limited observation techniques at that time, researchers could only rely on macroscopic
features such as the shape, color, texture and stalk of the apothecia to identify them.
However, due to the objective existence of fungal diversity and convergent evolution,
the identification methods based on macroscopic features often resulted in
misclassification of Orbiliomycetes members into other groups such as Helotiales,
Phacidiales, Pezizales or even Basidiomycota (Persoon, 1801; Fries, 1815; Baral et al.,
2020). In 1932, Nannfeldt established Orbiliaceae based on the study of microscopic
morphological characteristics. The family included three genera: Orbilia, Hyalinia and
Patinella, and is characterized by its small, disc-shaped, waxy, translucent apothecia
with bright colors, and colorless, tiny and usually single-celled ascospores (Nannfeldt,
1932). Before the 1990’s, due to its unclear ecology and application value, Orbiliaceae
was considered an unimportant ordinary group and received little systematic research
attention. It was not until Pfister (1994) reported that the asexual generation of Orbilia
fimicola belongs to the genus Arthrobotrys (a group of ONTF with sophisticated
trapping structures and significant research and application value), that Orbiliaceae
caught the attention of mycologists, and research in this field entered a new stage. In
1997, Pfister conducted DNA molecular phylogenetic studies and discovered that
Orbiliaceae is a monophyletic group (Pfister, 1997). In 2003, Eriksson et al. found that
Orbiliaceae and Pezizales are sister groups in molecular systematic, and they also
discovered six informative nucleotides (CTAACC) on the SSU sequence that are
present in all Orbiliaceae species but rare in other fungi (Eriksson et al., 2003). Based
on these findings, Orbiliaceae was elevated to the order Orbiliales, and subsequently
to the class Orbiliomycetes (Eriksson et al., 2003). Morphologically, the presence of
highly refractive oil droplet-like structures called spore body (SB) within the
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ascospores is the main distinguishing feature between Orbiliomycetes and other cup
fungi (Baral et al., 2020).

Orbiliomycetes exhibit strong adaptability, being found in habitats ranging from
deserts to grasslands and rainforests, from dead branches and fallen leaves to animal
dung (Baral et al., 2020). Currently, the sexual-asexual relationships between
Orbiliomycetes species and representative groups of NTF (Arthrobotrys, Drechslerella,
Dactylellina) have been widely recognized (Pfister, 1994; Pfister & Liftik, 1995; Liu et
al., 2005; Yu et al., 2006). It is precisely because of these relationships that significant
progress has been made in the classification research of Orbiliomycetes. Eriksson,
Baral, and Zhang believe that Orbiliaceae includes three sexual genera: Hyalorbilia
Baral & G. Morson, Orbilia Frie and Pseudorbilia Zhang (Eriksson et al., 2003; Zhang
et al., 2007; Baral et al., 2018). Subsequently, Baral proposed that Orbiliaceae should
include seven sexual genera: Amphosoma, Bryorbilia, Liladisca, Lilapila,
Pseudorbilia, Hyalorbilia and Orbilia (Baral et al., 2020). However, due to the high
morphological diversity of anamorphic species within Orbiliomycetes, the taxonomic
study of their anamorphic stage is much more complex. At present, more than 15
asexual genera have established sex-asexual relationship with Orbiliomycetes (Baral et
al., 2020). Although there is no consensus on the taxonomic study of their asexual
generations, as a highly specialized group within Orbiliomycetes, research on ONTF
(Orbiliomycetes nematode-trapping fungi) is often conducted independently of other

species in Orbiliomycetes.

1.3.2 Research History of Nematode-Trapping Fungi in Orbiliomycetes

As the core group of nematophagous fungi, research on ONTF is the focus of
the entire study of nematophagous fungi. Its research history can be traced back to 1839
when Corda reported the first species, Arthrobotrys superba Corda, and established the
genus Arthrobotrys (Corda, 1839). In 1850, Fresenius reported the second species of
this genus A. oligospora Fresenius (Fresenius, 1850). At that time, both species were
described as saprophytic fungi. In 1870, Woronin observed that the hyphae of A.
oligospora would bend and merge into complex network structures, but the function of
this structure was not clear yet (Voronin, 1870). In 1876, Sorokin discovered that this

network structure could infect nematodes, and in 1888, Zopf confirmed that the network
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structure produced by A. oligospora could catch nematodes, marking the start of ONTF
research (Sorokin, 1876; Zopf, 1888). Subsequently, due to limitations in isolation
methods, relevant research stagnated for a long time.

The rapid development of this group fungi can be attributed to the American
scientist Drechsler (1933-1975). While studying the root-parasitic Phycomycetes and
Oomycetes of higher plants, Drechsler cultured crushed diseased roots on a nutrient-
poor medium (an environment conducive to the reproduction and growth of nematodes,
and other small animals; the presence of nematodes promoted the germination and
growth of nematophagous fungi), isolating and publishing a series of ONTF and
endoparasitic fungi (Drechsler, 1933ab, 1934, 1937, 1940, 1944, 1946, 1947, 1952,
1954). Under Drechsler's guidance, scholars found that using a nutrient-poor medium
supplemented with nematodes induction significantly increased the efficiency of ONTF
isolation. Consequently, the method for ONTF isolation gradually improved, leading to
extensive diversity surveys conducted by researchers worldwide, resulting in the
discovery of numerous new species and predatory structures. These studies highlighted
that ONTF is not a rare group, as they are widely distributed in various climates (from
polar to tropical regions) and habitat types (forests, freshwater, marine environments,
and hot springs) on diverse substrates (soil, sediments, decaying wood, tree trunks, bird
claws, and animal feces) (Soprunov & Galiulina, 1951; Duddington, 1954; Kim et al.,
Zhang et al., 2001; Su et al., 2007; Mo et al., 2008; Swe et al., 2009; Kumar et al., 2011;
Liu et la., 2014; Zhang et al., 2020). Subsequently, with the expansion of research
teams, maturation of research methods and emergence of new technologies, ONTF
research diversified into multiple directions. For example, the increasing threat of plant
and animal pathogenic nematodes drove the large-scale screening of highly effective
bio-control strains (Pandey, 1973; Graminha et al., 2005; Saxena, 2018); the discovery
of two nematicidal compounds (oligospooron and 4,5-dihydrooligosporon) pioneered
the study of nematicidal metabolites (Anderson et al., 1995); genomics and gene editing
technologies advanced the research on fungal trapping mechanisms and engineered
fungal strains (Ahman et al., 2002); the development of molecular biology techniques
propelled ONTF systematics and evolutionary studies into core areas (Yang et al., 2007,

2012; Su et al., 2017). While the current research directions are diverse, almost all
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studies can be summarized into three main questions: 1) Taxonomy and evolutionary;

2) Applications; 3) Diversity.

1.3.3 Taxonomy of Nematode-Trapping Fungi in Orbiliomycetes

Taxonomy is the fundamental basis for understanding organisms. The
taxonomy of ONTF is one of the main research contents in this field. Similar to most
other fungal, the taxonomy of ONTF has gone through a period of initial confusion,
followed by the traditional taxonomy period based on comparative morphology and the
recent molecular systematic taxonomy period. Initially, due to the high morphological
diversity, the objective existence of convergent evolution and the lack of systematic
comparative studies, ONTF species were scattered into 26 genera such as Arthrobotrys,
Anulosporium, Didymozoophaga, Dactylaria and Monacrosporiella (Zhang & Mo,
2006; Zhang et al., 2022). By 1960, through systematic comparative morphology
studies, ONTF was classified into three genera based on their morphology of conidia:
Arthrobotrys produces ovoid, elliptical, pyriform, reniform, or digitate, 0—3-septate
conidia, captures nematodes using adhesive networks, adhesive knobs and constricting
rings; Dactylella produces cylindrical, clavate, lanceolate, or fusiform conidia with
more than three septa evenly distributed, captures nematodes using adhesive networks,
adhesive knobs, and non-constricting rings, also including species without trapping
structures; Monacrosporium produces fusiform, elliptical, oval, obovate conidia with a
super cell (the cell that are significantly larger than other cells), captures nematodes
using adhesive networks, adhesive knobs, adhesive branches, non-constricting rings
and constricting rings (Figure 1.2) (Zhang & Mo, 2006). Although this classification
system largely resolved the confusion in ONTF classification, the scientific validity of
this classification system has been a subject of controversy due to differences in
emphasis on various morphological features among scholars, challenges in defining the
morphological traits of certain species, and the question of whether a classification
system based on morphological conidia can accurately reflect the natural phylogenetic
relationships within this group. Researchers have started using molecular techniques
such as restriction fragment length polymorphism (RFLP), random amplified
polymorphic DNA (RAPD), and molecular phylogenetics to investigate the
classification of ONTF (Pfister, 1997; Ahrén et al., 1998; Scholler et al., 1999; Yang et
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al., 2007, 2012; Zhang & Hyde, 2014). Ahren et al. (1998) investigated the phylogenetic
relationships of 15 ONTF species using 18S rDNA and suggested that the type of
trapping structure is more meaningful for ONTF classification compared to conidia
morphology. Scholler et al. (1999) supported the findings of Ahren et al. (1998) based
on their study of ONTF phylogenetic relationships using 18S rDNA, 5.8S rDNA, and
ITS sequences, and classifying ONTF into Dactylellina (characterized by adhesive
knobs and non-constricting rings for capturing nematodes), Gamsylella (capture
nematodes using unstalked adhesive knobs and adhesive branches), Arthrobotrys
(producing adhesive networks to catch nematodes) and Drechslerella (producing
constricting rings for capturing nematodes) (Scholler et al., 1999; Zhang & Hyde,
2014). Subsequent studies further emphasized the significant importance of trapping
structures in the classification of ONTF and refined the taxonomy of ONTF. Currently,
the classification system that divides ONTF into the genera Arthrobotrys, Dactylellina
and Drechslerella based on the type of trapping structure is widely accepted (Li et al.,
2005; Yang et al., 2007, 2012; Zhang et al., 2022, 2023).
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Figure 1.2 Conidia types of nematode-trapping fungi in Orbiliomycetes. (A)

Arthrobotrys-shaped conidia represent the conidia type produced
by Arthrobotrys species. (B) Monacrosporium-shaped conidia
represent the conidia type produced by Monacrosporium species.
(C) Dactylella-shaped conidia represent the conidia type produced
by Dactylella species
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Arthrobotrys was initially established by Corda (1839) with A. superba Corda
as the type species. Its original generic diagnosis included clustered uniseptate conidia
arising from nodes on conidiophores. Subsequently, more species were reported, and
through comparative morphological studies, the generic diagnosis were revised to
ovoid, elliptical, pyriform, reniform, or digitate, 0—3-septate conidia clusters growing
on nodes or short denticles of conidiophores (Haard, 1968; Subramanian, Schenck et
al., 1977; Zhang & Mo, 2006). Subsequent research using modern molecular biology
techniques further revised the generic characteristics of Arthrobotrys to produce
adhesive networks for capturing nematodes (Ahrén et al., 1998; Scholler et al., 1999;
Lietal., 2005; Zhang & Hyde, 2014). Currently, a total of 74 Arthrobotrys species have
been reported, making it the largest genus within ONTF (Li et al., 2000; Zhang & Mo,
2006; Swe et al., 2011; Liu et al., Zhang & Hyde, 2014; Zhang et al., 2022; Zhang et
al., 2023ab). Arthrobotrys species also exhibits the greatest diversity in conidia
morphology, which can be categorized into arthrobotrys-shaped, dactylellina-shaped
and monacrosporium-shaped three types (Figure 1.2) (Zhang & Mo, 2006). Most
Arthrobotrys species possess strong saprophytic ability, reproductive capacity and
competitive ability, allowing them to rapidly establish dominance in various habitats
(Mo et al., 2008; Wachira et al., 2009; Swe et al., 2009; Singh et al., 2014; Deng et al.,
2023). Consequently, they exhibit significant potential for development in biological
control applications.

Dactylellina was originally established by Morelet (1968) with Da. leptospora
M. Morelet as the type species, and the genus was initially defined as producing
elongate, fusiform conidia. Subsequently, Scholler et al. (1999) revised the generic
characteristics based on phylogenetic analysis of multiple DNA fragments, redefining
the genus to produce stalked adhesive knobs and non-constricting rings (occurring
simultaneously with adhesive knobs) for nematode capture. Further molecular
systematic studies further refined the generic characteristics to include adhesive knobs,
adhesive branches and non-constricting rings for nematode capture (Li et al., 2005;
Yang et al., 2007). Currently, Dactylellina comprises a total of 51 species (34 species
catch nematodes with adhesive knobs, seven with adhesive branches, and ten with both
adhesive knobs and non-constricting rings) (Li et al., 2006; Su et al., 2008; Zhang &
Hyde, 2014; Kavitha et al., Zhang et al., 2020; Crous et al., 2022). The species of
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Dactylellina exhibit various predatory structures, making them valuable in the
evolutionary study of ONTF. Additionally, Dactylellina species generally demonstrate
strong nematode predation abilities, indicating great potential for application in
nematode bio-control (Ji et al., Yang et al., 2020; Kumar, 2024).

Drechslerella is the smallest genus within ONTF with 22 species. It was
separated from Monacrosporium by Subrammanian based on the presence of
filamentous appendages on the conidia of Dr. Acrochaeta (Subramanian, 1963).
However, Liu and Zhang suggested that the filamentous appendage on the conidia are
germ tubes of the conidia germination, which is also present in many Arthrobotrys and
Dactylellina species. Therefore, this structure cannot serve as a valid taxonomic
criterion, and Drechslerella is an invalid genus (Liu & Zhang, 1994). Subsequent
molecular phylogenetic studies revealed that species producing constricting rings form
a stable clade within ONTF. As a result, these species were classified under the genus
Drechslerella, with the generic characteristics limited to producing constricting rings
for nematode capture (Ahrén et al., 1998; Scholler et al., 1999; Li et al., 2005; Yang et
al., 2012; Zhang & Hyde, 2014). Although most species within this genus exhibit
weaker saprophytic ability, reproductive capacity and predatory ability, seemingly of
limited value in nematode bio-control, the constricting ring produced by this genus
catches nematode by mechanical force generated by the rapid expansion of the three
cells that make up the ring. This unique capturing mechanism, distinct from the
adhesive material-based capture of Arthrobotrys and Dactylellina species, makes
Drechslerella a highly distinctive group within ONTF and an essential group for
studying the origin and evolution of ONTF (Zhang & Mo, 2006; Zhang & Hyde, 2014).

1.3.4 Evolutionary Research of Nematode-Trapping Fungi in Orbiliomycetes

Similar to carnivorous and succulent plants, as highly specialized groups within
the fungal kingdom, evolutionary study of ONTF is an indispensable aspect for
understanding the entire fungal evolutionary history. Unraveling the evolutionary
history of ONTF is also one of the research goals in this field. In synchrony with
taxonomic studies, the evolutionary research of ONTF has gone through two phases
based on solely morphology and combination of molecular phylogenetics analyses
(Rubner, 1996; Li et al., 2000; Li et al., 2005; Yang et al., 2007, 2012). At present, all
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evolutionary studies agree that trapping structures are crucial nutritional acquisition
mechanisms for ONTF, and predatory function is an essential reason for the widespread
distribution of ONTF. Thus, predatory structures are considered the most critical
evolutionary feature of ONTF, with their evolution trend towards enhanced predatory
ability (Rubner, 1996; Li et al., 2000; Li et al., 2005; Yang et al., 2007, 2012).

Based on the foundational assumptions, Rubner (1996) proposed that Dactylella
species that do not form trapping structures are the ancestors of ONTF. Undifferentiated
adhesive hyphae represent a primitive trapping structure, which then differentiates into
adhesive knobs. Subsequently, adhesive knobs then evolved in two different directions
to form non-constricting rings, constricting rings, and adhesive networks. Li et al. (2000)
suggests that the evolutionary trend of trapping structures should involve enhanced
predatory capability and simplified structures. Thus, adhesive hyphae are considered
the most primitive trapping structure, followed by differentiation into adhesive
networks, and then simplified into adhesive branches. Adhesive branches further
simplifying into adhesive knobs. On the other hand, the tips of adhesive branches curve
and fuse to form non-constricting rings and constricting rings. According to the
evolutionary hypothesis of Li et al. (2000), adhesive networks represent a primitive
trapping structure, while adhesive knobs and constricting rings are predatory structures
with higher evolutionary status.

With the advancement of molecular biology, based on molecular phylogenetic
studies, scholars have become increasingly convinced that trapping structures are the
key feature in the evolution of ONTF. Consequently, three evolutionary hypotheses
have been proposed. Li et al. (2005) suggest that adhesive knobs are the most primitive
trapping structure, and evolving along two paths: (1) stalked knobs evolve into adhesive
branches, two-dimensional adhesive networks and three-dimensional adhesive
networks; (2) unstalked knobs evolve into adhesive branches—stalked knobs—non-
constricting rings—constricting rings. In this hypothesis, adhesive networks and
constricting rings are considered the trapping structures with highest evolutionary
status. While Yang et al. (2007) argue that adhesive networks are a more primitive
trapping structure, non-constricting rings and constricting rings are genetically distant
and should not follow an adjacent sequence in evolution. Based on five protein-coding
genes and two fossil records, Yang et al. (2012) estimated the differentiation time of
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the main clades of ONTF and proposed that constricting rings and other four adhesive
trapping structures had already differentiated in the early stages of evolution. Regarding
the evolution of adhesive trapping structures, Yang et al. (2012) speculated that
unstalked knobs and unicellular adhesive rings originated from adhesive ancestors.
Unstalked knobs evolved into adhesive branches to increase adhesive surface and
enhance trapping capabilities. Unicellular rings evolved in two directions to form
adhesive networks and non-constricting rings, and non-constricting rings further
evolved into stalked adhesive knobs.

Based on the above, it is evident that the evolutionary positions of different
trapping structures are not consistent among the five hypotheses, and even entirely
opposite. Moreover, none of the five evolutionary hypotheses align with the actual
situation. For instance, three of these hypotheses consider non-constricting rings and
constricting rings have similar morphologies, suggesting an adjacent evolutionary
relationship between them (Rubner, 1996; Li et al., 2000; Li et al., 2005). However,
current research shows significant differences in the mechanism of capturing
nematodes between non-constricting rings and constricting rings, and phylogenetic
studies have already suggested that these two trapping structures have differentiated
significantly in the early stage of evolution, and their relatives are relatively distant, so
they should not be evolutionally adjacent (Yang et al., 2007, 2012). Rubner (1996), Li
et al. (2000) and Li et al. (2005) proposed that constricting rings occupy a higher
evolutionary position. Based on the fundamental assumption that trapping structure is
the main evolutionary feature of ONTF and the trend of ONTF evolution is the
enhancement of predatory ability, the predatory capability of the constricting ring
should be strong, and species that produce constricting ring should have a competitive
advantage in survival, making them predominant in most habitats. However,
Drechslerella, the genus that captures nematodes with constricting rings, has the fewest
species within ONTF and is one of the rarest groups in the most of habitats (Swe et al.,
2000; Mo et al., 2008; Singh et al., 2014; Zhang et al., 2020; Deng et al., 2023).
Furthermore, the predatory ability of the constricting ring has been proven to be low
(Graminha et al., 2005; Kumar et al., 2015). Rubner (1996), Li et al. (2005) and Yang
et al. (2007) suggest that adhesive networks possess strong predatory abilities, thus

implying a higher evolutionary position. However, both comparative genomics and
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ultrastructural studies on trapping structures have indicated that adhesive networks have
relatively weak predatory ability (Ji et al., 2020). Yang et al. (2012) propose that
adhesive networks have weaker predatory ability and are a more primitive trapping
structure. Based on the fundamental assumption that trapping structure is the main
evolutionary feature of ONTF and the trend of ONTF evolution is the enhancement of
predatory ability, we can infer from Yang et al. (2012)’s hypothesis that Arthrobotrys
species, which produce adhesive networks have weaker competitive abilities and
should be rare groups in most of habitats. However, the reality is that Arthrobotrys is
the largest genus within ONTF and dominates the majority of habitats (Mo et al., 2008;
Swe et al., 2009; Singh et al., 2014; Zhang et al., 2020; Deng et al., 2023).

Based on the above, we can see that in the case of scarce fossil records, it is
difficult to solve the evolutionary problem of ONTF solely through morphological and
molecular evolutionary studies. In fact, the evolution of organisms is a process of
adapting to the environment, during which multiple traits undergo adaptive evolution
in order to achieve broader dissemination of genetic information. The current patterns
of biological abundance and diversity are actually the result of the combined effects of
these evolutionary traits interacting with the environment.

Therefore, we believe that it is necessary to first understand the abundance and
diversity of ONTF in their habitats, and therefore clarify the evolutionary traits of these
fungi, identifying the patterns of variation in these traits among different species and
combine these results with molecular phylogenetic studies, can we gradually explore

the evolutionary rules of ONTF.

1.3.5 Biological Control Application of Nematode-Trapping Fungi in
Orbiliomycetes

Nematodes are one of the most diverse and widely distributed animals on Earth,
with approximately 30,000 described species, of which around 15,000 are parasitic
(Hugot et al., 2001). These nematodes parasitize various plants and animals. In natural
ecosystems, parasitic nematodes play an important role in regulating ecological balance
and maintaining ecological stability (Yeates et al., 2009; Norton & Niblack, 2020).
However, in artificial ecosystems, parasitic nematodes pose significant threats to

various economically important species, causing extensive damage to agriculture,
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forestry, and animal husbandry (Chitwood, 2003; Jones et al., 2013; Garcia-Bustos et
al., 2019; Kim et al., 2020). Animal parasitic nematodes primarily inhabit the digestive
tracts of poultry and livestock, reducing their reproductive capacity and meat, milk, and
egg production and even causing death. This results in annual losses of over $80 billion
to the livestock industry (Crofton, 1963; Hoste & Torres-Acosta, 2011; Comans-Pérez
et al., 2021). Plant parasitic nematodes inhabit the roots, stems, leaves, flowers, fruits
and seeds of living plants, causing reduced yields or even complete crop failure.
Currently, over 4,000 species of plant parasitic nematodes have been reported to
damage nearly all economic crops, including grains, soybeans and tobacco. Among
them, root-knot nematodes and cyst nematodes cause particularly severe damage,
resulting in annual economic losses exceeding $100 billion to agriculture (Williamson
& Hussey; 1996; Midha, 1997; Nicol et al., 2011; Akers & McCrystal, 2014; Peiris et
al., 2020). Pine wilt disease caused by pine wood nematodes is known as “non-smoking
forest fire” or “forest cancer.” Since its appearance to China in 1982, it has infected
millions of seedlings, destroyed tens of thousands of hectares of forests and causes
annual economic losses exceeding $7 billion, which continue to increase year by year
(Zhao et al., 2017; Lee et al., 2021). Whether they are animal or plant parasitic
nematodes, their life cycle is closely related to soil (Jasmer et al., 2003; Vilela et al.,
2016; Zarrin et al., 2017). Therefore, reducing the population density of parasitic
nematodes in the soil is a key approach to their control.

Currently, the most efficient, convenient, and commonly used method for
controlling parasitic nematodes is the use of highly toxic chemical pesticides such as
Temik and Aldicarb (Husman et al., 1995; Moens & Hendrickx, 1998; Mueller, 2011).
However, on one hand, the frequent use of chemical insecticides has led to the
development of resistance in parasitic nematodes, creating a vicious cycle that can
eventually lead to an embarrassing situation where no medicine is available (Trudgill,
1991; Fuller et al., 2008). On the other hand, the low specificity of highly toxic chemical
insecticides not only Kills parasitic nematodes but also has a significant impact on
harmless nematodes and even other soil organisms, which seriously disrupting
ecological stability and balance (Lechenet et al.,, 2014; Ahmad et al., 2022).
Additionally, pesticide residue caused by chemical insecticides is an ecological and
health issue that cannot be ignored (Dasika et al., 2012; Ali et al., 2021). Therefore, the
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development of ecologically friendly nematode bio-control agents using natural
enemies of nematodes, such as nematophagous fungi or bacteria is currently the most
promising approach.

ONTF exhibits tremendous potential for biological control of nematodes due to
its free-living lifestyle (both saprophytic and predatory nematodes), rich species
diversity, diverse and efficient trapping structures, and global distribution (Zhang &
Hyde, 2014; Jiang et al., 2017). Research on the application of ONTF in the control of
parasitic nematodes can be traced back to around 1940. From 1940 to 1990, this field
was still in its early stages, with no more than ten relevant studies conducted each year.
However, since 1990, with the increasingly prominent harm of the use of highly toxic
chemical pesticides, and people’s awareness of ecological conservation and
environmental health has been constantly strengthened, the use of ONTF for biological
control of nematodes has received widespread attention, and the number of research
reports has been increasing annually, with over 450 studies published in 2023. Initially,
the main focus of research in this field was on selecting efficient bio-control strains in
laboratory culture media environments, followed by evaluating the practical effects of
these bio-control strains in field conditions (Yang et al., 2023). However, all studies
have shown a common pattern: while most tested strains demonstrate satisfactory
predatory capabilities in culture media environments, their actual effectiveness in the
field is often discouraging (Yang & Zhang, 2014; Li et al., 2015; Stirling, Saxena,
2018). There are two main reasons for this problem: (1) Compared to other common
microorganisms, ONTF grows slowly in soil, making it difficult to maintain a high
population density and form dominant populations. (2) The interaction between ONTF
and nematodes involves processes such as host recognition, trap induction, trap
formation, capture and digestion, which are complex and time-consuming (Su et al.,
2017; Vidal-Diez de Ulzurrun & Hsueh, 2018; Zhu et al., 2022).

Therefore, from the perspective of ecology, finding a method to maintain high
population density of ONTF in soil and searching for efficient strains is the
breakthrough for the successful application of ONTF. Solving these problems,

however, depends on understanding natural abundance and diversity of ONTF.
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1.3.6 Diversity Research of Nematode-Trapping Fungi in Orbiliomycetes

Even though research on ONTF has expanded to include systems evolution and
molecular mechanisms based on modern molecular biology techniques, its diversity
research remains a core work in this field and is a central basis for exploring the two
major scientific questions in the field (evolutionary and application questions, as
described in 1.3.4 and 1.3.5). To data, 147 ONTF species have been discovered,
utilizing five or six trapping structures including adhesive networks, adhesive knobs
(with the relationship between stalked and unstalked knobs still under debate), adhesive
branches, non-constricting rings (usually occur together with adhesive knobs) and
constricting rings to capture nematodes (Cooke, 1965; Zhang & Mo, 2006; Zhang &
Hyde, 2014; Quijada et al., 2020; Zhang et al., 2022abc, 2023ab, 2024; Yang et al.,
2023).

From a historical perspective, ONTF diversity research can be divided into three
stages: (1) The nascent stage from 1839 to 1930, during which only five species were
reported over nearly 90 years due to the limited practical application and theoretical
research value of these fungi, as well as methodological constraints. (2) The period of
rapid development from 1931 to 2009, characterized by gradual improvements in
isolation methods by contributors such as Drechsler (1934, 1936, 1937, 1941, 1946),
Duddington (1940, 1950, 1955), Eren (1965) and Pramer (1964). Concurrently, the
demand for biological control of parasitic nematodes increased and the value of ONTF
in fungal evolution studies became more prominent. This led to an explosion of reports
on ONTF diversity, with nearly 90 species documented in an 80-year timeframe. (3)
The bottleneck period from 2010 to 2020, with only four new species reported over a
decade. This trend suggests that the exploration of new ONTF species has reached a
plateau, and it is unlikely that many more new species will be discovered over time
(Zhang et al., 2022). However, some scholars estimate that there may be over 8,000
species of nematophagous fungi in nature, with several hundred conservatively
estimated for ONTF (Li et al., 2000). So, where are these undiscovered ONTF species?

From the perspective of habitat, ONTF is widely distribution globally due to its
diverse ways of obtaining nutrients. Currently, the diversity of ONTF has been reported
in various habitats in multiple regions. Soil, as the main habitat of ONTF, is the primary

sample type for isolating ONTF. Numerous studies have confirmed that various types
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of terrestrial soils such as farmland, forest, mines, and pastures contain rich ONTF
resources (Soprunov & Galiulina, 1951; Kim et al., Zhang et al., 2001; Mo et al., 2008;
Kumar et al., 2008; Liu et al., 2014; Zhang et al., 2020). Except for A. dianchiensis and
the recently reported nine species, almost all species have distribution records in
terrestrial soils (Mo et al., 2005; Zhang et al., 2022, 2023, 2024). Although there have
been some reports on aquatic ONTF diversity, they are still insufficient compared to
the terrestrial habitats (Hao et al., Mo et al., 2005; Tarigan et al., 2020). On the one
hand, many nematodes exist in aquatic environments, and it is speculated that there
should also be abundant ONTF, which has been proven by previous studies (Hao et al.,
Mo et al., 2005; Tarigan et al., 2020; Zhang et al., 2022, 2023). On the other hand, 13
ONTF species were initially isolated from aquatic environments, and ten of them are
only recorded in aquatic environments, indicating that unique species may exist in
aquatic habitats that are not found in terrestrial habitats (Mo et al., 2005; Zhang et al.,
2022, 2023, 2024). Based on the above, we speculate that aquatic ONTF should be an
important component of ONTF and should be considered in ONTF diversity research.

From an ecological perspective, different ONTF species often exhibit strong
competitive relationships due to their similar nutrient acquisition strategies. In previous
ONTF diversity studies, the species commonly isolated were predominantly from the
Arthrobotrys genus, which uses adhesive networks to capture nematodes. These species
typically possess strong competitive abilities (strong saprophytic and reproductive
capacities) and become dominant in most habitats. While Dactylellina and
Drechslerella species, which use adhesive knobs, adhesive branches, non-constricting
rings, and constricting rings to capture nematodes generally have weaker competitive
abilities (lower saprophytic and reproductive capacities). They are often suppressed by
the dominant Arthrobotrys species, resulting in lower population densities and
difficulties in isolation (Mo et al., 2008; Swe et al., 2009; Singh et al., Zhang & Hyde,
2014; Zhang et al., 2020; Deng et al., 2023). Therefore, removing the competitive
suppression from the dominant Arthrobotrys species may be crucial for obtaining rarely
ONTF species. In soil, Arthrobotrys with strong saprophytic and reproductive
capacities typically occupy the nutrient-rich upper soil layers, while the rarer
Dactylellina and Drechslerella are more commonly distributed in the lower soil layers
(She et al., 2020; Dackman et al., 2021). This vertical distribution difference provides



25

a natural advantage for alleviating then competition suppression by dominant groups
on rare taxa. Forest fires are common natural phenomena on Earth and serve as
important regulatory factors in ecosystems (Giglio et al., 2006). During a fire, the
surface temperature of the soil can reach 50-1500 °C, rapidly eliminating dominant
groups in the upper soil layers (Bruns et al., 2020). Due to poor soil conductivity, rare
ONTF in the lower soil layers are less affected and can be preserved. Therefore, forest
fires provide an excellent natural mechanism for alleviating the competitive
suppression of dominant species on rare species. Based on this, we speculate that rare
ONTF may be discovered in burned forest.

From a geographical perspective, Yunnan Province in China is a region
characterized by significant climate variations, minimal annual temperature
differentials, abundant precipitation, and distinct and unevenly distributed wet and dry
seasons. Geomorphologically, the region is characterized by the broom-shaped
distributions of the Hengduan Mountains, Cangshan, Wuliang Mountains, Ailao
Mountains, and other mountain ranges in the three parallel rivers fold belt area. The
terrain descends in three major steps from west to east, with the highest point reaching
6740 meters and the lowest point at only 76.4 meters. Topographically, high mountains
and valleys are interspersed, with fault basins, six major river systems, plateau lakes
(37 in total), and various types of hot springs distributed throughout the area. On one
hand, the diverse climate types and complex topography have fostered a rich variety of
ecological environments, inevitably nurturing abundant biodiversity. On the other hand,
the rugged terrain (such as the three parallel rivers region) and resulting geographical
isolation play a crucial role in the formation of many species. Additionally, owing to
the complex and rugged terrain of the region, some habitats in this area were not
covered by glaciers during the fourth glaciation period, serving as refuges for numerous
organisms and thereby fostering a variety of endemic species. In summary, selecting
Yunnan as a research area for ONTF diversity offers unique geographical advantages.
Building on this, multiple teams have conducted surveys of ONTF resources in Yunnan
Province. For instance, researchers such as Zhang Ke-Qin and Liu Xing-Zhong have
reported on the investigation and discovery of over ten new ONTF species in various
regions of southwestern China, propelling the rapid development of ONTF research in
China (Zhang & Mo, 2006; Zhang & Hyde, 2014). Investigations by Mo et al. (2008)
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on ONTF in Pb-polluted soils have led the way in studying the adaptability of this group
to extreme environments (Mo et al., 2006, 2008). These studies have all made
significant contributions to our understanding of ONTF diversity. However, most of
these studies have only covered specific areas of Yunnan, lacking systematic sampling
surveys, and there is scarce research on ONTF in bio-diverse regions such as the three
parallel rivers area.

In summary, taking Yunnan as the study area and considering aquatic, terrestrial
and burnt forest ecosystems, systematic sampling survey on ONTF may be a necessary
work to break through the research bottleneck of ONTF diversity and comprehensively
understand ONTF diversity.

1.4 The Significance of This Study

1.4.1 The Research Value of Nematode-Trapping Fungi in Orbiliomycetes

In underdeveloped regions, crop yield reduction or even complete crop failure
caused by parasitic nematodes is one of the factors contributing to social unrest. Even
in developed areas, parasitic nematodes annually result in billions of dollars of
economic losses in agriculture, forestry, and animal husbandry worldwide. With the
emergence of pressing issues associated with the use of highly toxic chemical
pesticides, such as environmental disruption and nematode resistance, the development
of environmentally friendly bio-control agents utilizing the natural enemies of
nematodes, specifically ONTF, represents the most promising approach to nematode
control. Therefore, research on ONTF holds significant practical applications
significance.

The life strategy of ONTF which captures nematodes for nutrient acquisition is
believed to be an adaptive evolutionary outcome in response to nitrogen deficiency in
their habitat. With its appropriate group size (three genera, 147 species), relatively
mature isolation methods, and diverse morphological structures, ONTF is undoubtedly
an excellent group for studying adaptive evolution in organisms. As a highly specialized
group within the fungal kingdom, the origin and evolution of ONTF are also an

indispensable part of understanding the evolutionary history of fungi. Therefore,
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research on ONTF has tremendous theoretical significance in understanding adaptive

evolution in organisms and the evolutionary history of fungi.

1.4.2 The Importance of This Study

Over the past 180 years, significant breakthroughs have been achieved in all
aspects of the ONTF field thanks to the outstanding contributions of predecessors.
However, in recent years, apart from the direction of molecular mechanisms of ONTF
and nematode interactions, there has not been much progress in other research areas,
suggesting that research on ONTF has reached a bottleneck period. Many scholars have
gradually abandoned research in ONTF (especially the key fundamental direction of
diversity research), which seriously hindering further development of ONTF field.

This study through a systematic exploration of the diversity of ONTF, not only
provides guidance for diversity research of ONTF and potentially other fungal groups,
but also in the process, introduces 36 new members to ONTF, offering fresh material
for the taxonomy, evolution, and application research of ONTF, and it also provides
solid information of natural diversity and abundance distribution for the subsequent
evolution and application of ONTF.

1.5 Research Objective

1.5.1 To understand the distribution of abundance and diversity of
Orbiliomycetes nematode-trapping fungi in Yunnan Province, China.

1.5.2 To isolate, identify and preserve a batch of nematode-trapping fungi and
describe no less than ten new nematode-trapping fungi.

1.5.3 To explore the phylogenetic relationships of nematode-trapping fungi

using more species.
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1.6 Research Contents

This thesis consists of 11 chapters.

Chapter 1 is the general introduction, which begins with an overall introduction
to nematophagous fungi, highlighting the particularity and importance of
Orbiliomycetes nematode-trapping fungi (ONTF) among nematophagous fungi, as well
as the practical application and theoretical significance of ONTF research. It then
provides a comprehensive overview of the historical background of ONTF research,
followed by a detailed review of four crucial research directions within the field of
ONTF.

Chapter 2 reports on the diversity and distribution patterns of ONTF in Yunnan
Province, which mainly consists of two sections. The first section details the diversity
of ONTF from terrestrial soil and freshwater sediments, establishing that in normal
habitats, Arthrobotrys is the dominant group, while Dactylellina and Drechslerella are
rare. Furthermore, it analyzes the distribution patterns of ONTF across different habitat
types, altitudes, latitudinal and longitudinal gradients within Yunnan Province. It
specifically identifies the three parallel rivers region in northwest Yunnan as the core
area for ONTF diversity. The second section explores the impact of forest fires on the
community composition of ONTF, noting that forest fires significantly alter the
community composition of ONTF and increase ONTF diversity. The study finds that
rarer ONTF can be isolated from burned forests.

Chapter 3 introduces one novel nematode-trapping fungi Fusarium
xiangyunensis (Nectriaceae) from freshwater sediment in Yunnan Province, China.

Chapter 4 introduces two new nematode-trapping fungi species Dactylellina
yushanensis and Da. cangshanensis (Orbiliaceae) from burned forest in Yunnan
Province, China.

Chapter 5 introduces two new nematode-trapping fungi Drechslerella daliensis
and Dr. xiaguanensis (Orbiliaceae) from Yunnan Province, China.

Chapter 6 introduces six novel nematode-trapping fungi species that capture

nematodes using adhesive networks.
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Chapter 7 introduces a new nematode-trapping fungi from Yunnan, China
Arthrobotrys blastospora (Orbiliaceae), which displays the morphological traits of
mesozoic carnivorous fungi.

Chapter 8 introduces two novel nematode-trapping fungi species that capture
nematodes using adhesive networks and three new nematode-trapping fungi catch
nematodes with constricting rings.

Chapter 9 introduces five novel nematode-trapping fungi from freshwater
habitats in Yunnan, China.

Chapter 10 introduces 15 novel rare nematode-trapping fungi from burned
forest, and the effects of forest fires on microbial diversity are also discussed.

Chapter 11 provides the overall conclusion.



CHAPTER 2

DIVERSITY AND DISTRIBUTION OF ORBILIOMYCETES
NEMATODE-TRAPPING FUNGI IN YUNNAN, CHINA

2.1 Introduction

The study of fungal diversity is a foundational element of mycological research.
This work not only provides a scientific basis for the conservation and utilization of
fungal resources but also establishes a framework for fungal ecology and evolutionary
research (Hawksworth, 2004; Grube et al., 2017). Since the discovery of
Orbiliomycetes nematode-trapping fungi (ONTF), the exploration of their diversity and
distribution has been a core research focus in this field (Mo et al., 2008; Swe et al.,
2009; Singh et al., Zhang et al., 2014). Over the last 180 years, 147 species across three
genera of ONTF have been reported (Cooke, 1965; Zhang & Mo, 2006; Zhang & Hyde,
2014; Quijada et al., 2020; Zhang et al., 2022abc, 2023ab, 2024; Yang et al., 2023).
Since 2010, the discovery of new ONTF has reached a plateau, with only four new
ONTF species identified in the past decade (2010-2020) (Zhang et al., 2022). However,
it is estimated that there could be over 8,000 nematophagous fungi in nature, potentially
including hundreds of nematode-trapping fungi (Li et al., 2000). Therefore,
understanding the diversity and distribution of ONTF and continuing to uncover
unknown new species remain both a significant challenge and opportunity in this field.

ONTF are widely distributed across various habitats due to their unique survival
strategies, including extreme environments such as heavy metal-contaminated soil, hot
springs, and animal wastes (Gray, 1983; Swe et al., 2009; Dackman et al., Freitas et al.,
Zhang et al., 2021; Zhang & Hyde, Liu et al., 2014). Previous studies confirm the
presence of a large number of nematodes and a rich diversity of ONTF in aquatic
habitats (Hao et al., Mo et al., 2005; Tarigan et al., 2020; Zhang et al., 2022, 2023).

However, compared to terrestrial habitats, the diversity of ONTF in aquatic habitats
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remains underexplored. Among the known 147 ONTF species, the type strains of 13
species were isolated from aquatic habitats, and ten species (Arthrobotrys blastospora,
A. cibiensis, A. dianchiensis, A. eryuanensis, A. hengjiangensis, A. heihuiensis, A.
hyrcanus, A. jinshaensis, A. yangbiensis, and A. yangjiangensis) are exclusively found
in aquatic habitats (Mo et al., 2005; Zhang et al., 2022, 2023, 2024). This suggests that
aquatic habitats may harbor abundant and unique ONTF species. Therefore, in the
studies of ONTF diversity, the significance of aquatic environments as crucial habitats
for ONTF cannot be overlooked.

Similar to other fungal groups, different ONTF exhibit strong competitive
interactions due to their similar modes of nutrient acquisition. In the three ONTF genera,
species of the genus Arthrobotrys are predominant in most habitats due to their strong
competitive abilities, whereas Dactylellina and Drechslerella are less competitive and
thus rarer (Mo et al., 2008; Swe et al., 2009; Singh et al., Zhang & Hyde, 2014; Zhang
etal., 2020; Deng et al., 2023). The competitive suppression exerted by more dominant
Arthrobotrys species on the weaker Dactylellina and Drechslerella may be one reason
for the low population densities and difficulty in isolating these rarer species. Removing
the competitive suppression that Arthrobotrys exerts on Dactylellina and Drechslerella
could be key to isolating rare ONTF species (Dactylellina and Drechslerella). In soil,
Arthrobotrys species with strong saprophytic and reproductive capabilities typically
occupy nutrient-rich upper soil layers, while the rarer Dactylellina and Drechslerella
are found in lower layers (Rong et al., 2020; Dackman et al., 2021). This vertical
distribution difference provides a natural advantage in relieving competitive
suppression on rarer groups. Forest fires play a crucial role in ecosystem regulation
(Giglio etal., 2006). The high temperatures generated during fires can rapidly eliminate
Arthrobotrys from the soil surface, while the poorer thermal conductivity of the soil
minimally affects the rarer ONTF in the lower layers. Thus, wildfires are an effective
means of eliminating competitive suppression by dominant groups on the soil surface,
potentially uncovering rare ONTF species from burned forests.

Yunnan Province, located in the southwestern border of China, is characterized
by its unique and rugged terrain and a variety of climate types, exemplified by the three
parallel rivers area. This diversity has fostered a rich array of ecological types and
significant biodiversity, earning the region the title of kingdom of flora and fauna (Yang
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et al., 2004; Basnet et al., 2019). The three parallel rivers area alone, constituting only
0.4% of the national territory, houses over 20% of the plant and animal species, earning
it the reputation as a “world gene bank™ (Li et al., 2001). Furthermore, the water system
in Yunnan, comprising six major river systems and hundreds of tributaries, along with
37 plateau lakes, provides an excellent area for the study of aquatic ONTF. Additionally,
Yunnan is a hotspot for forest fires, with 2,081 incidents occurring between 2010 and
2022, affecting over 220,000 hectares of forest (Fornacca et al., 2018). Thus, Yunnan
also serves as an excellent area for pyroecology research.

In conclusion, this study focuses on Yunnan Province, China, covering both
terrestrial and aquatic habitats, with systematically placed sampling sites to
comprehensively understand the diversity of ONTF. By including the extreme
environment of burned forests, aiming to understand the impact of forest fires on ONTF

diversity and discover more additional new ONTF species.

2.2 Material and Methods

2.2.1 Study Area

Yunnan, located in Southwest China, spans from 21°8'32" to 29°15'8" in
latitude and 97°31'39" to 106°11'12" in longitude. The collision and compression of the
Eurasian Plate have shaped the geographical features of Yunnan, with mountain ranges
such as the Hengduan Mountains, Wuliang Mountains, Ailao Mountains, and six major
river systems and 37 plateau lakes outlining the basic geographical framework of the
province. The terrain slopes from high northwest to low southeast, with altitudes
ranging from 76 to 6,740 meters. The northwest of Yunnan is characterized by high
mountains and deep valleys with rugged terrain, while the southeast comprises low
mountains and rolling hills of the eastern and central Yunnan plateaus. The province
encompasses a variety of climate types, such as tropical northern, subtropical southern,
subtropical central, subtropical northern, warm temperate, mid temperate, and plateau
climates (Owen, 2005). The diverse climate and complex topography foster rich
biodiversity, earning the region titles such as the “kingdom of flora and fauna” and
“world gene bank™ (Li et al., 2001).
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2.2.2 Sampling
2.2.2.1 Samples from terrestrial and aquatic habitats
Sampling sites: A total of 342 sampling sites were established across the
province (Tables 2.1 to Table 2.3). Initially, 227 sites were set up across various
ecosystems, altitudes, and latitudes (Figure 2.1 A). Considering the rich biodiversity in
the three parallel rivers area, an additional 115 sampling sites were later added in this

region (Figure 2.1 B).

Table 2.1 The number of sampling sites at different altitudes

) Below 1000- 1500- 2000- Above
Altitude (m) Total
1000 1500 2000 2500 2500

Number of sampling sites 75 73 81 79 34 342

Table 2.2 The number of sampling sites at different longitudes

Longitude (°) 97-99 100-101 101-103 Above 103 Total
Number of sampling sites 45 51 51 39 342

Table 2.3 The number of sampling sites at different latitudes

Latitude (°) 21-23 23-25 25-26 26-27 Above27 Total
Number of sampling sites 36 68 62 130 46 342
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Figure 2.1 Sampling sites in Yunnan Province. (A) Yunnan Province with 227
sampling sites. (B) Yunlong and Lanping areas of the three parallel rivers
region with 115 additional sampling sites

Sample collection: For each sampling site depicted in Figure 2.1, five 1x1 m
squares (sampling squares, each square is spaced ten meters apart) were established both
on land and in water (Figure 2.2 A). Within each square, five sampling points were set up,
and terrestrial soil and freshwater sediment samples from 0-20 cm depth were collected
using a 50 mm-diameter sterile soil borer and a Peterson bottom sampler, respectively.
Samples from the five points were mixed to represent the composite sample of the square
(Figure 2.2 B). Detailed sample information was recorded and sent back to the laboratory
for further processing. The first batch of 227 sampling sites were collected from March to
June 2017, and the second batch of 115 sampling sites were collected in October 2018.
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Figure 2.2 Schematic diagram of terrestrial soil and freshwater sediment sample collection.

2.2.2.2 Samples from three burned forests

(A) Diagram of squares layout. (B) Diagram of sample collection.

Three burned forests in Dali City, Yunnan Province, which experienced

wildfires at different times, were selected as study areas (Table 2.4). Twenty to 320

sampling squares (1x1 m) were established in both the burned areas and the adjacent

unburned areas (The unburned areas were chosen to match the burned areas in terms of

altitude, slope direction, and original vegetation type) (Figure 2.3).

Table 2.4 Burned forests information

— Burned — ) Number of
Sample . Ignition Original Sampling . Number of
Coordinate ) area ) . sampling
area time vegetation time . samples
(acre) sites
Wangiao N 25°47'58" May 420 Yunnan pines  June 16, 10 20
E 100°6'11" 2021 2021
Yunlong N 25°51'22" March 4200 Yunnan pines  March 6, 160 320
E 99°13'38" 2014 2018
Yushan N 25°37'09" Avpril 700 Yunnan pines  March 24, 14 28
E 100°09'02" 2017 2018
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Figure 2.3 Schematic diagram of sampling squares in three burned forests. (A) Wangiao
burned forest. (B) Yushan burned forest. (C) Yunlong burned forest

Within each square, five sampling points were designated (Figure 2.2 B). A 50
mm-diameter sterile soil borer was used to collect soil core from each point, extracting
up to a depth of 20 cm. Each soil core was subsequently divided into two segments (0—
10 cm and 10-20 cm). Samples from the five different depths within a square were
homogenized equally to form composite sample for that square (two composite samples
per square, representing the upper and lower soil layers). After recording detailed

sample information, these were transported back to the laboratory for further processing.

2.2.3 Isolation of Orbiliomycetes Nematode-Trapping Fungi (ONTF)

The Bellman funnel method (Staniland, 1954; Giuma & Cooke, 1972) was
employed to isolate the nematodes (Panagrellus redivivus Goodey, free-living
nematodes) cultured in oat meal medium. The nematode suspension was then adjusted
to a concentration of 5000 nematodes per milliliter using sterile water.

The sample sprinkling and baiting nematodes methods were used for the
isolation and purification of ONTF (Zhang & Hyde, 2014). Sterile toothpicks were used
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to spread samples onto the surface of corn meal agar (CMA) plates, and 1 mL nematode
suspension was added to the plates to promote the germination of ONTF. Three

replicates of each sample were cultured at room temperature (17-29°C) for three to six

weeks. During this period, the spores of ONTF were searched using a stereo-
microscope, and then single spore was picked up with sterile toothpick and transferred
onto fresh CMA plate. The plate was incubated at 26.5 °C for seven days and the
process of single spore isolation was repeated until the pure culture was obtained.

2.2.4 ldentification of Orbiliomycetes Nematode-Trapping Fungi (ONTF)

Morphological identification: The pure culture was inoculated onto CMA plates
using sterile toothpicks and incubated at 26.5°C for seven to 20 days. After the culture
entered the sporulation stage, a piece of transparent tape (1< 1 cm) was used to stick
the culture, which was then placed on the glass slide with 0.3% Melan stain to create a
temporary slide. Morphological characteristics such as conidia, conidiophores, and
chlamydospores were observed and measured using an Olympus BX53 microscope
(Olympus Corporation, Tokyo, Japan). In addition, a piece of agar (2 X 2 cm) was
removed from the center of fresh CMA plate with a sterile scalpel to prepare CMA
observation well plate. The strain was inoculated into the CMA observation well plates
and incubated at 26.5°C. After the mycelia covered the observation well, a drop of
nematode suspension (approximately 200 nematodes) was added to the well and
incubated at 26.5°C. The trapping structure was observed after 24-48 hours.
Morphological identification was conducted according to relevant literature (Cooke,
1965; Zhang & Mo, 2006; Zhang & Hyde, 2014; Quijada et al., 2020; Zhang et al.,
2022abc, 2023ab, 2024; Yang et al., 2023).

Molecular identification: All ONTF strains were identified through similarity
comparison of ITS sequence via BLASTn search (https://blast.ncbi.nlm.nih.gov/) and
multi-genes phylogenetic analysis (ITS, TEF and RPB2). The pure culture was
inoculated on potato dextrose agar (PDA) plates and incubated at 26.5°C for 7-20 days.
Fungal mycelia were collected with a sterile scalpel, and genomic DNA was extracted
using a rapid fungal genomic DNA extraction kit following the manufacturer's
instructions (Sangon Biotech, Limited, Shanghai, China). PCR amplification of ITS,
TEF, and RPB2 fragments was performed using primers ITS4-1TS5 (White et al., 1990),
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526F-1567R (O’Donnell et al., 1998), and 6F-7R (Liu et al., 1999), respectively
(reaction systems and conditions are show in Figure 2.4 and Table 2.5). Agarose gel
electrophoresis was employed to detect the PCR products, and then PCR products were
sequenced by Biosune Biotechnology (BioSune Biotech, Limited, Shanghai, China)
(ITS and RPB2 were sequenced using amplification primers, TEF was sequenced using
primers 247F-609R (Yang et al., 2007)). The sequences were checked and assembled
using SegMan v. 7.0 (DNASTAR, Madison, WI, USA) (Swindell & Plasterer, 1997).
The ITS sequences were compared against NCBI database using BLASTn
(https://blast.ncbi.nlm.nih.gov/). Strains that exhibit a similarity of 98% or higher to
known species in the database and are consistent with the results of morphological
identification can be confirmed for their species name. Otherwise, a multi-genes
phylogenetic analysis should be conducted as follows process.

i
|
1 cycle 35 cycles | 1 cycle
Pre- | :
denaturation | Denaturation Annealing Extension : Final extension Hold
I
I
94 °C I 94 °C =
: N 45 coe . 79 ] 0
4 minutes 45 seconds $5°C (TEF) 72 %C L 72‘ C
| s4°C (RPB2) / 1.5 minutes : 10 minutes
52°C (ITS) :
| I minute |
I : 4°C
| I .
I I o0

Figure 2.4 PCR amplification reaction condition of three genes
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Table 2.5 PCR amplification reaction system of three fragments

Component Volume
DNA template 2 uL
MgCI2 (25 mM) 3 vl
10 X PCR buffer 5 pL
dNTPs (10 & M) 1wl
Primer 1 2 pL
Primer 2 2 pL
Taq Polymerase lunit(l wrL)
ddH20 34 pL
Total volume 50 pL

1. Generation of alignment files: ITS, TEF, and RPB2 sequences of related
species were downloaded from NCBI based on BLASTn research results and relevant
literature (Li et al., 2000; Zhang & Mo, 2006; Swe et al., 2011; Yang et al., 2012; Zhang
& Hyde, 2014). Alignments of ITS, TEF and RPB2 sequences were generated using
MAFFT v.7 (http://mafft.cbrc.jp/alignment/server/) (Katoh & Standley, 2013),
followed by manual adjustment using Bioedit v7.2.3 (Hall, 1999) to improve accuracy.
Finally, MEGA 6.0 (Tamura et al., 2013) was used to link the three alignments.

2. Selection of optimal nucleotide substitution models: The best nucleotide
substitution models for ITS, TEF, and RPB2 were calculated under the AIC criterion
using jModeltest v 2.1.10 (Posada, 2008).

3. Phylogenetic analysis: Maximum likelihood analysis (ML) was used to
infer maximum likelihood phylogenetic trees via 1Q-Tree v1.6.5 (Nguyen et al., 2014).
The dataset was partitioned, and each gene was analyzed with the corresponding
optimal substitution model. The bootstrap support values for each clade were calculated
using 1000 repetitions rapid bootstraps (Felsenstein et al., 1985). MrBayes v. 3.2.6
(Huelsenbeck & Ronquist, 2001) was used to implement the Bayesian inference
analysis. FastaConvert (Hall, 2007) was used to convert the combined alignment file

into MrBayes-compatible NEXUS files, and following parameters were edited in the
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MrBayes block in the NEXUS file. The dataset was partitioned according to the
corresponding nucleotide substitution models, and six Markov chains were run for
10,000,000 generations, sampling a tree every 100 generations and discarding the first
25% of trees to calculate the posterior probabilities of the majority rule consensus tree.

4. Visualization of phylogenetic trees: The trees were visualized using
FigTree v1.3.1 (Rambaut, 2010) and beautified using Microsoft PowerPoint (2013) and
Adobe Photoshop CS6 software (Adobe Systems, San Jose, CA, USA).

2.2.5 Data Analyses
Data from each sampling site and sample were compiled using Excel (2016) for
subsequent analysis.

2.2.5.1 ONTF diversity in terrestrial and aquatic habitats

Overall diversity of ONTF in Yunnan Province: (1) The species
accumulation curves for 342 sampling sites were calculated using the ‘specaccum’
function in the ‘vegan’ package in R (R Core Team, 2014) to confirm the adequacy of
sampling efforts. (2) The occurrence frequency of each genus and species was
calculated (Occurrence Frequency, OF = Number of samples where a species/genus
was found / Total number of samples x 100%), and bar charts were drawn using Excel
(2016) to clarify the community composition of ONTF in Yunnan.

Terrestrial and aquatic differences of ONTF in Yunnan Province: (1) ONTF
diversity data from terrestrial and aquatic samples were organized separately to assess
diversity differences by counting species and strains found in terrestrial and aquatic
samples. (2) Venn diagrams were created to delineate the uniqueness of ONTF in
terrestrial and aquatic habitats.

Distribution Patterns of ONTF in Yunnan Province: (1) Information from
Tables 2.1 to 2.3 was organized to compile ONTF data across different altitudes,
longitudes, and latitudes. The species accumulation curves for various altitudes,
longitudes, and latitudes were calculated using the ‘specaccum’ function in the ‘vegan’
package in R (R Core Team 2014) to identify patterns in ONTF diversity distribution.
(2) The average number of ONTF strains obtained at each sampling sites at different
altitudes, longitudes and latitudes were calculated to clarify the change law of ONTF

biomass (e.g., for altitudes 0-1000 m, the average number of ONTF strains per site =
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Total number of ONTF strains obtained at 75 sites within 0-1000m altitude / 75
sampling sites). (3) The occurrence frequency of species across different altitudes,
longitudes, and latitudes was calculated to clarify community variations. (4) The
number of ONTF species and strains detected at 342 sites was tallied, and the top 50
sites by species and strain counts were marked on maps using ArcGIS (Booth &
Mitchell, 2001) to highlight the hotspot areas for ONTF distribution in Yunnan.

2.2.5.2 ONTF diversity in burned forests

The number of ONTF species and strains detected in burned and unburned
areas within three study regions was tallied, and the proportions of Arthrobotrys,
Dactylellina, and Drechslerella in different soil layers of the burned and unburned areas

were calculated to assess the impact of fires on ONTF diversity.

2.3 Results

2.3.1 Diversity and Distribution of Orbiliomycetes Nematode-Trapping
Fungi (ONTF) in Terrestrial and Aquatic Habitat in Yunnan Province
2.3.1.1 Overall diversity of ONTF in Yunnan Province
The species accumulation curves indicate that the number of ONTF species
increased with the number of sampling sites. The curve began to plateau after reaching
300 sites, suggesting that the 342 sampling sites deployed provide comprehensive
coverage of ONTF in Yunnan (Figure 2.5). From 342 sampling sites yielding 3420
samples, a total of three genera and 62 species comprising 3455 ONTF isolates were
detected, with a site detection rate of 100% and a sample detection rate of 94.94%. The
detected isolates included 3309 isolates of Arthrobotrys representing 46 species (19
new species), 80 isolates of Dactylellina representing nine species (one new species),
and 66 isolates of Drechslerella representing seven species (two new species) (Table
2.6). Arthrobotrys had a detection rate of 91.08% and accounted for 95.51% of the total

isolates, making it the dominant ONTF group in Yunnan Province (Figure 2.6).



42

70

Number of species

| | I
0 100 200 300
Number of sampling sites

Figure 2.5 ONTF species accumulation curve for 342 sampling sites in Yunnan

Province

Table 2.6 Detection of ONTF in Yunnan Province

Number of  Number of Occurrence

Species )
strains samples frequency
Arthrobotrys oligospora 1352 1307 38.22%
Arthrobotrys musiformis 612 597 17.46%
Arthrobotrys conoides 592 560 16.37%
Arthrobotrys superba 134 132 3.86%
Arthrobotrys javanica 81 80 2.34%
Arthrobotrys thaumasia 67 65 1.90%
Arthrobotrys xiangyunensis 77 59 1.73%
Arthrobotrys vermicola 41 38 1.11%

Arthrobotrys eudermata 35 31 0.91%
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Species Number of  Number of Occurrence
strains samples frequency
Drechslerella dactyleoids 26 25 0.73%
Arthrobotrys reticulata 34 25 0.73%
Dactylellina ellipsospora 26 23 0.67%
Arthrobotrys obovata 27 23 0.67%
Arthrobotrys microscaphoides 29 21 0.61%
Arthrobotrys sphaeroides 24 20 0.58%
Arthrobotrys scaphoides 28 19 0.56%
Arthrobotrys cladodes 22 19 0.56%
Dactylellina drechsleri 23 17 0.50%
Arthrobotrys guizhouensis 18 14 0.41%
Drechslerella coelobrocha 14 11 0.32%
Arthrobotrys robusta 11 11 0.32%
Dactylellina parvicolla 9 9 0.26%
Arthrobotrys sinensis 9 9 0.26%
Arthrobotrys janus 9 9 0.26%
Drechslerella aphrobrocha 11 8 0.23%
Dactylellina gephyropaga 10 8 0.23%
Arthrobotrys pyriformis 8 8 0.23%
Dactylellina sichuanensis 8 7 0.20%
Drechslerella doedycoides 8 6 0.18%
Arthrobotrys megalospora 9 6 0.18%
Arthrobotrys flagrans 8 6 0.18%
Da. haptotyla 4 4 0.12%
Arthrobotrys tongdianensis sp.nov 6 4 0.12%
Arthrobotrys shuifuensis sp.nov 6 4 0.12%
Arthrobotrys multiformis 4 4 0.12%
Arthrobotrys dianchiensis 6 4 0.12%
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Table 2.6 (continued)

Number of  Number of Occurrence

Species
strains samples frequency
Dactylellina dulongensis sp.nov 3 3 0.09%
Dactylellina cionopaga 3 3 0.09%
Arthrobotrys luzhangensis sp.nov 5 3 0.09%
Arthrobotrys jindingensis sp.nov 5 3 0.09%
Arthrobotrys hengjiangensis sp.nov 4 3 0.09%
Arthrobotrys eryuanensis sp.nov 4 3 0.09%
Drechslerella yunlongensis sp.nov 3 2 0.06%
Drechslerella stenobrocha 2 2 0.06%
Drechslerella pengdangensis sp.nov 2 2 0.06%
Arthrobotrys zhaoyangensis sp.nov 2 2 0.06%
Arthrobotrys yangjiangensis sp.nov 2 2 0.06%
Arthrobotrys weixiensis sp.nov 3 2 0.06%
Arthrobotrys tachengensis sp.nov 2 2 0.06%
Arthrobotrys luquanensis sp.nov 2 2 0.06%
Arthrobotrys lanpingensis sp.nov 2 2 0.06%
Arthrobotrys jinshaensis sp.nov 2 2 0.06%
Arthrobotrys jinpingensis sp.nov 3 2 0.06%
Arthrobotrys heihuiensis sp.nov 2 2 0.06%
Arthrobotrys gongshanensis sp.nov 2 2 0.06%
Arthrobotrys elegans 3 2 0.06%
Arthrobotrys cibiensis sp.nov 2 2 0.06%
Arthrobotrys blastospora sp.nov 2 2 0.06%
Dactylellina leptospora 1 1 0.03%
Dactylellina entomopaga 2 1 0.03%
Arthrobotrys yangbiensis sp.nov 2 1 0.03%
Arthrobotrys koreensis 2 1 0.03%

Total 3455 3247 94.94%
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Figure 2.6 Community composition of ONTF in Yunnan Province. (A) Occurrence

frequency of ONTF in Yunnan Province. (B) Strain composition of ONTF
in Yunnan Province

2.3.1.2 Terrestrial and aquatic differences of ONTF in Yunnan Province

Three genera and 49 species comprising 1832 ONTF isolates were isolated
from the 1710 terrestrial soil samples (including ten new species), whereas 1710
freshwater sediment samples yielded 42 species comprising 1623 isolates (including 12
new species). The detection rates and species count of terrestrial soil ONTF were higher
than those of freshwater sediments, at 97.54% and 92.34%, respectively (Table 2.7).
Twenty-nine species were common to both terrestrial soils and freshwater sediments,

with each habitat hosting 20 and 13 unique species, respectively (Figure 2.7).

Table 2.7 ONTF detection in terrestrial soil and freshwater sediment samples

Sample Number Number Number Occurrence Simpson’s  Shannon  Similar
type of species  of strains  of samples frequency index index index
Terrestrial 49 1832 1668 97.54% 0.21 2.23 0.47
soil
Freshwater 42 1623 1579 92.34% 0.23 2.07

sediment
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Figure 2.7 Common species in terrestrial soil and freshwater sediment. Brown
indicates species endemic to terrestrial soil, blue indicates species
endemic to freshwater sediment, ‘core’ represents the common species in
both habitats

2.3.1.3 Distribution patterns of ONTF in Yunnan Province

Altitude distribution of ONTF: Despite only 34 sampling sites being located
above 2500 meters altitude, species accumulation curves showed a plateauing trend
across altitude ranges as the number of sites increased. The greatest number of ONTF
species was recorded within the altitude range of 0—1000 meters with 42 species, and
decreasing with increasing altitude (Figure 2.8). The detection rates and average
number of isolates per site at different altitudes corresponded with the species count,
decreasing with increasing altitude. The lowest detection rate (75.9%) and an average
of only 7.4 isolates per site were recorded above 2500 meters (Figure 2.9 A). Only 11
of the 62 detected species were found across all five altitude ranges, with the number

of unique species decreasing with increasing altitude (Figure 2.9 B).
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Figure 2.8 ONTF species accumulation curves at different altitudes in Yunnan
Province. The number of species obtained in each altitude range is
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Longitude distribution of ONTF: Due to the unique topography in Yunnan
Province, it was not possible to ensure adequate sampling sites across each longitude
range. However, species accumulation curves indicate that the most species (38 species)
were obtained between longitudes 97° and 99° (Figure 2.10). The ONTF detection rate
and the average number of isolates per site were lowest within this longitude range, at
92% and 9.68 respectively (Figure 2.11 A). Seventeen of the 62 detected species were
found across all five longitude ranges, with the number of unique species decreasing as
longitude increased (Figure 2.11 B).
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Figure 2.10 ONTF species accumulation curve at different longitude in Yunnan
Province. The number of species obtained in each longitude range is

indicated above
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Figure 2.11 ONTF detection at different longitude in Yunnan Province. ‘Core’

across latitude gradients resulted in unclear trends. However, species accumulation
curves distinctly showed that the greatest number of ONTF species was obtained at
latitudes above 27°, with 42 species detected both above and at 26-27° (Figure 2.12).
Contrary to the species count, ONTF detection rates and the average number of isolates
per site were lowest in the higher latitude areas, with detection rates and average isolates
per site dropping to 89.78% and 9.43, respectively, above 27° (Figure 2.13 A). Twenty
of the detected 62 species were found across all five latitude ranges, with the number

Latitude distribution of ONTF: similar to longitude data, insufficient sampling

represents the common species in different longitude

of unique species generally increasing with latitude (Figure 2.13 B).
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ONTF hotspots in Yunnan Province: Among the top 50 sites with the highest
number of species and strains, 44% (22 sites) and 52% (26 sites) were concentrated in
the northwestern region of Yunnan, which constitutes less than 15% of the provincial
area (the three parallel rivers area) (Figures 2.14 A, B). Furthermore, among the 22 new
species isolated from this study, 77.3% (17 species) originating from this region (Figure
2.14 C).
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Figure 2.14 Distribution of ONTF new species and the top 50 sampling sites in

number of species and strain. (A) The distribution of top 50 sampling

sites with highest number of strains. (B) The distribution of top 50

sampling sites with highest number of species. (C). The distribution of

sampling sites with new species
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2.3.2 Diversity of Orbiliomycetes Nematode-Trapping Fungi (ONTF) in

Burned Forests

2.3.2.1 Overall diversity of ONTF in burned forests

A total of 474 isolates representing 38 ONTF species, including 20 new
species, were isolated from 184 sampling sites (368 samples) across three burned
forests. The community of ONTF varied among the different burned forests. In the
Wangiao area, two genera and 14 species comprising 74 isolates were detected,
including six Arthrobotrys species and eight Dactylellina species. Consistent with most
normal habitats, Arthrobotrys maintained a dominant position with 61 isolates, while
only 13 isolates of Dactylellina were found. In the Yushan area, 13 Dactylellina species
totaling 20 isolates dominated, with Arthrobotrys contributing only four species and 16
isolates, and Drechslerella comprising four species and 12 isolates. In the Yunlong
area, 24 species of Dactylellina with 231 isolates and nine Drechslerella species with
103 isolates were prominent, while Arthrobotrys was limited to five species and 18
isolates (Table 2.8).

Table 2.8 ONTF community composition on three burned forests

Wangiao Yushan Yunlong
ONTF
. Unburned Burned Unburned Burned Unburned  Burned
detection Total Total Total
area area area area area area
Species counts 7 12 14 10 15 21 21 27 38
Strain counts 31 43 74 23 25 48 172 180 352
Arthrobotrys 5 4 6 4 1 4 4 2 5
species counts
Arthrobotrys 33 28 61 14 2 16 14 4 18
strain counts
OF of 100% 100% 100% 64.3% 14.3% 39.3% 5.6% 2.5% 4.1%
Arthrobotrys
Dactylellina 2 8 8 5 10 13 12 17 24

species counts
Dactylellina 2 11 13 6 14 20 127 104 231

strain counts
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Wangiao Yushan Yunlong
ONTF
. Unburned Burned Unburned Burned Unburned Burned
detection Total Total Total
area area area area area area
OF of 20% 60% 30% 35.7% 57.1% 46.4% 77.5% 57.5% 67.5%
Dactylellina
Drechslerella 0 0 0 1 4 4 5 8 9
species counts
Drechslerella 0 0 0 3 9 12 31 72 103
strain counts
OF of 0 0 0 7.1% 42.9% 25.0% 17.5% 42.5% 30.3%

Drechslerella

2.3.2.2 Impact of fire on ONTF community

Comparing the ONTF community between burned areas and adjacent

unburned areas revealed a consistent trend across all three study regions. In terms of

species number, the number of species detected in burned areas were significantly

higher than those in unburned areas, with a general trend of a decrease in Arthrobotrys

species and an increase in Dactylellina and Drechslerella species. In terms of isolate

numbers, burned areas also had higher counts than unburned areas, with a general trend

of areduction in Arthrobotrys isolates and an increase in Dactylellina and Drechslerella

isolates. Notably, in the Yushan area, the dominant group shifted from Arthrobotrys

before the fire to Dactylellina after the fire (Figure 2.15).
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Figure 2.15 ONTF detection at three burned areas

Among different soil layers, in the unburned areas of all three study regions,
Arthrobotrys had a higher detection rate in the upper soil layers, while Dactylellina and
Drechslerella had higher deyection rates in the lower soil layers. After the fire, the
detection rates of Arthrobotrys in both soil layers markedly decreased, while those of

Dactylellina and Drechslerella significantly increased (Figure 2.16).
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2.4 Discussion

2.4.1 Diversity of Orbiliomycetes Nematode-Trapping Fungi (ONTF) in
Terrestrial and Aquatic Habitats of Yunnan Province

This study isolated 3,455 strains of 62 ONTF species from 3,420 samples
collected at 342 sites across Yunnan Province. The detection of ONTF at all sites with
a sample detection rate of 94.94% illustrates the widespread and highly adaptable of
ONTF, underscoring their significant diversity of ONTF in Yunnan.

The broad distribution of ONTF is commonly attributed to their predatory
function, which enhances their environmental adaptability. Thus, current research on
ONTF evolution focuses on the evolution of trapping structures, with the enhancement
of predatory capabilities being a major evolutionary trend (Li et al., 2000; Li et al., 2005;
Yang et al., 2007, 2012). According to this logic, species with stronger predatory
abilities should be more widely distributed and abundant, while those with weaker
predatory capabilities should be rarer and more narrowly distributed. However, in this
study, regardless of the number of species or strains, the genus Arthrobotrys, known for
weaker predatory capabilities, dominated, with a detection rate of 91.1% and
accounting for 95.51% of all strains isolated. This paradox between reality and theory
suggests that predatory traits, such as trapping structures and predation ability are not
the sole factor influencing the wide distribution of ONTF. There must be other traits
contributing significantly to their environmental adaptability. The evolutionary process
of ONTF is essentially one of adaptive evolution; thus, traits related to environmental
adaptation undoubtedly play a crucial role. Research focusing solely on the evolution
of predatory traits risks overlooking the complexity of evolution and may not accurately
reflect the real evolutionary processes or explain the current diversity of ONTF.

The discovery of new species provides crucial resources and foundational data
for applications, conservation, taxonomy, evolution, and ecological studies. Since 2010,
as the discovery of new ONTF species has become increasingly challenging, many
researchers have presumed that no more new ONTF species remain to be discovered

and have shifted focus away from diversity studies (Zhang et al., 2022). However, the
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identification of 22 new species among the 62 species isolated in this study, accounting
for 15% of the known ONTF, indicates that many undescribed ONTF await discovery.

Terrestrial soils, with higher detection rates, strain counts, and species numbers
compared to freshwater sediments, and where ten new species were isolated, may be a
stronghold for ONTF. This habitat type is crucial for ONTF diversity studies. The
isolation of 42 ONTF species, including 13 unique and 12 new species from 1,710
freshwater sediment samples, demonstrates that aquatic habitats harbor a rich and
unique ONTF diversity and are an essential component of ONTF diversity that should
be integrated into future studies. Additionally, all 42 ONTF species isolated from
aquatic habitats were from areas not deeper than two meters; previous research
indicated no ONTF presence in waters deeper than four meters (Hao et al., 2005).
However, numerous nematodes inhabit deeper waters (Ptatscheck & Traunspurger,
2020; de Jesus-Navarrete et al., 2022), suggesting other nematode-regulating agents
might be present at these depths. Exploring and studying these elusive nematode-
trapping microorganisms could provide valuable insights into the origins and
evolutionary processes of carnivorous microorganisms and offer ideal materials for the

bio-control of parasitic nematodes in aquatic habitats.

2.4.2 The Impact of Forest Fires on Orbiliomycetes Nematode-Trapping
Fungi (ONTF) Diversity

Since 2010, research on new species of ONTF has entered a bottleneck phase,
with more focus directed towards their predatory mechanisms, evolutionary
development of predatory organs, and molecular mechanisms of trap formation.
Hindered by the scarcity of species, especially in the genera Dactylellina and
Drechslerella, many studies struggled to produce compelling results. Beyond our
limited exploration of aquatic habitats and areas like the three parallel rivers region,
what might we be overlooking? Could it be differences in survival strategies between
ONTF genera or community distribution differences caused by these strategies?

Increasingly, microbial diversity surveys, whether based on high-throughput
sequencing or pure culture techniques, tend to discover microorganisms that are
abundant, predominantly surface-dwelling, or have strong saprophytic capabilities.

Previous habitat surveys also identified more species from the genus Arthrobotrys (Mo
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et al., 2008; Swe et al., 2009; Singh et al., Zhang & Hyde, 2014; Zhang et al., 2020;
Deng et al.,, 2023), likely because these species possess stronger saprophytic
capabilities, gaining a growth advantage in environments rich in organic matter.
Another factor is the common practice of sampling only the top 10 cm of soil,
potentially overlooking species residing in lower layers. This study hypothesizes that
forest fires, by clearing ONTF from the upper soil layers, create ecological niches that
are then occupied by ONTF residing in lower layers, thereby increasing soil ONTF
diversity post-fire and facilitating the discovery of new species.

Indeed, this study alone identified 20 new species from just three burned forests,
accounting for 20% of the species described. We also observed significant changes in
the ONTF community structure post-fire, with Datylellina and Drechslerella species
replacing the previously dominant Arthrobotrys. This confirms our hypothesis and
suggests that many more ONTF species reside in the lower soil layers. The high
temperatures and the insulating properties of the soil during fires provide the perfect
opportunity for these lower-layer species to emerge. Moreover, many studies on post-
fire biodiversity have found that moderate burning can promote greater biological
diversity; for example, morels become more abundant post-fire (Larson et al., 2016),
and plant diversity increases (Pausas & Ribeiro, 2017). These findings underscore that

burned areas are ideal for research, particularly for discovering new species.



CHAPTER 3

Fusarium xiangyunensis (NECTRIACEAE), A REMARKABLE
NEW SPECIES OF NEMATOPHAGOUS FUNGI FROM
YUNNAN, CHINA

3.1 Introduction

Nematophagous fungi are an important, fascinating group, living in soil, plant
debris, freshwater and marine sediments and animal wastes, which catch, parasitize and
poison nematodes for nitrogen supplement (Swe et al., 2009; Lin et al., 2016). In
general, these fungi are classified into four groups based on their nematicidal
mechanisms: (1) nematode-trapping fungi which catch and kill nematodes with a
variety of traps formed by mycelia. In this group, those predatory species of the family
Orbiliaceae are well-known; (2) endoparasitic fungi which usually produce special
spores (encysting, adhesive and ingested spores) which attach to and penetrate the
cuticle of nematodes, such as Harposporium anguillulae and Catenaria anguillulae; (3)
egg parasitic fungi which invade nematode eggs or females with hyphae tips, and (4)
toxin-producing fungi which immobilize nematodes with toxic metabolites (Li et al.,
2005; Zhang & Hyde, 2014). The first nematophagous fungus, Arthrobotrys superba
Corda, was described in 1839. Now, at least 700 fungal species have been reported to
have the ability to kill nematodes (Freitas et al., 2018). However, it is estimated that
there are 6000-8000 species of nematophagous fungi not found remaining to be
described (Drechsler, 1941; Pramer, 1964; Thorn & Barron, 1984; Li et al., 2000;
Mcinnes, 2003; Yang et al., 2012).

The genus Fusarium (Nectriaceae) is a large complex of plant and animal
pathogenic taxa, with a worldwide distribution. The genus was introduced by Link
(1809) with F. roseum Link as type species. The primary character of this genus is the

distinctive canoe or banana-shaped asexual conidia (Leslie & Summerell, 2006). Due
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to the previous limitations of classification based on morphology, many species with
similar characters were identified as a same species. In recent years, a multi-faceted
approach has been used to classify the genus, with the F. solani species complex having
been better resolved and new species having been introduced (Zhang et al., 2006; Short
et al., 2013; Chehri, 2015, Guevara et al., 2016). Several metabolic compounds have
been isolated and identified from Fusarium species (Brian et al., 1961; Blight & Grove,
1974; D’mello et al., 1999). In addition, some species of Fusarium, such as F.
oxysporum, F. moniliforme, F. sulphureum and some species of F. solani complex,
have ability to protect plants from nematodes by inducing plant resistance and Killing
nematodes (FSSC) (Mani & Sethi, 1984; Mathivanan et al., 1998; Zareen et al., 2001;
Ciarmela et al., 2010; Maia et al., 2013).

In this study, we focused on the diversity of hot-spring inhabiting fungi, we
found a species of Fusarium which is novel based on evidence from morphology and
molecular data (ITS, TEF and RPB1). The species also has strong nematicidal activity
in distilled water and on solid medium. Based on nematicidal mechanism, it was
characterized as nematode-trapping fungi. In this paper, we described this new species

and its nematicidal activity.

3.2 Material and Methods

3.2.1 Collection and Isolation

Water-logged soil samples were collected from Da-bo-na hot-spring, Xiangyun
County, in Yunnan Province, China. The average annual water temperature of the hot-
spring was 45 °C with a pH of 6.9. The samples were spread on corn meal agar (CMA)
plates using a sterile toothpick and free-living nematodes added (Panagrellus redivivus
Goodey) as baits to promote the germination of nematophagous fungi. After two weeks
of incubation at room temperature, a fungus strain was found on the surface of soil
samples and transferred to fresh CMA plates and incubated at 30 °C for growth of pure
culture. The culture was deposited in China General Microbiological Culture Collection
Center (CGMCC 3.19676) and duplicated in the microbiology lab at the School of
Agriculture and Biology, Dali University, China (DLU11-1).
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3.2.2 Morphological and Phylogenetic Analyses

The morphological characters of this strain were captured and measured with
an Olympus BX51 microscope (Olympus Corporation, Japan). Total DNA was
extracted from the mycelia grown on potato dextrose agar (PDA) medium according to
the method of Jeewon et al. (2002). Primer pairs 1TS4 and ITS5 (White et al., 1990)
were used to amplify the complete ITS and 5.8S region, the translation elongation factor
1-atpha (TEF) gene was amplified with primer pair TEF-1 and TEF-2 (O’Donnell et al.,
1998), and RPB1 gene was amplified with primer pair RPB1-DF2asc (Hofstetter et al.,
2007) and RPB1-G2R (Stiller & Hall, 1997). PCR amplification was performed as
follows: pre-denaturation at 94°C for 3 minutes, followed by 35 cycles of denaturation
at 94°C for 45 seconds, annealing at 52°C (ITS), 55°C (TEF) for 1 minute, extension at
72°C for 1 minute, and a final extension at 72°C for 10 minutes. The PCR thermal
program for RPB1 gene was amplified as initially 95°C for 5 minutes, followed by 35
cycles of denaturation for 1 minute at 95°C, annealing for 90 seconds at 55°C,
elongation for 2 minutes at 72°C, and final extension for 10 minutes at 72°C. The PCR
products were sequenced in forward and reverse directions.

Sequence data of related taxa were downloaded from NCBI (National Center
for Biotechnology Information) based on the blast results and relevant publications
(Aoki et al., 2003; O’Donnell et al., 2013; Nalim et al., 2011; Lombard et al., Chehri et
al., 2015; Laurence et al., 2016; Shang et al., Sisi¢ et al., 2018; Torbati et al., 2019)
(Table 3.1). Three genes were aligned with MAFFT v.7 (Katoh & Standley, 2013;
http://mafft.cbrc.jp/alignment/server/) and manually adjusted via BioEdit v7.2.3 (Hall,
1999) to improve the alignment respectively, then were combined with MEGAG6.0
(Tamuraetal., 2013). Phylogenetic trees were inferred with maximum likelihood (ML),
maximum parsimony (MP) and Bayesian inference (BI) analyses.

The optimal substitution model of three genes were estimated with jModeltest
v2.1.10 (Posada, 2008) respectively. The best-fit model is resulted as SYM+1+G model
for ITS, TVM+I+G for TEF and TIMlef+1+G for RPB1 under the Akaike Information
Criterion (AIC)
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Bayesian Inference (BI) analysis was performed via the web CIPRES Science
Gateway v. 3.3 (Miller et al., 2010) using MrBayes v. 3.2.6 on XSEDE. Posterior
probabilities (PP) (Rannala & Yang, 1996; Zhaxybayeva & Gogarten, 2002). Six
simultaneous Markov Chains were run from random trees for 10,000,000 generations and
trees were sampled every 100th generation with total of 100,000 trees. The first 25% trees
were discarded, and the remaining trees were used to calculate the posterior probabilities
(PP) in the majority rule consensus tree.

Maximum likelihood (ML) analysis was performed using 1Q-Tree v1.6.5
(Nguyen et al., 2014). The dataset was partitioned, and each gene was analyzed with
corresponding model. The bootstrap replication was set as 1000 and Nectria
cinnabarina CBS 256.47 was set as an out-group.

Maximum parsimony analysis (MP) was performed by PAUP v. 4.0b10
(Swofford, 2002) using the heuristic search option. Max-trees were set up at 1000 with
all characters were treated as unordered and of equal weight. Gaps were treated as
missing data and the branches of zero length were collapsed. All multiple equally
parsimonious trees were saved. Bootstrap replicate was set as 1000, each with ten
replicates of random stepwise addition of taxa (Hillis & Bull, 1993). The Kishino-
Hasegawa tests (Kishino & Hasegawa, 1989) were obtained to determine the
significantly different parsimonious trees under different optimality criteria.

The trees were shown with FigTree v1.3.1 (Rambaut, 2009) and Treeview (Page,
1996). The backbone tree was edited in Microsoft Power Point (2013) and Adobe
Photoshop CS6 software (Adobe Systems, USA). Sequences derived from this study
were deposited in GenBank (Table 3.1)
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Table 3.1 GenBank accession numbers of isolates included in this study

GenBank accession no.

Taxon Strain No.
ITS TEF RPB1

Fusarium acuminatum PUF036 HQ165939 HQ165867 —
Fusarium ambrosium NRRL 46583 KC691556 KC691528 KC691585
Fusarium asiaticum NRRL 13818 — AF212451 JX171459
Fusarium avenaceum CBS 13818 — HQ704078 —
Fusarium babinda NRRL 25539 — — JX171519
Fusarium caeruleum IR-1Sm-2-7-3-2 KP017789 — —
Fusarium commune NRRL 28387 — HMO057338 JX171525
Fusarium cuneirostrum BF1117-13 KF530848 KF025649 —
Fusarium ensiforme CPC 27191 LT746248 LT746200 —
Fusarium equiseti NRRL 20697 GQ505683 GQ505594 JX171481
Fusarium falciforme NRRL 32872 DQ094623 DQ247169 KC808313
Fusarium flocciferum NRRL 45999 GQ505465 GQ505433 HM347195
Fusarium graminearum NRRL 31084 — HM744693 JX171531
Fusarium illudens NRRL 22090 AF178393 AF178326 JX171488
Fusarium kelerajum FRC S1837 JF433040 DQ247516 —
Fusarium keratoplasticum NRRL 54963 — KC808190 KC808265
Fusarium kurunegalense FRC S1833 JF433036 DQ247511 —
Fusarium langsethiae NRRL 53439 — HM744691 KT597714
Fusarium lateritium NRRL 52786 — JF740854 JF741009
Fusarium lichenicola NRRL 32434 DQ094444 DQ246977 HM347156
Fusarium mahasenii FRC S1845 JF433045 DQ247513 —
Fusarium metavorans NRRL 43489 DQ790528 DQ790484 HM347180
Fusarium neocosmosporiellum NRRL 22468 DQ094318 AF178349 KC691616
Fusarium petroliphilum NRRL 54995 KC808257 KC808215 KC808293
Fusarium phaseoli CBS 265.5 MH856617 HE647964 —
Fusarium pseudensiforme NRRL 46517 KC691584 KC691555 KC691615
Fusarium sarcochroum NRRL 20472 — — JX171472
Fusarium solani NRRL 32810 DQ094577 DQ247118 —
Fusarium solani CBS 490.63 MH858333 JX435168 —
Fusarium solani f. sp. batatas NRRL 22400 AF178407 — —
Fusarium solani f. sp. glycines NRRL 22823 AF178418 AF178356 —
Fusarium solani f. sp. mori NRRL 22230 AF178420 AF178358 JX504709
Fusarium solani f. sp. piperis CML 2187 MH879154 JX657677 —
Fusarium solani f. sp. pisi CBS 123669 KM231796 KM231925 —
Fusarium solani f. sp. robiniae NRRL 22161 AF178395 AF178330 JX504707
Fusarium solani f. sp. xanthoxyli NRRL 22163 AF178394 AF178328 JX504708
Fusarium solani f. sp. passiflorae IBFS09 FJ200222 JX524770 —
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Table 3.1 (continued)

GenBank accession no.

Taxon Strain No.
ITS TEF RPB1
Fusarium solani f. sp. phalaenopsi RBG1806 KP768431 — —
Fusarium solani f. sp. eumartii Fs122 DQ164845 DQ164849 —
Fusarium solani f. sp. radicicola MAFF 731042 AB513851 AB513841 —
Fusarium stilboides NRRL 20429 — — JX171468
Fusarium striatum CBS 101573 KM231798 KM231927 —
Fusarium torulosum NRRL 52772 JF740926 JF740840 —
Fusarium tricinctum NRRL 25481 HMO068317 HMO068307 JX171516
Fusarium venenatum CBS 458.93 NR_156290 KM231942 —
Fusarium virguliforme PPRI13441 KF648842 KF648850 —
Fusarium witzenhausenense CBS 142480 MG250477 KY556525 —
Fusarium xiangyunensis CGMCC3.19676 MH780923 MH992629 MH999281
Nectria cinnabarina CBS 256.47 HM484692 — —

3.2.3 Morphological and Phylogenetic Analyses

The nematode-infection process was observed in sterile water and on solid
medium. In the sterile water assay, the conidia were harvested from pure culture with
sterile distilled water, then 500 pL of rinsed conidia solution mixed with 100 nematodes
(P. redivivus) in a sterile petri-dishes were incubated at room temperature. 500 uL of
sterile distilled water mixed with 100 nematodes (P. redivivus) was maintained as
control. The process of microconidia adhering and killing nematodes was observed and
recorded using an Olympus BX51 microscope (Olympus Corporation, Japan).

In the solid medium assay, the strain was inoculated on fresh CMA plates (a
square slot of 2x2 cm was created by removing the agar) and incubated at 30°C. When
the mycelia were spread over the square slot, about 500 nematodes (P. redivivus) were
added to the slot and observed by stereoscopic microscope one hour later. The process
of microconidia adhering and killing nematodes was recorded with an Olympus BX51
microscope (Olympus Corporation, Japan).
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3.3 Results

3.3.1 Phylogenetic Analysis

The alignment contained three genes (ITS, TEF and RPB1) from 49 species of
Fusarium and Nectria cinnabarina CBS 256.47 was selected as the outgroup taxon.
The dataset comprised 1,561 characters (ITS: 500, 78 gaps; TEF: 463, 67 gaps; RPB1:
598, no gaps), including 863 conserved characters, 687 variable characters and 536
parsimony-informative characters. Phylogenetic trees obtained from maximum
likelihood (RAXML), maximum parsimony (MP) and Bayesian inference (BI) analyses
show similar topologies, so the best scoring RAXML tree was selected to represent in
here (Figure 3.1).
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Figure 3.1 Maximum likelihood tree based on a combined ITS, TEF and RPB1

sequence data from 49 species of Fusarium. Bootstrap support values for
maximum parsimony (red) and maximum likelihood (black) equal or
greater than 50% are shown above the nodes and Bayesian posterior

probabilities values (green) greater than 0.90 are also indicated above the

nodes. The new isolates are in blue, ex-type strains are in bold. The tree is
rooted to Nectria cinnabarina (CBS 256.47)



68

3.3.2 Taxonomy

Fusarium xiangyunensis F. Zhang, X.Y. Yang & K. D. Hyde, sp. nov. (Figure 3.2)

MycoBank number: MB 827515; Facesoffungi number: FoF 05669

Etymology: The species name “xiangyunensis” refers to the location where the
sample was collected.

Material examined: CHINA, Yunnan Province, Xiangyun Country, Dabona
Hot-spring, from hot-spring sediment, 11 June 2016, F. Zhang, YXY11-1, Holotype
DLU11-1, ex-type living culture, CGMCC3.19676.

Saprobic on soil. Isolation grew fast on CMA, reaching a colony-diameter of 80
mm after six days incubation at 30°C. Colonies white, cottony at initial stage (1-9 days),
later becoming usually green to bluish-brown (> 10 days). Mycelia colorless, composed of
septate, branched, smooth. Conidiophores macronematous, mononematous, erect, flexuous,
septate, unbranched or simple-branched at the base. Conidiogenous cells phialidic,
cylindrical, with a minute collarette. Conidia two types: Microconidia, ellipsoidal, reniform,
8-25 x 3-6 pum., 0-1 septum in the middle, hyaline, smooth, developing in false, slimy
chains. Macroconidia falciform, pod-shaped, falcate, straight or slightly curved, beaked at
both ends, guttulate, 10-31 x 3.5-6.5 um., 2-4 septate, hyaline, smooth. Chlamydospores
spherical, ellipsoidal, in beaded-like chains, smooth to rough-walled, 5-10.5 um. diameter.

Note: Based on phylogenetic analyses and morphological comparison, our isolate
belongs to genus Fusarium. Phylogenetic analyses of combined ITS, TEF and RPB1
sequence data (Figure 3.1) show that F. xiangyunensis (CGMCC3.19676.) clusters with
those species belonging to the F. solani species complex (FSSC) and grouped together with
F. witzenhausenense with high support value (100% MP, 99% ML and 1.00 PP). There are
10 base pairs (no gaps) differences between F. xiangyunensis and F. witzenhausenense for
ITS (two pairs) and TEF (eight pairs) sequences. Although both species could not be
separated based on molecular data, they have a great difference in morphology, including
the habitats, conidia characteristics and chlamydospore formation. Fusarium
witzenhausenense was isolated from vascular tissue of infected hibiscus (Hibiscus sp.),
while F. xiangyunensis was isolated from hot-spring waterlogged soil. Microconidia of F.
witzenhausenense (6.2-22.5x3.1-6.1 um.) are slightly smaller than those of F.
xiangyunensis (8-25x3-6 um.). Macroconidia of F. witzenhausenense are obtuse at both
ends, while its in F. xiangyunensis they are tapered at both ends and beak-like, and are
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smaller than F. witzenhausenense [F. witzenhausenense, 25.4-41.3x4.8-6.9 pum. versus
10-31%3.5-6.5 um., F. xiangyunensis]. No chlamydospore formation was observed in F.
witzenhausenense, whereas the chlamydospores of F. xiangyunensis are spherical to
ellipsoidal and bead-like in appearance (Sisié et al., 2018). So, we propose this isolate to be
a new species based on morphological data.

Figure 3.2 Fusarium xiangyunensis (CGMCC3.19676). (a, b) Microconidia. (c)
Colony. (d, €) Macroconidia. (f) Chlamydospores. (g) Conidia developing

on conidiophores. Scale bars: (a, b, d—g) = 10 um., (c) = 10 mm.
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3.3.3 Nematode Infection Process

All nematodes in sterile water or on solid medium with fungi were Killed within
two hours. When the nematodes contact with the conidia, the latter tightly adhered to
the cuticle of nematodes. Then, the nematodes gradually got blackened, paralyzed and
died. Finally, the mycelia invade the nematodes and digests them (Figure 3.3). Whereas,
all nematodes in the control remained alive.

In addition, to confirm that the nematodes were killed by Fusarium
xiangyunensis, several infected nematodes were transferred to fresh PDA plates with
sterile toothpicks and incubated at 30°C for culture. Then, the sequence of ITS, TEF
and RPB1 of the culture were obtained using the method described in above. The
sequences were compared with the original sequences (the sequences first obtained for
phylogenetic analysis), and found that there is just 1 bp (base pair) difference between
them in TEF gene. Base on above, we can confirm that the nematodes were Killed by

F. xiangyunensis.
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Figure 3.3 Nematode-killing process. (a—c) Nematode-trapping process in sterile water.
(d-1) Nematode-trapping process on solid medium, note the nematode
gradually blackened in d-g, note the fungus invading the cuticle of
nematodes and mycelia filling the coelom in h—I. Arrow points to adhesive
microconidia. Scale bars: (a—i) = 50 um.
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3.4 Discussion

With cottony, white to bluish-brown mycelia, macronematous, mononematous,
erect, hyaline, septate, sparingly branched conidiophores, terminal, monophialidic
conidiogenous cells with minute collarette, falcate and 3—4-septate, smooth, hyaline,
guttulate, macroconidia and 0-1-septate, hyaline, smooth microconidia, Fusarium
xiangyunensis is morphologically similar to F. solani reported in 1842 by KFP von
Martius (Saccardo, 1880; Schroers et al., 2016). However, it is well known that F.
solani is a species-complex and those strains identified as F. solani based on
morphology. Initially, we identified our strain as F. solani based on its morphology.
However, when the ITS, TEF and RPB1 genes were sequenced, the phylogenetic
analysis showed that F. xiangyunensis clustered in one clade with F. solani species
complex and was sister to F. witzenhausenense. Based on this, combined with
comparative studies of morphology, we identified F. xiangyunensis as a new species.

Some species of Fusarium have been reported for their potential biological
control of nematodes. Some strains of F. oxysporum can reduce the rot of excised
banana roots caused by Pratylenchus goodeyi (Speijer & Sikora, 1993). Hallmann and
Sikore (1994) reported that Fusarium species can reduce nematode diseases by
inducing plant resistance, and at the same time, the species can also control nematode
parasitism by reducing the penetration of J2 juveniles in plant roots. Many studies have
shown that some species of Fusarium, such as F. oxysporum, F. moniliforme, F.
sulphureum and the F. solani complex have ability to kill Toxocara canis eggs (a
zoonotic geohelminth) (Mathivanan et al., 1998; Ciarmela et al., 2010; Maia et al.,
2013). In addition, some species of F. solani complex can kill nematodes in
fermentation broth (Mani & Sethi, 1984; Zareen et al., 2001). However, in the above
studies, parasitism is not a mechanism used by these species. In this study, we found
that F. xiangyunensis can infect and kill nematodes by adhering nematode cuticles
through microconidia. Therefore, based on the nematicidal mechanism presented above,
and a comparative study with other nematophagous fungi (Drechsler, 1968; Desai et al.,
1972; Ciancio et al., 1988; Dijksterhuis et al., 1993; Khan et al., 2006; Maia et al., 2013),

we classify this Fusarium species as an endoparasitic fungus.
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Many studies reported that there are abundant nematophagous fungi (especially
nematode-trapping fungi) live in water (Mo et al., 2005; Zhang et al., 2007; Swe et al.,
2009). While, there have been no studies indicating how these fungi kill nematodes in
water environment. This study discovered that a new species (Fusarium xiangyunensis)
produces microconidia which can adhere and kill nematodes in sterile water. It infers
that this strain can also kill nematodes in the natural water environment, and we
speculate that other fungi with similar nematicidal mechanisms may also be able to
control the population of nematodes in aquatic ecosystems. Therefore, this finding
suggests more extensive studies to isolate nematophagous fungi from aquatic
environments and further studies such as the experiment of nematode-infection process

in natural water environment should be done.



CHAPTER 4

TWO NEW SPECIES OF NEMATODE-TRAPPING FUNGI
(Dactylellina, ORBILIACEAE) FROM BURNED FOREST
IN YUNNAN, CHINA

4.1 Introduction

Nematode-trapping fungi are a group of fungi which form trapping devices
(adhesive networks, adhesive knobs, adhesive branches, non-constricting rings and
constricting rings) to capture nematodes for nutrients (Barron, 1977; Li et al., 2006;
Zhang & Hyde, 2014). They were broadly studied because of their special morphology,
function and potential value on biological control of animal and plant parasitic
nematodes (Linford et al., 1938; Jaffee et al., 1993; Wolstrup et al., 1996; Jaffee et al.,
1998; Morton et al., 2003; Liu et al., Borai et al., Kumar et al., Swe et al., 2011; Vilela
etal., 2012). Since 1839 the first nematode-trapping fungi species Arthrobotrys superba
Corda was described (Corda, 1839), more than 100 species have been reported. Among
them, the predatory species of Orbiliaceae family constitutes the majority (97 species)
(Liu et al., Zhang & Hyde, 2014). Initially, these species were classified into more than
26 genera successively. After that, they were classified into Arthrobotrys, Dactylella,
and Monacroporium, three genera based on morphology of conidia and conidiophores
(Zhang & Mo, 2006). With the development of molecular biology, phylogenetic studies
based on DNA sequence have revised the taxonomy system of this group again, the
view that classified these species into Arthrobotrys, Dactylellina, and Drechslerella,
three genera based on the types of trapping devices was proposed (Li et al., 2005; Yang
et al., 2007; Zhang & Hyde, 2014).
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The genus Dactylellina was first described by Morelet (1968) with D.
Leptospora Drechsler. At that time, it was characterized by elongate, fusiform conidia,
while microconidia rarely formed. Subsequently, Scholler et al. (1999) revised the
characteristics of this genus to catch nematodes with stalked adhesive knobs or non-
constricting rings, and moved all species with this trait into this genus. Furthermore,
based on phylogenetic analysis, the characteristics of this genus were revised again to
produce adhesive knobs, adhesive branches and non-constricting rings (Li et al., 2005;
Yang et al., 2007). This revision has been accepted by many scholars. Until 2014, 28
species have been reported in this genus (Zhang & Hyde, 2014).

Recently, two species of nematode-trapping fungi were isolated from the burned
forest, and identified as two new species of Dactylellina based on morphological and
phylogenetic analysis. We describe them with illustrations herein.

4.2 Material and Methods

4.2.1 Samples Collection, Isolation and Morphology

Collection: soil samples were collected from the burned forest in Cangshan
Mountain Dali City, Yunnan Province, China (geographical coordinates: N
25°37'09.37", W 100°09'02.39"). After removing the fallen leaves from the soil surface,
about 100 g of soil was collected and put into zip lock bag, the sample information was
recorded. The sample was brought back to the laboratory and stored in the refrigerator
at 4°C, and was processed within four days.

Isolation: the samples were sprinkled on corn meal agar (CMA) plates with
sterile toothpicks. Then, free-living nematodes (Panagrellus redivivus Goodey) were
added as baits to promote the germination of nematode-trapping fungi, three repetitions
per sample. After three weeks of incubation at room temperature, the plates were
observed under a stereo microscope to find the spores of nematode-trapping fungi.
Following, a single spore was transferred to a new CMA plate using sterile toothpick,

repeat this step until the pure culture was obtained.
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Morphology: the strains were transferred to fresh CMA plates (a square slot 2x2
cm was created by removed the agar) and incubated at 26°C, when the mycelia
overspread the square slot, about 500 nematodes (P. redivivus) were added to the slot
to induce the formation of trapping devices, then type of trapping devices were checked
under a stereo microscope. All morphological characters were captured and measured

with an Olympus BX51 microscope (Olympus Corporation, Japan).

4.2.2 DNA Extraction, PCR Amplification and Sequencing

Total DNA were extracted from the mycelia grown on the potato dextrose agar
(PDA) plates according to the method of Jeewon et al. (2002). Primer pairs ITS4-1TS5
(White et al., 1990), 526F-1567R (O’Donnell et al., 1998), 6F-7R (Liu et al., 1999) were
used to amplify the ITS, TEF and RPB2 genes respectively. The PCR amplifications were
performed as follows: pre-denaturation at 94 °C for 4 minutes, followed by 35 cycles of
denaturation at 94°C for 45 seconds, annealing at 52 °C (ITS), 55 °C (TEF) for 1 minute,
extension at 72°C for 1.5 minutes, and final extension at 72 °C for 10 minutes. The PCR
thermal cycle program for RPB2 gene was performed as follows: 95 °C for 4 minutes,
followed by 35 cycles of denaturation at 95 °C for 1 minutes, annealing at 54 °C for 1
minute, elongation at 72 °C for 2 minutes, and final extension at 72 °C for 10 minutes.
The PCR products of ITS and RPB2 genes were sequenced in forward and reverse
directions using the above PCR primers. The primer pair 247F-609R (Yang et al., 2007)
was used to sequence TEF genes.

4.2.3 Phylogenetic Analysis

Based on morphological characteristics and the DNA sequence blast results
from NCBI, we determined that these two new species belong to Dactylellina. So, all
sequences of ITS, TEF and RPB2 of Dactylellina species were downloaded from
GenBank (Table 4.1). Three genes were aligned with MAFFT v.7 (Katoh & Standley,
2013; http://mafft.cbrc.jp/alignment/server/) and manually adjusted via BioEdit v7.2.3
(Hall, 1999) to improve the alignment respectively, then were combined with MEGA
6.0 (Tamura et al., 2013). Phylogenetic trees were inferred with maximum likelihood
(ML), maximum parsimony (MP) and Bayesian inference (BI) analyses.

The optimal substitution models of three genes were estimated with jModeltest
v 2.1.10 (Posada, 2008) respectively. The best-fit models were resulted as GTR+1+G
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model for ITS, TrN+I+G for TEF and TrNef+I+G for RPB2 under the Akaike
Information Criterion (AIC).

Bayesian Inference (BI) analysis was performed via the web CIPRES Science
Gateway v. 3.3 (Miller et al., 2010) using MrBayes v. 3.2.6 on XSEDE. Posterior
probabilities (PP) (Rannala & Yang, 1996; Zhaxybayeva & Gogarten, 2002). Six
simultaneous Markov Chains were run from random trees for 10,000,000 generations
and trees were sampled every 100th generation with total of 100,000 trees. The first 25%
trees were discarded and the remaining trees were used to calculate the posterior
probabilities (PP) in the majority rule consensus tree.

Maximum likelihood (ML) analysis was performed using 1Q-Tree v 1.6.5
(Nguyen et al., 2014). The dataset was partitioned and each gene was analyzed with
corresponding model. The bootstrap replication was set as 1000 and Dactylaria sp.
YNWS02-7-1was set as out-group.

Maximum parsimony analysis (MP) was performed by PAUP v. 4.0b10
(Swofford, 2002) using the heuristic search option. Maxtrees were set up at 1000 with
all characters were treated as unordered and of equal weight. Gaps were treated as
missing data and the branches of zero length were collapsed. All multiple equally
parsimonious trees were saved. Bootstrap replicates were set as 1000, each with ten
replicates of random stepwise addition of taxa (Hillis & Bull, 1993). The Kishino-
Hasegawa tests (Kishino & Hasegawa, 1989) were obtained to determine the
significantly different parsimonious trees under different optimality criteria.

The trees were shown with FigTree v1.3.1 (Rambaut, 2010) and Treeview (Page,
1996). The backbone tree was edited with Microsoft Power Point (2013) and Adobe
Photoshop CS6 software (Adobe Systems, USA). Sequences derived from this study
were deposited in GenBank (Table 4.1).
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Table 4.1 GenBank accession numbers of isolates included in this study

GenBank accession no.

Taxon Strain No.
ITS TEF RPB1
Dactylellina appendiculata  CBS 206.64 AF106531 DQ358227 DQ358229
Dactylellina arcuata CBS 174.89 AF106527 DQ999852 DQ999799
Dactylellina asthenopaga CBS 917.85 U51962 — —
Dactylellina candida YMF1.00036 AY965749 — —
Dactylellina cangshanensis CGMCC3.19714 MK372062 MN915115 MN915114
Dactylellina cionopaga SQ27-3 AYT773467 AY773409 AY773438
Dactylellina cionopaga XJ03-9-3 AYT773473 AYT773415 AY773444
Dactylellina copepodii CBS 487.9 U51964 DQ999835 DQ999816
Dactylellina drechsleri CBS 549.63 DQ999819 DQ999840 DQ999810
Dactylellina ellipsospora 286 AYT773449 AY773391 AY773420
Dactylellina ellipsospora YNWS02-8-1 AY773458 AY773400 AY773429
Dactylellina entomopaga CBS642.80 AY965758 DQ358228 DQ358230
Dactylellina formosana CCRC 32740 U51956 — —
Dactylellina gephyropaga CBS585.91 AY965756 DQ999846 DQ999801
Dactylellina gephyropaga CBS 178.37 U51974 DQ999847 DQ999802
Dactylellina haptospora CBS 100520 DQ999820 DQ999850 DQ999814
Dactylellina haptotyla SQ95-2 AYT773470 AYT773412 AY773441
Dactylellina haptotyla XJ03-96-1 DQ999827 DQ999849 DQ999804
Dactylellina hertziana CBS 395.93 AF106519 — —
Dactylellina huisuniana CCRC 33444 U51965 — —
Dactylellina leptospora SHY6-1 AYT773466 AY773408 AYT773437
Dactylellina lobata CBS 329.94 KT215196 — —
Dactylellina lobata YMF1.00535 MF948399 — MF948479
Dactylellina mammillata CBS229.54 AY902794 DQ999843 DQ999817
Dactylellina mammillata YMF1.00127 AY965751 — —
Dactylellina parvicollis XSBN22-1 AY804215 DQ999854 DQ999798
Dactylellina querci 6175 AYT773453 AYT773395 AYT773424
Dactylellina robusta CBS 110125 DQ999821 DQ999851 DQ999800
Dactylellina sichuanensis YMF1.00023 AY902795 — —
Dactylellina tibetensis XZ04-92-1 DQ999833 DQ999848 DQ999803
Dactylellina varietas YMF1.118 AY902805 — —
Dactylellina yunnanensis CBS615.95 AY965757 — —
Dactylellina yushanensis CGMCC3.19713 MK372061 MN915113 MN915112
Dactylaria sp. YNWS02-7-1 AYT773457 AY773399 AYT773428
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4.3 Results

4.3.1 Phylogenetic Analysis

The alignment contained ITS, TEF and RPB2 three genes from 29 species (34
strains). The dataset comprised 1878 characters (ITS: 502, TEF: 579 and RPB2: 797),
including 841 conserved characters, 1006 variable characters and 686 parsimony-
informative characters. Phylogenetic trees obtained from maximum likelihood
(RAXML), maximum parsimony (MP) and Bayesian inference (BI) analyses shown
similar topologies, so the best scoring RAXML tree was selected to represent in here
(Figure 4.1).
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Figure 4.1 Maximum likelihood tree based on a combined ITS, TEF and RPB2
sequence data from 29 species of Dactylellina. Bootstrap support values
for maximum parsimony (red) and maximum likelihood (black) equal or
greater than 50% are shown above the nodes and Bayesian posterior
probabilities values (green) greater than 0.90 are also indicated above the
nodes. The new isolates are in blue, ex-type strains are in bold. The tree is
rooted to Dactylaria sp. (YNWS02-7-1)
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4.3.2 Taxonomy

Dactylellina cangshanensis F. Zhang, X.Y. Yang & K. D. Hyde, sp. nov.
(Figure 4.2)

Index Fungorum number: IF555802; Facesoffungi number: FOF 05671

Etymology: The species name “cangshanensis” refers to the name of sample
collection site: Cangshan Mountain, Dali City, Yunnan Province, China.

Material examined: CHINA, Yunnan Province, Dali City, burned forest in
Cangshan Mountain, from burned forest soil, 25 July 2017, XJ. Zhou, YXY13-1.
Holotype CGMCC 3.19714, ex-type living culture, DLU13-1.

Saprobic on soil. Isolation growing slowly on CMA, reaching a colony-diameter
of 50 mm after 20 days incubation at 26°C. Colonies white, cottony. Mycelium colorless,
septate, branched, smooth. Conidiophores hyaline, erect, septate, unbranched, 135-290 um.
long (X =222.5 um., n=100), 2.5-4 um. at the base (X = 3.2 um., n = 100), gradually
tapering upwards to a width of 1.5-2.5 ym. at the apex (X =1.95 um., n=100), bearing a
single conidium. Conidia broadly fusiform, spindle-shaped, some clavate or drop-shaped,
hyaline, 2348 x 7-13.5 um. (X =35.9 x 11.06 um., n = 100), 2—4-septate, mostly 3 or 4-
septate, the central cell is the largest, apex obtuse. Chlamydospores not observed. Capturing

nematodes with adhesive knobs, producing trapping device spontaneously.
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Figure 4.2 Dactylellina yushanensis (CGMCC3.19713). (a) Colony. (b, c, e, f)
Macroconidia. d Micro-cycle conidiation. (g, j, k) Microconidia. (h, i)

Conidiophore. (I) Trapping-device: adhesive knobs. Scale bars: (a) = 1.0
cm., (b-1) =10 um.

Dactylellina yushanensis F. Zhang, X.Y. Yang & K. D. Hyde, sp. nov. (Figure 4.3)

Index Fungorum number: IF555801; Facesoffungi number: FOF 05670

Etymology: The species name “yushanensis” refers to the name of sample
collection site: Yushan Mountain in Cangshan Mountain, Dali City, Yunnan Province,
China. (X =39.2 x 15.3 um., n = 100)
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Material examined: CHINA, Yunnan Province, Dali City, burned forest in
Yushan Mountain in Cangshan Mountain, from burned forest soil, 25 July 2017, XJ.
Zhou, YXY12-1. Holotype CGMCC3.19713, ex-type living culture, DLU12-1.

Saprobic on soil. Isolation grew slowly on CMA, reaching a colony-diameter
of 50 mm after 35 days incubation at 26°C. Colonies white, cottony. Mycelia colorless,
septate, branched, smooth, hyaline. Conidiophores hyaline, septate, erect, simple or
geniculate branched, spore single grew in the apex or geniculate inflection point of
conidiophore, 125-310 um. long (X =235.5 um., n=100), 2.5-5 um. wide at the base
(X =3.5 um., n = 100), gradually tapering upwards to a width of 1.8-3.0 um. at the
apex (X =2.1 um.,n=100). Conidia two types: Macroconidia spindle-shaped, hyaline,
smooth, 3048 x 7—15 um. (X = 38.3 x 12.1 um., n = 100), 2—4-septate, mostly 4-
septate, the central cell is the largest, tapering at both ends. Microconidia fusiform,
clavate or drop-shaped, hyaline, smooth, 16-40.5 x 3-8.5 pym. (X =27 x 5.5 um., n=
100), 1-3-septate, mostly 1-septate, grew on conidiophore or produce by macroconidia
with the way of micro-cycle conidiation. Chlamydospores not observed. Capturing
nematodes with adhesive knobs, producing trapping device spontaneously.
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Figure 4.3 Dactylellina cangshanensis (CGMCC3.19714). (a) Colony. (b—e) Conidia.
(F) Trapping-device: adhesive knobs. (g) Conidiophore. Scale bars: (a) =1.0
cm., (b—g) =10 um.
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4.4 Discussion

Based on phylogenetic analysis (Figure 4.1), Dactylellina cangshanensis
(CGMCC3.19714) cluster together with D. ellipsospora with high support value (96%
MP, 94% ML and 0.96 PP). There are 122 base pairs are different between D.
cangshanensis and D. ellipsospora 286 for combined sequences data (ITS: 22 pairs,
TEF: 21 pairs, RPB2: 79 pairs). The morphology of this species is similar to D.
ellipsosporum. But there are two distinct differences: first, the conidia of this species
are more diverse in shape, some conidia are clavate or bottle-shaped except for the
spindle shape, while the conidia of D. ellipsosporum Preuss are simple, mostly spindle-
shaped with two septate both at the top and bottom. Second, the conidia of this species
are smaller than the conidia of D. ellipsosporum [D. cangshanensis, 23-48 (35.9) x 7—
13.5 (11.06) um. versus 40-57.5 (48.3) x 10-17.5 (13) um., D. ellipsosporum] (Cooke
& Dickinson, 1965). Based on above, combined with phylogenetic analysis, we propose
this isolate as a new species of Dactylellina.

Phylogenetic analysis (Figure 4.1) showed that D. yushanensis
(CGMCC3.19713) cluster together with D. ellipsospora and D. cangshanensis with
high support value (96% MP, 94% ML and 0.95 PP). There are 227 base pairs are
different between D.yushanensis and D.ellipsospora 286 (ITS: 61 pairs, TEF: 31 pairs,
RPB2: 135 pairs), and 189 base pairs are different between D.yushanensis and
D.cangshanensis (ITS: 55 pairs, TEF: 31 pairs, RPB2: 103 pairs). The morphological
characteristics of this species are clear, therefore can be distinguished from other
species easily. Especially the macroconidia with tapering both ends. In Dactylellina,
only the conidia of D. ellipsospora has similar feature, however, the conidia of this
species are smaller than the conidia of D. ellipsosporum [D. yushanensis, 30-48 (38.3)
X 7-15 (12.1) pm. versus 40-57.5 (48.3) x 10-17.5 (13) um., D. ellipsosporum] (Cooke
& Dickinson, 1965). In addition, the characteristics of fusiform, clavate or drop-shaped
microconidia grew on conidiophore directly or produce by macroconidia with the way
of micro-cycle conidiation and the conidiophore with geniculate branched of this
species are unique in Dactylellina. Based on above, combined with phylogenetic

analysis, we propose this strain as a new species of Dactylellina.



CHAPTER 5

Drechslerella daliensis AND D. xiaguanensis (ORBILIALES,
ORBILIACEAE), TWO NEW NEMATODE-TRAPPING
FUNGI FROM YUNNAN, CHINA

5.1 Introduction

Nematode-trapping fungi are important predators that capture nematodes by
specialized trapping structures (Barron, 1977; Li et al., 2006; Swe et al., 2011; Zhang
& Hyde, 2014). They play vital roles in maintaining energy balance and nutrient cycles
in soil ecosystems and exhibit great potential for bio-control application in agricultural
management (Cooke, 1962; Ulzurrun & Hsueh, 2018; Zhang et al., 2020a). Most
nematode-trapping fungi belong to Orbiliaceae, which have been extensively studied
due to their abundant species and sophisticated trapping devices (Linford et al., 1938;
Jaffee et al., 1993; Wolstrup et al., 1996; Jaffee et al., 1998; Morton et al., 2003; Liu et
al., 2009; El-Borai et al., Kumar et al., Swe et al., 2011; Vilela et al., 2012). Currently,
116 predatory species in Orbiliaceae have been reported (Glockling & Dick, 1994; Li
et al., 2006; Wu et al., 2012; Li et al., 2013; Liu et al., Zhang & Hyde, 2014; Quijada
et al., Zhang et al., 2020ab; Zhang et al., 2022). They are classified into three genera
according to their types of trapping structure: (1) Arthrobotrys (67 species), catching
nematodes using adhesive networks; (2) Dactylellina (34 species), capturing nematodes
by adhesive knobs, adhesive branches and non-constricting rings; and (3) Drechslelrella
(15 species), trapping nematodes with constricting rings (Scholler et al., 1999; Li et al.,
2005; Yang et al., 2007; Zhang & Hyde, 2014).

Drechslerella was established by Subramanian (1963) with the type species D.
acrochaeta (Drechsler) Subram. It is a small genus separated from Monacrosporium,
based on conidia producing filamentous appendages at the apex, which are lacking in

Monacrosporium. However, filamentous appendages are usually produced when
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conidia germinate and are also commonly found in some species of Arthrobotrys.
Therefore, Liu and Zhang (1994) treated Drechslerella as a synonym of
Monacrosporium, based on their similar conidia morphology. Subsequently, the
generic concept of nematode-trapping fungi in Orbiliaceae was revised, based on
molecular phylogenetic analysis. Drechslerella is characterized by producing
constricting rings to capture nematodes (Liou & Tzean, 1997; Pfister, 1997; Ahren et
al., 1998; Scholler et al., 1999; Li et al., 2005). Drechslerella currently includes 15
accepted species, 13 of which have been reported in China (Zhang & Mo, 2006; Zhang
& Hyde, 2014). They mainly occur in the soil or sediment of various ecosystems such
as forests, mangroves, freshwater, brackish water, heavy metal polluted areas and even
in tree trunks and animal feces (Jansson & Autery, 1961; Hao et al., 2005; Mo et al.,
2006; Su et al., 2007; Swe et al., 2009; Zhang & Hyde, 2014; She et al., 2020; Zhang
et al., 2020). In soil, Drechslerella species are mainly distributed in the upper litter and
humus layer and closely related to the density of soil nematodes (Burges & Raw, 1967;
Gray & Bailey, 1985; Zhang & Hyde, 2014). Drechslerella species lack nematodes
mainly by the rapid expansion of the three cells that make up the constricting ring. This
method of trapping nematodes mainly by mechanical force is significantly different
from that of species in Arthrobotrys and Dactylellina (capture nematodes mainly with
adhesive material) (Zhang & Mo, 2006; Zhang & Hyde, 2014). Therefore,
Drechslerella is the most special genus amongst Orbiliaceae NTF and it is also a key
group in studying the origin and evolution of carnivorous fungi.

The studies of nematode-trapping fungi have been poorly addressed in extreme
habitats (Onofri & Tosi, 1992; Mo et al., 2008; Swe et al., 2008). Our previous research
investigated the succession of nematode-trapping fungi after fire disturbance in forests
in China (She et al., 2020). Four strains were isolated and identified as two new
nematode-trapping fungi in Orbiliaceae. The aim of this study is to introduce these two
new species, D. daliensis and D. xiaguanensis, based on morphology and phylogenetic
evidence. The discovery of these two species increased the diversity of nematode-
trapping fungi and provided more valuable materials for studying the evolution and
origin of carnivorous fungi, as well as more potential species for the biological control

of plant and animal parasitic nematodes.
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5.2 Material and Methods

5.2.1 Samples Collection, Isolation and Morphology

The soil samples were collected from a burned forest in Cangshan Mountain,
Dali City, Yunnan Province, China (geographical coordinates: N 100°07'44", E
25°45'49"). The sampling site information has been described by She et al. (2020).
About 100 g of soil was collected from 10-20 cm depth using a 35 mm-diameter soil
borer. The soil sample was placed into a zip lock bag and samples were brought back
to the laboratory and stored at 4°C until processing.

The soil samples were sprinkled on corn meal agar (CMA) plates with sterile
toothpicks. Free-living nematodes (Panagrellus redivivus Goodey) were added as bait
to promote the germination of nematode-trapping fungi. After three weeks of
incubation at 26°C, the plates were observed under a stereo-microscope to find the
spores of nematode-trapping fungi. A single spore was transferred to a fresh CMA plate
using a sterile toothpick, repeating this step until the pure culture was obtained.

Fungal isolates were transferred to fresh potato dextrose agar plate (PDA) using
a sterile toothpick and incubated at 26°C for colony characteristics observation. The
pure cultures were transferred to fresh CMA observation plates (an observation well of
2x2 c¢m was made by removing the agar from the center of the CMA plate) and
incubated at 26°C. When the mycelium overspread the observation well, about 500
nematodes (P. redivivus) were added to the well to induce the formation of trapping
devices. The types of trapping devices were checked using a stereo-microscope. All
morphological characters were captured and measured with an Olympus BX53

microscope (Olympus Corporation, Japan).

5.2.2 DNA Extraction, PCR Amplification and Sequencing

The genomic DNA was extracted from the mycelia grown on PDA plates
according to the method described by Jeewon et al. (2002). The primer pairs ITS4-1TS5
(White et al., 1990), 526F-1567R (O’Donnell et al., 1998) and 6F-7R (Liu et al., 1999)
were used to amplify the ITS, TEF and RPB2 genes, respectively. The PCR
amplification was performed as follows: pre-denaturation at 94°C for 4 minutes,

followed by 35 cycles of denaturation at 94°C for 45 seconds, annealing at 52°C (ITS),
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55°C (TEF), 54°C (RPB2) for 1 minute, extension at 72°C for 1.5-2 minutes, and a
final extension at 72°C for 10 minutes. The PCR products were purified with a DiaSpin
PCR Product Purification Kit (Sangon Biotech Company, Limited, Shanghai, China).
ITS and RPB2 genes were sequenced in forward and reverse directions using PCR
primers and the TEF region was sequenced using the 247F-609R primer pair (Yang et
al., 2007) (BioSune Biotech Company, Limited, Shanghai, China).

5.2.3 Phylogenetic Analysis

The sequences generated in this study were compared against the NCBI
GenBank database using BLASTn (BLASTN; https://blast.ncbi.nlm.nih.gov/Blast.cgi/
PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_ LOC=blasthome; accessed
on 16 July 2022). The morphological and BLASTn search results placed these two
species in the genus Drechslerella. Drechslerella were searched in the Index Fungorum
(http:// www.indexfungorum.org; accessed on 16 August 2022) and Species Fungorum
(http:// www.speciesfungorum.org; accessed on 16 August 2022) and all relevant
records were checked individually according to the relevant documents to ensure that
all Drechslerella taxa were considered in this study (Li et al., 2013; Zhang & Hyde,
2014). All reliable ITS, TEF and RPB2 sequences of Drechslerella taxa were
downloaded from the GenBank database (Table 5.1). The three datasets (including our
two new species) were aligned using MAFFT online version (Madeira et al., 2022;
https://www.ebi.ac.uk/Tools/msa/ mafft/), then manually adjusted and linked via
BioEdit v.7.2.3 (Hall, 1999) and MEGA®6.0 (Tamura et al., 2013). Dactylaria sp.
YNWS02-7-1 and Vermispora fusarina Y XJ02-13-5 were selected as outgroups (Yang
et al., 2007). Phylogenetic trees were inferred with Maximum Likelihood (ML),
Maximum Parsimony (MP) and Bayesian Inference analyses (Bl).



Table 5.1 GenBank accession numbers of isolates included in this study
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GenBank accession no.

Taxon Strain No.

ITS TEF RPB1
Arthrobotrys conoides YMF1.00009 MF948387 MF948544 MF948468
Arthrobotrys guizhouensis YMF1.00014 MF948390 MF948547 MF948471
Arthrobotrys shizishanna YMF1.00022 MF948392 MF948549 MF948473
Dactylaria sp. YNWS02-7-1 AYT73457 AY773399 AYT773428
Dactylellina appendiculata CBS 206.64 AF106531 DQ358227 DQ358229
Dactylellina copepodii CBS 487.9 U51964 DQ999835 DQ999816
Dactylellina mammillata CBS229.54 AY902794 DQ999843 DQ999817
Dactylellina yushanensis CGMCC 3.19713 MK372061 MN915113 MN915112
Drechslerella anchonia CBS109.37 AY965753 — —
Drechslerella aphrobrocha YMF1.00119 MF948397 — MF948477
Drechslerella bembicodes 1.01429 MH179731 — MH179835
Drechslerella brochopaga 701 AYT773456 AY773398 AYT73427
Drechslerella brochopaga 1.01829 MH179750 — MH179852
Drechslerella brochopaga CBS218.61 U51950 e —
Drechslerella brochopaga ATCC 96710 EF445987 —_— —
Drechslerella brochopaga DHP 212 U72609 — —
Drechslerella brochopaga BCRC 34361 FJ380936 —_— —_—
Drechslerella brochopaga H.B.9925 KT222412 —_— —
Drechslerella brochopaga H.B.9965 KT380104 —_— e
Drechslerella brochopaga 6178 DQ656615 — —
Drechslerella coelobrocha FWY03-25-1 AYT773464 AYT773406 AYT773435
Drechslerella coelobrocha 1.0148 MH179744 — MH179847
Drechslerella dactyloides 1.00031 MH179690 MH179554 MH179799
Drechslerela dactyloides expo-5 AYT773463 AY773405 AY773434
Drechslerella dactyloides 1.00131 MH179705 — MH179813
Drechslerella daliensis CGMCC 3.20131 MT592896 OK556701 OK638157
Drechslerella daliensis DLU22-1 OK643974 OK556700 OK638158
Drechslerella doedycoides YMF1.00553 MF948401 — MF948481
Drechslerella doedycoides CBS 586.91 MH862283 —_— —_—
Drechslerella doedycoides CBS175.55 MH857432 — —
Drechslerella effusa YMF1.00583 MF948405 MF948557 MF948484
Drechslerella effusa CBS 774.84 MH861835 — —
Drechslerella hainanensis YMF1.03993 KC952010 — —
Drechslerella heterospora YMF1.00550 MF948400 MF948554 MF948480
Drechslerella polybrocha CBS 319.56 MH857657 —_— e
Drechslerella polybrocha CCRC 32872 U51973 — —
Drechslerella polybrocha DHP 133 U72606 — e
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Table 5.1 (continued)

GenBank accession no.

Taxon Strain No.

ITS TEF RPB1
Drechslerella polybrocha H.B.8317 KT222361 —_—
Drechslerella stenobrocha YNWS02-9-1 AYT773460 AY773402 AYT773431
Drechslerella xiaguanensis CGMCC 3.20132 MT592900 OK556699 0OK638159
Drechslerella xiaguanensis DLU23-1 OK643975 OK556698 OK638160
Drechslerella yunnanensis 1.01863 MH179759 —_— MH179861
Drechslerella yunnanensis YMF1.03216 HQ711927 —_— e
Vermispora fusarina Y XJ02-13-5 AYT73447 AY773389 AY773418

SYM+I+G, GTR+I+G and GTR+I+G models were selected as best-fit optimal
substitution models for ITS, TEF and RPB2, respectively, via jModelTest v.2.1.10
(Posada, 2008) under the Akaike Information Criterion (AIC).

MrBayes v. 3.2.6. (Huelsenbeck & Ronquist, 2001) was used to perform the
Bayesian Inference (BI) analysis. The multiple sequence alignment file was converted
into the MrBayes compatible NEXUS file via Fasta Convert (Hall, 2005). The dataset
was partitioned and the optimal substitution models of each gene were equivalently
replaced to conform to the setting of MrBayes. Six simultaneous Markov Chains were
run for 10,000,000 generations and trees were sampled every 100 generations (a total
of 100,000 trees). The first 25% of trees were discarded and the remaining trees were
used to calculate the posterior probabilities (PP) in the majority rule consensus tree. All
the above parameters are edited into the MrBayes block in the NEX file.

IQ-Tree v.1.6.5 (Nguyen et al., 2014) was used to perform the Maximum
Likelihood (ML) analysis. The dataset was partitioned and each gene was analyzed with
its corresponding model. The rapid bootstrapping method with 1000 replicates
(Felsenstein, 1985) was used to compute the bootstrap support values (BS).

Maximum Parsimony (MP) analysis was performed via the web CIPRES
Science Gateway v. 3.3 (Miller et al., 2010; https://www.phylo.org) by PAUP 4. a168
on XSEDE using the heuristic search option with 1000 random sequence additions.
Max-trees were set up at 5000 and no increase. Clade stability was assessed using a
bootstrap analysis with 1,000 replicates (Felsenstein, 1985). Descriptive tree statistics

tree length (TL), consistency index (Cl), retention index (RI), rescaled consistency
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index (RC) and homoplasy index (HI) were calculated for all trees generated under
different optimality criteria. All the above parameters are edited into the PAUP block
in the NEX file.

The trees were visualized with FigTree v.1.3.1 (Rambaut, 2009). The backbone
tree was edited and reorganized by Microsoft PowerPoint (2013) and Adobe Photoshop
CS6 software (Adobe Systems, USA). Sequences derived from this study were
deposited in GenBank (Table 5.1).

5.3 Results

5.3.1 Phylogenetic Analyses

A total of 15 Drechslerella related taxa were listed in Index Fungorum (http://
www.indexfungorum.org; accessed on 16 August 2022) and Species Fungorum
(http://www.speciesfungorum.org; accessed on 16 August 2022), representing 15 valid
Drechslerella species. Among them, 13 species have available molecular data. The
combined ITS, TEF and RPB2 sequence dataset contained 42 nematode-trapping taxa in
Orbiliaceae (three Arthrobotrys species, four Dactylellina species and 35 Drechslerella
taxa representing 15 species). The final dataset comprised 1939 characters (ITS =591, TEF
=534 and RPB2 = 814), including 807 conserved characters, 1072 variable characters and
748 parsimony-informative characters. After Maximum Likelihood (ML) analysis, a best-
scoring likelihood tree was obtained with a final ML optimization likelihood value of -
7146.589745. For Bayesian analysis (Bl), the first 25% of trees were discarded ina burn in
period, the consensus tree was calculated with the remaining trees and the Bayesian
posterior probabilities were evaluated with a final average standard deviation of the split
frequency of 0.009547. Within Maximum Parsimony (MP) analysis, a strict consensus tree
was obtained from the two equally most parsimonious trees (TL = 2817, Cl =0.471, Rl =
0.514, RC = 0.296, HI = 0.404). The trees inferred by ML, MP and BI showed similar

topologies. Therefore, the best-scoring ML tree was selected for presentation (Figure 5.1).
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The phylogram inferred from the ITS+TEF+RPB2 dataset clustered 42
Orbiliaceae nematode-trapping fungi into two large clades according to their mechanisms
for catching nematodes: (1) The genus Drechslerella that captures nematodes by
mechanical force (Zhang & Hyde, 2014); (2) The genera Arthrobotrys and Dactylellina
capture nematode by adhesive material (Zhang & Hyde, 2014). Our two new species D.
daliensis and D. xiaguanensis clustered in Drechslerella with high statistical support.
Drechslerella. daliensis forms a basal lineage closely nested with D. hainanensis
(YMF1.03993) with 94% MPBS, 93% MLBS and 0.94 BYPP support. Drechslerella.
xiaguanensis forms a sister lineage with D. bembicodes (1.01429), D. aphrobrocha
(YMF1.00119) and D. coelobrocha (FWY03-25-1) with 98% MPBS, 99% MLBS and
0.97 BYPP support (Figure 5.1).

5.3.2 Taxonomy

Drechslerella daliensis Fa Zhang, Xiao-Yan Yang, Kevin D Hyde, sp. nov.
(Figure 5.2)

Index Fungorum number: IF558120; Facesoffungi number: FOF 10565.

Etymology: The species name “daliensis” refers to the locality (Dali) of the type
specimen.

Material examined: CHINA, Yunnan Province, Dali City, Cangshan Mountain,
from burned forest soil, 25 July 2017, F Zhang. Holotype CGMCC3.20131. Isotype
DLU22-1

Colonies white, cottony, slow-growing on PDA medium, reaching 50 mm
diameter after 18 days at 26°C. Mycelium hyaline, septate, branched, smooth.
Conidiophores 125—- 335 um. (X =216.5 pm., n =50) long, 3-6.5 um. (X =4.5 um.,
n =50) wide at the base, 2-3.5 um. (X =3 um., n=50) wide at the apex, hyaline, erect,
septate, unbranched, bearing a single conidium at the apex. Conidia two types:
Macroconidia 20-49.5 x 8.5-15 ym. (X = 38.5-12 um., n = 50), hyaline, smooth,
ellipsoid, broadly rounded at the apex, truncate at the base, 1-2-septate, mostly 2-
septate. Microconidia 6.5-22 x 3.5—- 7 um. (X =15.5-5 um., n = 50), hyaline, smooth,
clavate or bottle-shaped, broadly rounded at the apex, truncate at the base, 0—1-septate.
Chlamydospores not observed. Capturing nematodes with three-celled constricting

rings, in the non-constricted state, the outer diameter is 21-32 um. (X =26 um., n =
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50), the inner diameter is 12-21 pm. (X =15.5 pym., n = 50), stalks 5.5-11 pym. (X =
8.5um., n = 50) long and 4-6.5 pm. (X =5um., n =50) wide (Figure 5.2).

Figure 5.2 Drechslerella daliensis (CGMCC3.20131). (a) Culture colony. (b, c)
Macroconidia. (d) Microconidia. (e) Constricting rings. (f, Q)
Conidiophores. Scale bars: (a) =1 cm., (b—g) = 10 um..
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Drechslerella xiaguanensis Fa Zhang, Xiao-Yan Yang, Kevin D. Hyde, sp. nov.
(Figure 5.3)

Index Fungorum number: IF55812; Facesoffungi number: FOF10566.

Material examined: CHINA, Yunnan Province, Dali City, Cangshan Mountain,
from burned forest soil, 25 July 2017, F Zhang. Holotype CGMCC3.20132. Isotype
DLU23-1

Colonies white, cottony, slow-growing on PDA medium, reaching 50 mm
diameter after 15 days at 26 °C. Mycelium hyaline, smooth, septate, branched.
Conidiophores 145— 315 um. (X =208.5 um., n =50) long, 3-6 pm. (X =4 um.,n=
50) wide at the base, 2-3 pum. (X = 2.5 um., n = 50) wide at the apex, hyaline, erect,
septate, unbranched, bearing a single conidium at the apex. Conidia 33-52 x 9.5-28
pm. (X =42.5-15.5 pym., n = 50), hyaline, smooth, fusiform, spindle-shaped, rounded
and swollen at the both ends, 2-4- septate, mostly 3-septate, germinating tubes
produced from both ends. Chlamydospores not observed. Capturing nematodes with
three-celled constricting rings, in the non-constricted state, the outer diameter is 19—
27.5um. (X =24 pm., n = 50), the inner diameter is 12.5-20.5 um. (X =17 pm.,n=
50), stalks 5-11.5 pm. (X =9 pm., n = 50) long and 4.5-6 pum. (X =5 um., n = 50)
wide (Figure 5.3).
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Figure 5.3 Drechslerella xiaguanensis (CGMCC3.20132). (a) Culture colony. (b, c)
Conidia. (d) Germinating conidia. (e) Constricting rings. (f, Q)
Conidiophore. Scale bars: (a) =1 cm. (b—g) = 10 um.
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5.4 Discussion

Drechslerella daliensis and D. xiaguanensis produce constricting rings to
capture nematodes, which is consistent with the genus Drechslerella (Zhang & Hyde,
2014). The multi-genes phylogenetic analysis also confirmed that they are members of
Drechslerella.

Phylogenetically, D. daliensis (CGMCC3.20131) forms a sister lineage to D.
hainanensis (YMF 1.03993) with 97% MLBS, 96% MPBS and 0.95 BYPP support
(Figure 5.1). A comparison of ITS nucleotide shows 10.15% difference (60/591 bp)
between them. Morphologically, amongst 17 species in Drechslerella (plus our two
new species), D. daliensis, D. effusa, D. hainanensis and D. heterospora produce
ellipsoid 0-3 septate conidia (Li et al., 2013; Zhang & Hyde, 2014). The difference
between D. daliensis and D. effusa is that the conidiophores of D. daliensis produce
only a single conidium at the apex, while the conidiophores of D. effusa usually bear
two or more conidia (Zhang & Hyde, 2014). D. daliensis can be easily distinguished
from D. heterospora by their microconidia size and the apex characteristic of
conidiophore: the microconidia of D. daliensis are significantly smaller than those of
D. heterospora (6.5-22 x 3.5-7 um. vs. 23-40 x 5.3-8 um.), the conidiophores of D.
heterospora usually swollen and spherical at the apex, while those of D. daliensis are
not swollen. In addition, D. daliensis does not produce chlamydospores, while D.
heterospora produces chlamydospores in chains (Zhang & Hyde, 2014). It is
challenging to distinguish D. daliensis and D. hainanensis according to their shape
characteristics. The difference between them is that the macroconidia of D. daliensis
are thinner than those of D. hainanensis (20—49.5 x 8.5-15 pm. vs. 32.5-43 x 17— 25
pum.) and the microconidia are shorter than those of D. hainanensis (6.5-22 x 3.5-7 um.
vs. 18.2-22.8 x 4.2-5.3 um.) (Li et al., 2013).

In the phylogenetic analysis, D. xiaguanensis (CGMCC3.20131) forms a sister
lineage to D. bembicodes (1.01429), D. aphrobrocha (YMF1.00119) and D.
coelobrocha (FWY03-25-1) with 100% MLBS, 100% MPBS and 1.00 BYPP support
(Figure 5.3). Comparison of ITS nucleotide shows 2.6% (15/577 bp), 5.2% (30/577 bp)
and 3.6% (20/556 bp) between D. xiaguanensis and D. bembicodes, D. aphrobrocha
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and D. coelobrocha, respectively. Morphologically, they can be distinguished by their
conidia size: the conidia of D. xiaguanensis are thinner than those of D. bembicodes,
shorter than those of D. coelobrocha and smaller than those of D. aphrobrocha (D.
xiaguanensis 33-52 (42.5)x 9.5-28 (15.5) um. vs. D. bembicodes 36-43.2 (40) x 16.8—
21.6 (20.5) pm. vs. D. coelobrocha 45.6-55.2 (49.5) x 16.8-21.6 (19.8) um. vs. D.
aphrobrocha 40-57.5 (51) x 15.5-35 (24.6) um.). In addition, the cells at both ends of
some conidia of D. xiaguanensis are swollen, while D. bembicodes, D. aphrobrocha
and D. coelobrocha are not (Drechsler, 1950; Zhang & Mo, 2006; Zhang & Hyde,
2014). Based on the above, we propose D. daliensis and D. xiaguanensis as two new
species of Drechslerella.

Among nematode-trapping fungi, species in Arthrobotrys are the dominant
group in most ecosystems due to their strong reproductive and saprophytic ability, while
the species in Dactylellina and Drechslerella, with weaker competitive abilities were
rare (Jaffee et al., 1998; Hao et al., 2005; Elshafie et al., 2006; Su et al., 2007; Mo et
al., Yang et al., 2008; Swe et al., Wachira et al., 2009; Yang et al., 2011). However,
many species of Dactylellina and Drechslerella have been isolated from the burning
forest in Cangshan, Yunnan (She et al., 2020). Among them, two new Dactylellina
species (Zhang et al., 2020) and two new Drechslerella species (this paper) have been
identified. We speculate that the reasons for this unusual phenomenon may be as
follows: in normal habitat, Arthrobotrys species usually occupy the main living
resources and are mainly distributed in the upper soil where humus, air and space are
abundant due to their strong reproductive and saprophytic ability, while those species
of Dactylellina and Drechslerella are mainly distributed in the lower soil where humus
is scarce. When a fire occurs, Arthrobotrys species distributed in the upper soil are more
vulnerable to the fire and are wiped out and then the habitat plaques form. In contrast,
the rare species distributed in the lower layer are protected by the upper soil and
preserved. In the subsequent recovery stage, these species can grow in large numbers
and occupy the habitat plaque to form the dominant population in the area. Based on
the above, we speculate that we would find more nematode-trapping fungi in burned
forests. In addition, according to this principle, we speculate that other saprophytic

fungi also have similar laws. Further research is underway and will be reported later.



CHAPTER 6

NEW Arthrobotrys NEMATODE-TRAPPING SPECIES
(ORBILIACEAE) FROM TERRESTRIAL SOILS AND
FRESHWATER SEDIMENTS IN CHINA

6.1 Introduction

Nematophagous fungi are a group of fungi that parasitize, capture, and poison
nematodes and important balancing agents of the nematode population in nature
(Linford et al., 1938; Jaffee et al., 1993; Zhang et al., 2001). They were divided into
different groups according to their mode of action on nematodes: (1) nematode-trapping
fungi capture nematodes with specialized hypha structure, (2) endoparasitic fungi infect
nematodes with spores, (3) egg parasitic fungi invade nematode eggs and females with
hypha tips, and (4) toxin-producing fungi produce toxins that paralyze and Kill
nematodes (Li et al., 2000; Zhang et al., 2001; Zhang & Hyde, 2014). Among these,
nematode-trapping fungi have been the focus of related studies due to their highly
specialized, sophisticated, and diverse trapping structures. Since Corda described the
first nematode-trapping species (Arthrobotrys superba Corda) (Corda, 1839), more
than 120 species have been discovered in Zygomycota (Zoopagaceae), Basidiomycota
(Nematoctonus), and Ascomycota (Orbiliomycetes) over the past 180 years (Li et al.,
2000; Kirk et al., 2008; Yang et al., 2012). Nematode-trapping fungi in Zygomycota
(Zoopagaceae) are poorly understood due to their immature isolation and culture
methods (Saikawa, 2011; Yang et al., 2012). All nematode-trapping fungi in
Basidiomycota catch nematodes with adhesive knobs or adhesive spores, and all of
them belong to Nematoctonus (Durschnerpelz, 1989; Poloczek & Webster, 1994; Thorn
et al., 2000; Yang et al., 2012). All nematode-trapping fungi in the Ascomycota belong

to Orbiliaceae (the only family of Orbiliomycetes), accounting for more than 80% of
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all nematode-trapping fungi, which is a typical monophyletic group. They capture
nematodes by producing constricting rings, adhesive networks, adhesive branches,
adhesive knobs, and non-constricting rings (Swe et al., 2011; Zhang & Hyde, 2014).

Orbiliaceae nematode-trapping fungi have become the focus of studies on
carnivorous fungi and also is a focus group of fungal evolutionists due to their unique
survival strategies, diverse and complex trapping structures, abundant species, and
relatively mature research methods (Jaffee et al., Ahrén et al., 1998; Li et al., 2005; Swe
etal., 2011). At present, 103 species have been discovered (Zhang & Mo, 2006; Liu et
al., Zhang & Hyde, 2014; Zhang et al., 2020). The history of its taxonomic research can
be roughly divided into two periods: (1) from 1839 to about 1995, 26 genera were
established to accommodate these species based on the morphological characteristics
of conidia and conidiophores. With the subsequent discovery of more and more species,
systematic comparative morphological studies were carried out, and the idea of dividing
Orbiliaceae  nematode-trapping  fungi into  Arthrobotrys, Dactylella, and
Monacrosporium was proposed and widely accepted (Zhang & Mo, 2006). (2) Since
1995, with the development of molecular biology techniques, molecular phylogenetic
studies based on DNA sequences, restriction fragment length polymorphism (RFLP),
and random amplified polymorphic DNA (RAPD) indicate that species with the same
trapping structure have closer phylogenetic relationships. Additionally, the idea that the
types of trapping devices are more informative than conidia and conidiophores for the
division of genera among Orbiliaceae nematode-trapping fungi was proposed. All
Orbiliaceae nematode-trapping fungi are also classified into Arthrobotrys, Dactylellina,
or Drechserella according to their types of trapping structure (Ahrén, 1998; Yang et al.,
2012; Zhang & Hyde, 2014).

Arthrobotrys is the largest genus among Orbiliaceae nematode-trapping fungi.
At present, 118 records of Arthrobotrys are listed in the Species Fungorum (http://www.
speciesfungorum.org; (accessed on 6 March 2022)), which represent 59 accepted
species (Li et al., 2000; Zhang & Mo, 2006; Swe et al., 2011; Yang et al., 2012; Zhang
& Hyde, 2014). It was established by Corda (1839), with A. superba Corda as the type
species. These taxa are characterized by regularly 1-septate conidia growing on the
nodes or short denticles of conidiophores. At the time of its establishment, this genus
was known for saprobic taxa (Corda, 1839; Fresenius, 1852). Zopf (1888) provided a
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detailed description of a unique phenomenon in which A. oligospora produces adhesive
networks to capture nematodes and clarified the relationship between Arthrobotrys and
nematodes. In the following decades, due to the limitations of the available research
techniques, the understanding of this group remained relatively poor. It was not until
Drechsler and Duddington improved the isolation method that an increasing number of
species were discovered (Drechsler, 1933, 1935, 1936, 1937, 1950, 1961, 1963;
Duddington, 1950, 1951, 1954, 1955,1957). Because scholars attached different levels
of importance to different morphological features, these species were parked in several
genera such as Didymozoophaga, Anilosporium, and Drechsleromyces (Sherbakoff,
1933; Soprunov & Galiulina, 1951; Subramanian, 1977). Subsequently, scholars
redefined the characteristics of the genus Arthrobotrys by systematic comparative
morphological studies as follows: branched or simple conidiophores; obovoid, elliptic,
pyriform, 0-3-septate conidia, growing asynchronously on the nodes or on short
denticles of conidiophores; and including species that capture nematodes with adhesive
networks, constricting rings, and adhesive knobs (Cooke & Dickinson, 1965; Castaner,
Haard, 1968; McCulloch, Schenck et al., Subramanian, 1977; Chen et al., 2007).
Subsequently, modern molecular biology techniques have been used to explore the
taxonomy of Orbiliaceae nematode-trapping fungi and indicate that species with
adhesive networks usually have similar molecular characteristics. Therefore, the main
characteristic of Arthrobotrys was correspondingly changed to producing an adhesive
network to capture nematodes (Ahrén et al., 1988; Li et al., 2005; Yang et al., 2012;
Zhang & Hyde, 2014). In addition, Arthrobotrys is the most widely distributed
nematode-trapping fungi and the dominant group in most habitats. They mainly occur
in the soil or sediment of various ecosystems such as farmland, forests, mangroves, and
freshwater, and they are also recorded in hot springs, animal waste, and tree trunks
(Soprunov & Galiulina, 1951; Duddington, 1954; Liu et al., Zhang et al., 2001; Su et
al., 2007; Mo et al., 2008; Swe et al., 2009; Kim et al., Kumar et al., 2011; Hastuti et
al., 2018; Zhang et al., 2020). Most Arthrobotrys species have strong saprophytic and
reproductive capacity and can quickly colonize in soil (Zhang et al., 2001; Zhang &
Mo, 2006; Zhang & Hyde, 2014), so they are ideal materials for the development of
parasitic nematode bio-control agents. At the same time, they are also a good group for
the evolutionary studies of nematode-trapping fungi within the genus because of the
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abundant species and obvious morphological differentiation of conidia and
conidiophores (Zhang & Mo, 2006; Zhang & Hyde, 2014). The six new species
described in this study enhance the diversity of nematode-trapping fungi, provide more
materials for the biological control of parasitic nematodes, and add precious research

objects for evolutionary studies of nematode-trapping fungi.

6.2 Material and Methods

6.2.1 Sampling, Fungal Isolation and Morphological Observation

The strains included in this study were isolated from terrestrial soil and
freshwater sediment collected in Yunnan Province, China. Terrestrial soil samples were
collected from 0-10 cm depth using a 35 mm-diameter soil borer after removing fallen
leaves from the soil surface (Shepherd, 1955; Fowler, 1970; Farrell et al., 2006).
Freshwater sediment samples were removed from the water with a Peterson bottom
sampler (HL-CN, Wuhan Hengling Technology Company, Limited, Wuhan, China).
The samples were placed into a zip-lock bag, and relevant site information were
recorded. The samples were stored at 4°C until processing.

Samples of 1-2 g of soil or sediment were spread on the surface of cornmeal
agar (CMA) plates with sterile toothpicks. Approximately 5000 nematodes
(Panagrellus redivivus Goodey, free-living nematodes) were added as bait to promote
the germination of the nematode-trapping fungi (Drechsler, 1941; Duddington, 1955;
Eren & Pramer, 1965; Zhang & Hyde, 2014). The plates were incubated at 26°C for
three weeks and then observed under a stereo-microscope; the spores of nematode-
trapping fungi were transferred to fresh CMA plates using a sterile needle. This step
was repeated until a pure culture was obtained (Li et al., 2000; Zhang & Hyde, 2014).

The pure cultures were transferred to fresh CMA plates with observation well
(a square slot 2 x 2 cm created by removing agar in each plate) using a sterile needle
and incubated at 26°C until the mycelia spread beyond the well. Approximately 1000
living nematodes were placed in the well to induce the formation of the trapping device
(Li et al., 2000; Zhang & Hyde, 2014). The types of trapping devices were checked



104

using a stereo-microscope. All micromorphological features were photographed and

measured with an Olympus BX53 microscope (Olympus Corporation, Tokyo, Japan).

6.2.2 DNA Extraction, PCR Amplification and Sequencing

Total genomic DNA was extracted from mycelia grown on potato dextrose agar
(PDA) plates using a rapid fungal genomic DNA isolation kit (Sangon Biotech
Company, Limited, Shanghai, China). The ITS, TEF, and RPB2 regions were amplified
with the primer pairs ITS4-ITS5 (White et al., 1990;), 526F-1567R (O’Donnell et al.,
1998), and 6F-7R (Liu et al., 1999), respectively. The PCR amplification was
performed as follows: pre-denaturation at 94°C for 4 minutes; followed by 35 cycles of
denaturation at 94°C for 45 seconds; annealing at 52°C (ITS), 55°C (TEF), or 54°C
(RPB2) for 1 minutes, and extension at 72°C for 1.5-2 minutes; with a final extension
at 72°C for 10 mnutes. The PCR products were purified with a DiaSpin PCR Product
Purification Kit (Sangon Biotech Company, Limited, Shanghai, China). The purified
PCR products of the ITS and RPB2 regions were sequenced in the forward and reverse
directions using PCR primers, and the primer pair 247F-609R (Yang et al., 2007) was
used to sequence the TEF genes (BioSune Biotech Company, Limited, Shanghai,
China). SeqMan v. 7.0 (DNASTAR, Madison, WI, USA) (Swindell & Plasterer, 1997)
was used to check, edit, and assemble the sequences. The sequences generated in this
study were deposited in the GenBank database at the National Center for Biotechnology
Information (NCBI; https://www.ncbi.nlm.nih.gov/, accessed on 26 February 2022),

and the accession numbers are listed in Table 6.1.

Table 6.1 The GenBank accession numbers of the isolates included in this study

GenBank Accession Number

Taxon Strain Number
ITS TEF RPB2
Arthrobotrys amerospora CBS 268.83 NR 159625 — —
Arthrobotrys anomala YNWS02-5-1 AY773451 AY773393 AY773422
Arthrobotrys arthrobotryoides CBS 119.54 MH857262 — —
Arthrobotrys arthrobotryoides AOAC MF926580 — —
Arthrobotrys botryospora CBS 321.83 NR 159626 — —
Arthrobotrys cladodes 1.03514 MH179793 MH179616 MH179893

Arthrobotrys clavispora CBS 545.63 MH858353 — —
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GenBank Accession Number

Taxon Strain Number
ITS TEF RPB2
Arthrobotrys conoides 670 AY773455 AY773397 AYT773426
Arthrobotrys cookedickinson YMF1.00024 MF948393 MF948550 MF948474
Arthrobotrys cystosporia CBS 439.54 MH857384 — —
Arthrobotrys dendroides YMF1.00010 MF948388 MF948545 MF948469
Arthrobotrys dianchiensis 1.00571 MH179720 — MH179826
Arthrobotrys elegans 1.00027 MH179688 — MH179797
Arthrobotrys eryuanensis CGMCC3.19715 MT612105 OM850307 OM850301
Arthrobotrys eryuanensis YXY45 ONB808616 ONB809547 ONB809553
Arthrobotrys eudermata SDT24 AYT773465 AYT773407 AYT773436
Arthrobotrys flagrans 1.01471 MH179741 MH179583 MH179845
Arthrobotrys gampsospora CBS 127.83 U51960 — —
Arthrobotrys globospora 1.00537 MH179706 MH179562 MH179814
Arthrobotrys guizhouensis YMF1.00014 MF948390 MF948547 MF948471
Arthrobotrys indica YMF1.01845 KT932086 — —
Arthrobotrys iridis 521 AYT773452 AY773394 AYT773423
Arthrobotrys janus Jan-85 AY773459 AY773401 AY773430
Arthrobotrys javanica 105 EU977514 — —
Arthrobotrys jinpingensis CGMCC3.20896 OM855569 0OM850311 OM850305
Arthrobotrys jinpingensis YXY101 ON808621 ON809552 ONB809558
Arthrobotrys koreensis C45 JF304780 — —
Arthrobotrys lanpingensis CGMCC3.20998 OM855566 OM850308 0OM850302
Arthrobotrys lanpingensis YXY80 ON808618 ONB809549 ONB809555
Arthrobotrys latispora H.B. 8952 MK493125 — —
Arthrobotrys longiphora 1.00538 MH179707 — MH179815
Arthrobotrys luquanensis CGMCC3.20894 OM855567 OM850309 OM850303
Arthrobotrys luguanensis YXY87 ON808619 ON809550 ONB809556
Arthrobotrys mangrovispora MGDW17 EU573354 — —
Arthrobotrys megalospora TWF800 MNO013995 — —
Arthrobotrys microscaphoides YMF1.00028 MF948395 MF948552 MF948476
Arthrobotrys multiformis CBS 773.84 MH861834 — —
Arthrobotrys musiformis SQ77-1 AYT773469 AYT773411 AYT773440
Arthrobotrys musiformis 1.03481 MH179783 MH179607 MH179883
Arthrobotrys nonseptata YMF1.01852 FJ185261 — —
Arthrobotrys obovata YMF1.00011 MF948389 MF948546 MF948470
Arthrobotrys oligospora 920 AY773462 AY773404 AY773433
Arthrobotrys paucispora ATCC 96704 EF445991 — —
Arthrobotrys polycephala 1.01888 MH179760 MH179592 MH179862
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GenBank Accession Number

Taxon Strain Number
ITS TEF RPB2
Arthrobotrys pseudoclavata 1130 AY773446 AY773388 AYT773417
Arthrobotrys psychrophila 1.01412 MH179727 MH179578 MH179832
Arthrobotrys pyriformis YNWS02-3-1 AYT773450 AY773392 AYT773421
Arthrobotrys reticulata CBS 550.63 MH858355 — —
Arthrobotrys robusta nefuA4 MZ326655 — —
Arthrobotrys salina SF 0459 KP036623 — —
Arthrobotrys scaphoides 1.01442 MH179732 MH179580 MH179836
Arthrobotrys shizishanna YMF1.00022 MF948392 MF948549 MF948473
Arthrobotrys shuifuensis CGMCC3.19716 MT612334 0OM850306 OM850300
Arthrobotrys shuifuensis YXY48 ONB808617 ONB809548 ONB809554
Arthrobotrys sinensis 105-1 AYT773445 AY773387 AYT773416
Arthrobotrys sphaeroides 1.0141 MH179726 MH179577 MH179831
Arthrobotrys superba 127 EU977558 — —
Arthrobotrys thaumasia 917 AYT773461 AY773403 AYT773432
Arthrobotrys vermicola 629 AYT773454 AY773396 AYT773425
Arthrobotrys xiangyunensis YXY10-1 MK537299 — —
Arthrobotrys yunnanensis AFTOL-ID 906 DQ491512 — —
Arthrobotrys zhaoyangensis CGMCC3.20944 OM855568 OM850310 OM850304
Arthrobotrys zhaoyangensis YXY86 ON808620 ON809551 ONB809557
Dactylaria higginsii CBS 121934 KMO009164 — —
Dactylellina appendiculata CBS 206.64 AF106531 DQ358227 DQ358229
Dactylellina copepodii CBS 487.90 U51964 DQ999835 DQ999816
Dactylellina mammillata CBS229.54 AY902794 DQ999843 DQ9Y99817
Datylellina yushanensis CGMCC3.19713 MK372061 MN915113 MN915112
Drchslerella coelobrocha FWY03-25-1 AYT773464 AY773406 AYT773435
Drchslerella dactyloides expo-5 AYT773463 AY773405 AYT773434
Drchslerella stenobrocha YNWS02-9-1 AYT773460 AY773402 AY773431
Drechslerella brochopaga 701 AY773456 AY773398 AYT773427
Orbilia jesu-laurae LQ59a MN816816 — —
Vermispora fusarina YXJ02-13-5 AYT773447 AY773389 AYT773418

6.2.3 Phylogenetic Analysis

The sequences generated in this study were compared against the NCBI GenBank

database using BLASTN (https://blast.ncbi.nlm.nih.gov/, accessed on 11 February 2022).

The BLASTN search results and the morphological features of these six species indicated
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that they belong to the genus Arthrobotrys. This genus was searched in the Species
Fungorum (http://www.speciesfungorum.org, accessed on 13 February 2022), and all
relevant records were checked individually according to the relevant documents to ensure
that all Arthrobotrys taxa were considered in this study (Li et al., 2000; Zhang & Mo, 2006;
Sweetal., 2011; Yang et al., 2012; Zhang & Hyde, 2014). All reliable ITS, TEF, and RPB2
sequences of Arthrobotrys taxa were downloaded from GenBank database (Table 6.1).
Three genes were aligned using the online program MAFFT V.7
(http://mafft.cbrc.jp/alignment/server/, accessed on 15 February 2022) (Katoh & Standley,
2013) and manually adjusted using BioEdit v7.2.3 (Hall, 1999); they were then linked with
MEGA 6.0 (Tamura et al., 2013). Vermispora fusarina Y XJ13-5 and Dactylaria higginsii
CBS 121934 were selected as outgroups. Phylogenetic trees were inferred via maximum
likelihood (ML), maximum parsimony (MP), and Bayesian inference (BI) analyses.

The SYM+I+G, GTR+I+G, and GTR+I+G models were selected via jModel Test
v2.1.10 (Posada, 2008) as the best-fit optimal substitution models for ITS, TEF, and RPB2,
respectively, for maximum likelihood (ML) and Bayesian inference (BI) analysis.

Maximum likelihood (ML) analysis was implemented using 1Q-Tree v1.6.5
(Nguyen et al., 2014). The dataset was partitioned, and each gene was analyzed with the
corresponding model. The statistical bootstrap support values (BS) were computed using
rapid bootstrapping with 1000 replicates (Felsenstein et al., 1985).

PAUP 4. al68 on XSEDE (Swofford, 2001) in the CIPRES Science Gateway V.
3.3 web resource was used to generate the maximum parsimony (MP) analysis. Trees were
inferred using the heuristic search option with TBR branch swapping and 1000 random
sequence additions. Max-trees were set up at 5000 and no-increase. Clade stability was
assessed via a bootstrap analysis with 1000 replicates (Felsenstein, 1985). Tree length (TL),
consistency index (CI), retention index (RI), rescaled consistency index (RC), and
homoplasy index (HI) values were calculated for all trees generated under different
optimality criteria. All of the above parameters were edited into the PAUP block in the
NEX file.

Bayesian inference (Bl) analysis was conducted with MrBayes v. 3.2.6.
(Huelsenbeck & Ronquist, 2001). The multiple sequence alignment file was converted into
a MrBayes-compatible NEXUS file using FastaConvert (Hall, 2007). The dataset was
partitioned, and the optimal substitution models of each gene were equivalently replaced to
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conform to the setting of MrBayes. Six simultaneous Markov chains were run for
10,000,000 generations, and trees were sampled every 100 generations. The first 25% of
the trees were discarded, and the remaining trees were used to calculate the posterior
probabilities (PP) in the majority rule consensus tree. All of the above parameters were
edited in the MrBayes block in the NEX file.

The tree was visualized with FigTree v1.3.1 (Rambaut, 2010). The backbone tree
was edited and reorganized using Microsoft PowerPoint (2013) and Adobe Photoshop CS6
software (Adobe Systems, San Jose, CA, USA).

6.3 Results

6.3.1 Phylogenetic Analysis

A total of 118 Arthrobotry related taxa were listed in the Species Fungorum
(http:// www.speciesfungorum.org/ (accessed on 6 March 2022)), representing 59 valid
Arthrobotrys species. Among them, 51 species had confirmed molecular data.
Therefore, the combined ITS, TEF, and RPB2 alignment dataset contained 64
Arthrobotrys isolates representing 57 Arthrobotrys species (plus our 12 isolates and six
new species) and other related species in Orbiliaceae (Dactylellina: four species and
Drechslerella: four species). The final dataset comprised 1918 characters (551 for ITS,
547 for TEF, and 820 for RPB2), among which 872 bp were constant, 1004 bp were
variable, and 748 bp were parsimony informative. The maximum likelihood analysis of
a best-scoring tree was performed with a final ML optimization likelihood value of
—6304.618465. Within the MP analysis, a strict consensus MP tree was obtained from
the three most equally parsimonious trees (TL = 3443, Cl = 0.546, Rl = 0.510, RC =
0.298, HI = 0.419). For the Bayesian analysis (Bl), the consensus tree was calculated
with the remaining 75% of trees, and the Bayesian posterior probabilities were
evaluated with a final average standard deviation of the split frequency of 0.009254.
Although the trees inferred by ML, MP, and BI showed slightly different topologies in
some clusters, all trees showed that all six species clustered together with known
Arthrobotrys species, with distinct divergence from other species. The best-scoring ML

tree was selected for presentation (Figure 6.1).
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Figure 6.1 Maximum likelihood tree based on a combined ITS, TEF, and RPB2
sequence from 65 species of Orbiliaceae nematode-trapping fungi.
Bootstrap support values for maximum likelihood (red) and maximum
parsimony (black) greater than 50% and Bayesian posterior probabilities
values (green) greater than 0.90 are indicated above the nodes. The new
isolates are in blue; type strains are in bold. The tree is rooted by
Vermispora fusarina Y XJ13-5 and Dactylaria higginsii CBS 121934
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The phylogram inferred from the ITS+TEF+RPB2 dataset showed these six species
clustered in Arthrobotrys. Among these species, Arthrobotrys eryuanensis clustered
together with A. musiformis and A. shizishanna with 98% MPBS, 99% MLBS, and 0.98
BYPP support. Arthrobotrys jinpingensis and A. shuifuensis were sisters to Orbilia jesu-
laurae and A. arthrobotryoides, respectively, with high support values (95% MPBS,
95%MLBS, 0.95 BYPP). Arthrobotrys luquanensis formed a basal lineage with A. iridis
and A. multiformis with 87% MPBS and 90% MLBS support. Arthrobotrys lanpingensis
clustered together with A. psychrophila, A. salinum, and A. gampsospora with 91% MPBS,
90% MLBS, and 0.90 BYPP support. The phylogenetic position of Arthrobotrys
zhaoyangensis was uncertain, but this species showed significant divergence from known

species.

6.3.2 Taxonomy

Arthrobotrys eryuanensis F. Zhang & X.Y. Yang sp. nov. (Figure 6.2).

Index Fungorum number: IF556938; Facesoffungi number: FoF 10760

Etymology: The species name “eryuanensis” refers to the name of the sample
collection site: Eryuan County, Dali City, Yunnan Province, China.

Material examined: CHINA, Yunnan Province, Dali City, Eryuan County, Xihu
Lake, N 26°9'8.77", E 99°57'17.03", from freshwater sediment, 20 June 2014, F. Zhang.
Holotype CGMCC3.19715, preserved in the China General Microbiological Culture
Collection Center. Ex-type culture DLUCC 14-1, preserved in the Dali University
Culture Collection.

Colonies on PDA white, cottony, growing rapidly, reaching 50 mm diameter after
7 days in the incubator at 26°C. Mycelium partly superficial, partly immersed, composed
of septate, branched, smooth hyphae. Conidiophores 110-308 pm. (X =213.5 pm., n =
50) long, 2.5-4.5 uym. (X = 3.2 um., n = 50) wide at base, gradually tapering upwards to
apex, 1.5-3 um. (X = 2.2 um., n = 50) wide at apex, erect, septate, branched, hyaline,
producing 2-10 short polylactic denticles at apex, with each denticle bearing a single
holoblastic conidium. Conidia two types: Macroconidia 18-44.5 x 5-11.5 ym. (X =28.4
x 8.7 um., n = 50), clavate to elongate pyriform, some slightly curved, wider rounded at
apex, narrower towards the lower with truncate at base, 1-septate, septum median to sub-

median, hyaline, guttulate. Microconidia 7.5-28 x 4-11 um. (X =17.6 x 8.6 um., n =50),
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sub-globose to clavate, obovoid, wider rounded at apex, truncate at papillate bulged base,
aseptate, hyaline, guttulate. Chlamydospores 7-18.5 x 3.5-8 um. (X =10.7 x 5.8 ym., n
=50), cylindrical, hyaline, in chains when present, sometimes guttulate, slightly verrucose-
walled. Captures nematodes with adhesive networks.

Additional specimen examined: CHINA, Yunnan Province, Dali City, Eryuan
County, Xihu Lake, N 26°9'8.77", E 99°57'17.03", from freshwater sediment, 20 June 2014,
F. Zhang. Living culture YXY45.

Notes: Phylogenetically, Arthrobotrys eryuanensis clusters together with A.
shizishanna and A. musiformis with high support values (98% MLBS, 99% MPBS, 0.99
BYPP). Arthrobotrys eryuanensis was 6.7% (39/586 bp) and 5.3% (26/486 bp) different
from A. shizishanna and A. musiformis in ITS sequence. Morphologically, A. eryuanensis
can be easily distinguished from A. shizishanna in shape, size, septation, and numbers of
conidia and conidiophores (Liu & Zhang, 2003). It is more similar to A. musiformis in the
morphology of its macroconidia (Zhang & Mo, 2006; Zhang & Hyde, 2014). Their
differences are as follows: (1) A. musiformis produces one type of conidia, most of which
are curved, while A. eryuanensis produces two types of conidia. Macroconidia is 1-septate,
partly curved and partly symmetrical, and microconidia is aseptate and truncate at the base
with a papillate bulge. (2) The conidiophores of A. musiformis are unbranched, while most

of those in A. eryuanensis are branched.
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Figure 6.2 Arthrobotrys eryuanensis (CGMCC3.19715). (a) Colony. (b, d)
Macroconidia. (e, g) Microconidia. (c, f, j) Conidiophores. (h)
Chlamydospores. (i) Trapping device: adhesive networks. Scale bars: (a)

=1lcm, (b, d, e, g-i) =10 um,, (c, f, j) = 20 um.



113

Arthrobotrys jinpingensis F. Zhang & X.Y. Yang sp. nov. (Figure 6.3)

Index Fungorum number: IF 556018; Facesoffungi number: FoF 10761.

Etymology: The species name “jinpingensis” refers to the name of the sample
collection site: Jinping County, Gejiu City, Yunnan Province, China.

Material examined: CHINA, Yunnan Province, Gejiu City, Jinping County, N
23°4'54.80", E 103°12'40.80", from terrestrial soil, 19 April 2017, F. Zhang. Holotype
CGMCC3.20896, preserved in the China General Microbiological Culture Collection
Center. Ex-type culture DLUCC 21-1, preserved in the Dali University Culture
Collection.

Colonies on PDA white, cottony, growing rapidly, reaching 60 mm diameter after
10 days in the incubator at 27°C. Mycelium partly superficial, partly immersed, composed
of septate, branched, smooth hyphae. Conidiophores 225-509 pm. (X =348.2 um., n =
50) long, 3-8.5 um. (X = 4.9 um., n = 50) wide at base, gradually tapering upwards to
apex, 1.5-3 um. (X =2.1 um., n = 50) wide at apex, erect, septate, unbranched, hyaline,
producing several separate nodes by the repeated elongation of conidiophores, with each
node bearing 2-11 polylactic conidia. Conidia 11-26.5 % 6.5-14.5 um. (X =18.6 < 10.8
pum., n = 50), sub-globose, oval to obovoid, obpyriform, wider rounded at apex, narrow
towards with truncate at base, sometimes with a bud-like projection at base, 0 or 1-septate,
hyaline, rough to smooth-walled. Chlamydospores 7-18.5 x 5.5-9.5 um. (X =133 x 7.4
pm., n = 50), cylindrical, ellipsoidal, in chains, hyaline, guttulate, rough-walled. Captures
nematodes with adhesive networks.

Additional specimen examined: CHINA, Yunnan Province, Gejiu City, Jinping
County, N 23°4'54.80", E 103°12'40.80", from terrestrial soil, 19 April 2017, F. Zhang.
Living culture YXY101.

Notes: Phylogenetically, Arthrobotrys jinpingensis forms a sister lineage to
Orbilia jesulaurae with 97% MLBS, 97% MPBS, 0.99 BYPP support. There is 2.5%
(15/600 bp) difference in their ITS sequences. However, the conidiophores of A.
jinpingensisis are unbranched, producing several separate nodes by repeated elongation,
while the conidiophores of O. jesu-laurae are branched and produce only one node at
apex. In addition, some conidia of A. jinpingensis have a bud-like projection at base,

while the conidia of O. jesu-laurae do not (Quijada et al., 2020).
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Figure 6.3 Arthrobotrys jinpingensis (CGMCC3.20896). (a) Colony. (b, ¢) Conidia. (d)
Chlamydospores. (e) Trapping device: adhesive networks. (f) Conidiophore.
Scale bars: (a) =1 cm., (b—f) = 10 um.

Arthrobotrys lanpingensis F. Zhang & X.Y. Yang sp. nov. (Figure 6.4).
Index Fungorum number: IF559021; Facesoffungi number: FoF 10762.
Etymology: The species name “lanpingensis” refers to the name of the sample

collection site: Lanping County, Nujiang City, Yunnan Province, China.
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Material examined: CHINA, Yunnan Province, Nujiang City, Lanping County,
N 26°22'13.50”, E 99°23'0.20", from freshwater sediment, 16 May 2015, F. Zhang.
Holotype CGMCC3.20998, preserved in the China General Microbiological Culture
Collection Center. Ex-type culture DLUCC 18-1, preserved in the Dali University
Culture Collection.

Colonies on PDA white, cottony, growing rapidly, reaching 50 mm diameter after
10 days in the incubator at 27°C. Mycelium partly superficial, partly immersed, composed
of septate, branched, smooth hyphae. Conidiophores 241-503 pm. (X =307.5 pm., n =
50) long, 3.5-7 um. (X = 4.7 um., n = 50) wide at base, gradually tapering upwards to
apex, 2-3.5 um. (X = 2.4 um., n = 50) wide at apeXx, erect, septate, unbranched, hyaline,
bearing a single holoblastic conidium at apex. Conidia 31-55 x 13.5-24.5 um. (X =454
% 19.7 um., n = 50), obovoid, cuneiform to slightly pyriform, upper cell wider than lower
cell, apex rounded, widest at median cell, tapering towards the narrow and subacute with
truncate base, 1-septate when immature, becoming 3-septate at maturity (2 at base and 1 at
apex), hyaline, minutely guttulate, smooth-walled. Chlamydospores 8-27 x 8-25 pm. (X
=17.4x14.5 um., n =50), globose to sub-globose or ellipsoidal, growing in chains, hyaline,
guttulate, rough-walled. Capturing nematodes with adhesive networks.

Additional specimen examined: CHINA, Yunnan Province, Nujiang City,
Lanping County, N 26°22'13.50", E 99°23'0.20", from freshwater sediment, 16 May
2015, F. Zhang. Living culture YXY80.

Notes: Phylogenetically, Arthrobotrys lanpingensis formed a sister lineage to A.
psychrophila, A. salinum and A. gampsospora with 91% MLBS, 90% MPBS, and 0.90
BYPP support. Arthrobotrys lanpingensis was 9.3% (56/602 bp), 6.4% (32/503 bp), and
8.7% (50/576 bp) different from A. gampsospora, A. psychrophile, and A. salinum in ITS
sequences, respectively. Morphologically, A. lanpingensis is most similar to A.
guizhouensis in their sub-fusiform conidia. However, A. guizhouensis produces two types
of conidia, while A. lanpingensis produces only one type of conidia. In addition, most
conidia of A. lanpingensis are 3-septate, whereas the conidia of A. guizhouense are 2-
septate, and the conidia of A. lanpingensis are significantlysmaller than those of A.
guizhouensis [A. lanpingensis, 31.1-55.2 (45.4) x 13.5-24.3 (19.7) um. versus A.
guizhouensis, 30.5-71.5 (52.7) x 18.5-28.5 (23.9) um.] (Zhang & Mo, 2006; Zhang &
Hyde, 2014).
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Figure 6.4 Arthrobotrys lanpingensis (CGMCC3.20998). (a) Colony. (b, c¢) Conidia.
(d) Chlamydospores. (e) Trapping device: adhesive networks. (f)
Conidiophores. Scale bars: (a) =1 cm., (b—f) =10 um.
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Arthrobotrys luguanensis F. Zhang & X.Y. Yang sp. nov. (Figure 6.5).

Index Fungorum number: IF 557884; Facesoffungi number: FoF 10763.

Etymology: The species name “luquanensis” refers to the name of the sample
collection site: Luquan County, Kunming City, Yunnan Province, China.

Material examined: CHINA, Yunnan Province, Kunming City, Luquan County,
N 26°10'33.20", E 102°45'43.50", from terrestrial soil, 24 May 2017, F. Zhang.
Holotype CGMCC3.20894, deposited in the China General Microbiological Culture
Collection Center. Ex-type culture DLUCC 19-1, deposited in the Dali University
Culture Collection.

Colonies on PDA white, cottony, growing rapidly, reaching 55 mm diameter after
10 days in the incubator at 27°C. Mycelium partly superficial, partly immersed, composed
of septate, branched, smooth hyphae. Conidiophores 216-522 pm. (X = 346.5 pm., n =
50) long, 2.5-6.5 um. (X =4.3 um., n = 150) wide at base, gradually tapering upwards to
apex, 1.5-3.5 (2.3) um. (X = 2.3 um., n = 50) wide at apex, erect, septate, unbranched,
hyaline, bearing a single holoblastic conidium at apex. Conidia 28-53.5 x 17-2.5 um. (X
=40.9 x 26.3 um., n = 50), sub-globose to widely ovate, with largest cell located at supra-
median towards and rounded apex, tapering towards the subacute with truncate at base, 1—
2-septate, mostly located at base, sometimes 3-septate (with 2 septa located at basal part
and 1 at apex), hyaline, smooth-walled. Chlamydospores 6.5-17.5 < 6-14 um. (X =11.2
% 9.1 um., n = 50), globose to sub-globose, ellipsoidal, in chains, hyaline, guttulate, rough-
walled. Captures nematodes with adhesive networks.

Additional specimen examined: CHINA, Yunnan Province, Kunming City,
Luquan County, N 26°10"33.20", E 102°45'43.50", from terrestrial soil, 24 May 2017, F.
Zhang. Living culture YXY87.

Notes: The phylogenetic analyses revealed that Arthrobotrys luguanensis is related
to A. multiformis and A. iridis. Arthrobotrys luquanensis was 9.5% (56/590 bp) and 8%
(47/589 bp) different from A. multiformis and A. iridis in ITS sequences, respectively. In
morphology, A. luguanensis is similar to A. cookedickinson and A. sphaeroides in simple
conidiophores and sub-fusiform or obovate conidia (Castaner, 1968; Zhang & Mo, 2006;
Chen et al., 2007; Zhang & Hyde, 2014), whereas the conidia of A. luquanensis are wider
than those of A. cookedickinson [A. luquanensis, 28.1-53.3 (40.9) x 17-32.4 (26.3) pm.
versus A. cookedickinson, 30-52.5 (42) x 15-22.5 (17.5) um.] and bigger than those of A.
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sphaeroides [A. luguanensis, 28.1-53.3 (40.9) x 17-32.4 (26.3) um. versus A. sphaeroides,
20-44 (32) x 17-25 (20.4) pm.].

Figure 6.5 Arthrobotrys luquanensis (CGMCC3.20894). (a) Colony. (b, ¢) Conidia. (d)
Chlamydospores. (e) Trapping device: adhesive networks. (f) Conidiophore.
Scale bars: (a) =1 cm., (b—f) = 10 pm.
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Arthrobotrys shuifuensis F. Zhang & X.Y. Yang sp. nov. (Figure 6.6).

Index Fungorum number: IF556937; Facesoffungi number: FoF 10764.

Etymology: The species name “shuifuensis” refers to the name of the sample
collection site: Shuifu County, Zhaotong City, Yunnan Province, China.

Material examined: CHINA, Yunnan Province, Zhaotong City, Shuifu county,
N 28°32'31.80", E 104°19'9.50", from terrestrial soil, 16 June 2017, F. Zhang. Holotype
CGMCC3.19716, deposited in the China General Microbiological Culture Collection
Center. Ex-type culture DLUCC 15-1, deposited in the Dali University Culture
Collection.

Colonies on PDA initially white and turned to pink tinged after 2 weeks, cottony,
rapidly growing, reaching 50 mm diameter after 9 days in the incubator at 26°C.
Mycelium partly superficial, partly immersed, composed of septate, branched, smooth
hyphae. Conidiophores 105-305 pum. (X =218.2 um., n =50) long, 3-5 um. (X =3.8
pum., n = 50) wide at base, gradually tapering upwards to apex, 1.5-3.5 um. (X =2.5
pm., n = 50) wide at apex, erect, septate, unbranched or rarely branched, hyaline,
producing several separate nodes by repeated elongation of conidiophores, with each
node consisting of 2-8 papilliform bulges and bearing polylactic conidia. Conidia 17—
36 x 5-12.5 ym. (X =27.2 x 8.2 um., n = 50), oblong or capsule-shaped, narrower
towards the lower and pointed base, 1-septate, median septum, hyaline, rough-walled.
Chlamydospores 6-18 x 3—7.5um. (X =9.7 x 8.2 um., n = 50), cylindrical, in chains,
hyaline, rough-walled. Capturing nematodes with adhesive networks.

Additional specimen examined: CHINA, Yunnan Province, Zhaotong City,
Shuifu County, N 28°32'31.80", E 104°19'9.50", from terrestrial soil, 16 June 2017, F.
Zhang. Y XY48.

Notes: Phylogenetic analysis showed that Arthrobotrys shuifuensis is the closest
species to A. arthrobotryoides, there are 9.6% (57/596 bp) differences in ITS sequence
between them. Morphologically, this species is similar to A. arthrobotryoides in their
capsule-shaped, 1- septate conidia, whereas the conidia of A. shuifuensis are
significantly longer than those of A. arthrobotryoides [A. shuifuensis, 17-36 (27.2) pum.
versus A. arthrobotryoides 20-22 um.]. In addition, the conidiophores of A.
arthrobotryoides are unbranched and produces a continuous irregularly swollen node

at apex, while the conidiophores of A. shuifuensis are branched, producing several
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separate nodes with the repeated elongation of the conidiophores (Zhang et al., 1996;
Zhang & Mo, 2006).

| | d
. o

Figure 6.6 Arthrobotrys shuifuensis (CGMCC3.19716). (a) Colony. (b, d) Conidia. (e)
Chlamydospores. (c, g, h) Conidiophores. (f) Trapping device: adhesive
networks. Scale bars: (a) =1 cm., (b, d, €) =10 um., (c, f-h) =20 pm.
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Arthrobotrys zhaoyangensis F. Zhang & X.Y. Yang sp. nov. (Figure 6.7).

Index Fungorum number: IF 556055; Facesoffungi number: FoF 10765.

Etymology: The species name “zhaoyangensis” refers to the name of the sample
collection site: Zhaoyang County, Zhaotong City, Yunnan Province, China.

Material examined: CHINA, Yunnan Province, Zhaotong City, Zhaoyang
County, N 27°29'43.20", E 103°10'22.50", from freshwater sediment, 14 April 2015, F.
Zhang. Holotype CGMCC3.20944, deposited in the China General Microbiological
Culture Collection Center. Ex-type culture DLUCC 20-1, deposited in the Dali
University Culture Collection.

Colonies on PDA white, cottony, growing rapidly, reaching 48 mm diameter after
10 days in the incubator at 27°C. Mycelium partly superficial, partly immersed, composed
of septate, branched, smooth hyphae. Conidiophores 207498 pm. (X = 316.5 pm., n =
50) long, 3-9.5 um. (X = 5.9 um., n = 50) wide at base, gradually tapering upwards to
apex 2-4 um. (X = 2.6 um., n = 50) wide at apex, erect, septate, unbranched, hyaline,
bearing a single holoblastic conidium at apex. Conidia 25.5-52 x 14-32 ym. (X =35.4 %
22.9 pym., n = 50), sub-globose, obovoid to obpyriform, wider at median towards supra-
median, rounded at apex, tapering towards narrow with subacute and truncate base, 1-3-
septate, mostly 3-septate (2 septa at base and 1 at apex), hyaline, rough to smooth-walled.
Chlamydospores 12.5-31.5 x 6.6-12.5 um. (X = 19.2 x 9.4 pm., n = 50) cylindrical,
globose or ellipsoidal, in chains, hyaline, guttulate. Captures nematodes with adhesive
network.

Additional specimen examined: CHINA, Yunnan Province, Zhaotong City,
Zhaoyang County, N 27°29'43.20", E 103°10'22.50", from freshwater sediment, 14 April
2015, F. Zhang. Living culture YXY86.

Notes: Phylogenetic analysis revealed that the systematic position of Arthrobotrys
zhaoyangensis is uncertain but showed significant distinction from known species. A.
zhaoyangensis is most similar to A. sinensis and A. sphaeroides. A. zhaoyangensis can be
distinguished from A. sinensis and A. sphaeroides by bigger conidia [A. zhaoyangensis,
25.3-52.1 (35.4) x 14-31.8 (22.9) um. versus A. sinensis 23.5-30 (27.6) x 17-25 (20) um.,
versus A. sphaeroides 20-44(32) x 17-25(20.4) um.]. In addition, these three species differ
slightly in the number of septation on conidia; A. zhaoyangensis produces 1-3-septate
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conidia (mostly 3-septate), while the conidia of A. sinensis are 2-septate; A. sphaeroides

sometimes produces aseptate conidia (Lindau et al., 1904; Castaner, 1968).

Figure 6.7 Arthrobotrys zhaoyangensis (CGMCC3.20944). (a) Colony. (b, ¢) Conidia. (d)
Chlamydospore. (e) Trapping device: adhesive network. (f) Conidiophores.
Scale bars: (a) =1 cm., (b—f) =10 pum.
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6.4 Discussion

In this phylogenetic analysis, 65 species of nematode-trapping fungi used in this
study were clustered into two large clades according to their mechanisms of catching
nematodes. Clade | contained species that catch nematodes with adhesive trapping
devices (adhesive nets and knobs). Clade 11 contained species that catch nematodes with
active traps (constricting rings). Within clade I, species were clustered into two clades
according to their trap types: one clade contained all species that produce adhesive nets,
and the other contained those species that produce adhesive knobs. The results were
consistent with previous studies (Scholler et al., 1999; Li et al., 2005; Yang et al., 2007,
2012) and again emphasized the importance of different types of trapping devices in
the division of genera among nematode-trapping fungi. At the genus level, the
taxonomy of Orbiliaceae nematode-trapping fungi remains an open question,
especially in Arthrobotrys, which contains the greatest number of species.
Morphologically, 61 species of Arthrobotrys can be divided into different groups
according to the morphologies of their conidiophores and conidia (Zhang & Mo, 2006);
however, phylogenetic studies have not supported this division; many phylogenetic
clades show low support values, and the phylogenetic position of some Arthrobotrys
species are unclear. The reason for this dilemma is the lack of molecular data for many
species, and the existing data cannot provide a stable phylogenetic placement.
Therefore, to thoroughly analyses the taxonomy of nematode-trapping fungi, we should
use more comprehensive molecular data in future studies.

The emergence of molecular phylogenetic methods has led to unprecedented
breakthroughs in the study of fungal taxonomy. Phylogenetic studies based on only a
few molecular barcodes cannot provide sufficient and reliable information for the
definition of fungal species; therefore, morphological descriptions of each species are
still extremely important (Jeewon & Hyde, 2016; Chethana et al., 2021). However, a
significant problem facing fungal taxonomy studies is that the description of species is
too shallow (Meier et al., 2022). This problem is particularly prominent in Orbiliaceae
nematode-trapping fungi and is mainly reflected in two aspects. (1) The descriptions of

some morphological characteristics are too indistinct. Among six described species in
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this study, only A. eryuanensis and A. shuifuensis could be easily distinguished from
known species based on their distinct morphological characteristics. The remaining
four species required more detailed characteristics (such as the size of conidia) to be
identified from known species. When mycologists measure the size of conidia, they are
accustomed to uniformly calculating the size data of conidia with different shapes and
septate numbers, and the sizes of these conidia usually show significant differences.
This causes the size range of conidia to be too extensive for effective comparisons of
different species (Zhang & Mo, 2006; Zhang & Hyde, 2014). (2) There are too few
morphological features that can be used for species identification; although the
description of a species includes many features, such as its trap type, conidia,
chlamydospores, and hyphae, only the trap type, conidia, and conidiophores can be used
for species identification (Zhang & Mo, 2006; Zhang & Hyde, 2014). As an increasing
number of new species are established, it is difficult to distinguish some similar species
based on these three characteristics only. In conclusion, we should screen all potential
morphological features in future studies to identify more features with significance for
species identification. On the other hand, we should establish a unified standard
morphological feature description model to facilitate comparisons between different
species.

After the first nematode-trapping fungus was established in 1839 (Corda, 1839),
the history of studies on the diversity of nematode-trapping fungi can be divided into
three periods. In the nursery period, from 1839 to 1929, due to the limitation of
separation methods, only five species were discovered over 90 years. In the rapid
development period, from 1931 to 2009, the separation method improved gradually
with the contributions of Drechsler (1936,1937), and nearly 90 species were described
over 80 years. From 2010 to 2019, only three species were discovered over 10 years
(http://www.speciesfungorum.org (accessed on 6 March 2022)). These data indicated
that the excavation of nematode-trapping fungi seems to have reached a plateau, and
over time, it is unlikely that many new species will be discovered. However, in recent
years, we have investigated nematode-trapping fungi in Yunnan Province and collected
ten new species (four previously published and six reported in this study) (Zhang et al.,
2020), which indicates that there are still many nematode-trapping fungi in nature that
have not been discovered. Previous studies on the diversity of nematode-trapping fungi
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have mainly focused on soil habitat, whereas there have been considerably fewer
investigations of aquatic nematode-trapping fungi (Serra et al., 2017; Hastuti et al.,
2018; She et al., 2020). However, three of the six new species described in this paper
are from freshwater sediment, suggesting that aquatic habitats may also be important

sources of nematode-trapping fungi and should not be ignored in future studies.



CHAPTER 7

Arthrobotrys blastospora SP. NOV. (ORBILIOMYCETES): A LIVING
FOSSIL DISPLAYING MORPHOLOGICAL TRAITS OF
MESOZOIC CARNIVOROUS FUNGI

7.1 Introduction

The origin and evolution of life are the core of biological research (Kennedy &
Norman, 2005). As primary decomposers in nature, fungi play a vital role in the
circulation of matter and energy in ecosystems (Gleason & Lilje, 2009; Krauss et al.,
2011; Grossart et al., 2019). Studying fungal evolution is integral to understanding the
origin and evolution of life. In nature, most fungi are saprophytic, symbiotic, and
parasitic, while a few fungi feed on micro-animals such as nematodes, rhizopods,
rotifers, and mites (carnivorous fungi) (Liu et al., 1996, 2009; Barron, 1990, 2012).
This survival strategy of feeding on other microorganisms is generally considered an
adaptive evolution of fungi to allow them to adapt to nitrogen deficiency (Liu et al.,
2009; Yang et al., 2012). The study of the origin and evolution of carnivorous fungi is
crucial for understanding the history of fungal evolution. More than 80% of carnivorous
fungi in the whole fungal kingdom belong to Orbiliaceae (Orbiliomycetes, Ascomycota)
(Lietal., 2000; Yang et al., 2012). These fungi capture nematodes with various trapping
structures. Modern molecular phylogenetic and morphological studies have divided all
Orbiliomycetes carnivorous species into three genera according to type of trapping
structure. Drechslerella captures nematodes using constricting rings, Arthrobotrys
produces adhesive networks, and Dactylellina captures nematodes with adhesive
branches, adhesive knobs, and non-constricting rings (Ahrén et al., 1998; Yang et al.,
2007; Zhang & Hyde, 2014). Although such studies have revealed the phylogenetic

relationship among these fungi, the evolutionary hypothesis of Orbiliomycetes
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carnivorous fungi is still controversial (Rubner, 1996; Liou & Tzean, 1997; Ahrén et
al., 1998; Scholler et al., 1999; Li et al., 2000, 2005; Yang et al., 2007, 2012).

Fossils hold the key that nature provided us to breakthrough in the study of the
origin and evolution of life (Kukalova-Peck, 1978; Gingerich et al., 1983; Thaler, 1986;
Flynn, 2007). However, compared with animals and plants, most fungi are tiny and do
not have solid tissue structures to form fossils and be discovered by humans. Therefore,
understanding the origin and evolution of fungi is very difficult. Excitingly, a few
fossils that might be related to carnivorous fungi have been discovered. Jansson and
Poinar found several conidia that resembled modern carnivorous fungi and several
nematodes with appendages (the morphology of which is similar to adhesive spores or
adhesive knobs produced by carnivorous fungi) attached to their bodies and fungal
mycelium in their bodies in approximately 26-million-year-old amber (Jansson &
Poinar, 1986). Schmidt et al. (2007, 2008) discovered the oldest relatively complete
and clear fossil of a possible carnivorous fungus (Palaeoanellus dimorphus) in
approximately 100-million-year-old amber, which caused a stir in the research on
carnivorous fungi. Unfortunately, no species similar to this fossil has been found in the
modern ecosystem so far. It has therefore been unclear whether this fossil is an ancestor
of modern carnivorous fungi (Schmidt et al., 2008; Swe et al., 2011; Zhang & Hyde,
2014) because the character combination found in this fossil was distinct from any
extant taxa.

During our large-scale survey of carnivorous fungi in the three parallel rivers
region in China, two extraordinary carnivorous fungal isolates were discovered from
8698 carnivorous fungal strains isolated from 3617 soil samples and identified as a new
species of the Orbiliomycetes carnivorous fungi. Fascinatingly, the morphological
characteristics of this species are different from other modern carnivorous fungi and are
strikingly similar to the carnivorous fossil fungus (Palaeoanellus dimorphus)
discovered by Schmidt et al. (2007, 2008), according to which we speculate that this
new species is a relict descendant of P. dimorphus. The discovery of this new species
suggests that P. dimorphus is a possible ancestor of Orbiliomycetes carnivorous fungi

and provides more accurate information for the evolutionary study of this group of fungi.
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7.2 Material and Methods

7.2.1 Sample Collection

The two carnivorous fungal strains were isolated from two freshwater sediment
samples in the Nujiang River Basin, the core area of the three parallel rivers. The sample
numbers were EOS-1 (N 27°43'14.60", E 98°41'30.20") and EMS-2 (N 27°24'33.20",
E 98°49'34.70"). The freshwater sediment samples were removed from the water with
a Peterson bottom sampler (HL-CN, Wuhan Hengling Technology Company, Limited,
Wuhan, China). The samples were placed into zip lock bags and stored at 4°C until

processing.

7.2.2 Fungal Isolation

Three to five g of freshwater sediment sample was sprinkled on the surface of
cornmeal agar plates (CMA) with sterile toothpicks. Roughly 5000 nematodes
(Panagrellus redivivus Goodey, free-living nematodes) were added as bait to induce
the germination of carnivorous fungi (Duddington, 1955; Zhang & Hyde, 2014). The
plates were incubated at 26°C for three weeks and then observed under a stereo-
microscope. A sterile needle was used to transfer a single spore of carnivorous fungi to
fresh CMA plates. This step was repeated until a pure culture was attained (Ahrén et
al., 1998; Zhang & Hyde, 2014).

7.2.3 Morphological Observation

The pure culture was transferred to fresh potato dextrose agar plates (PDA)
using a sterile needle and incubated at 26°C to observe the color and texture of the
colony. The pure culture was transferred to the fresh observation well CMA plates (a 2
x 2 cm observation well was created by removing agar from each plate) using a sterile
needle. It was incubated at 26°C until the mycelia overspread the well. Then,
approximately 1000 living nematodes (P. redivivus) were added to the well to induce
the formation of the trapping structure. The trapping structure in the observation well
and the conidiophores extending from the wall of the observation well were
photographed with an Olympus BX53 microscope (Olympus Corporation, Tokyo,
Japan) and Keyence VHX-6000 super deep scene 3D microscope (Keyence
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Corporation, Osaka, Japan), respectively. A sterile cover glass was obliquely inserted
into the fresh CMA plates. Then, strains were inoculated on the plates at 26°C. The
cover glass was removed after the mycelia covered it and was then placed on the glass
slide with 0.3% Melan stain to make a temporary slide (Zhang & Hyde, 2014). The
morphological characteristics of conidia and conidiophores were measured and

photographed by an Olympus BX53 microscope (Olympus Corporation, Tokyo, Japan).

7.2.4 DNA Extraction, PCR Amplification, and Sequencing

The strain was inoculated in PDA plates at 26 C for ten days. The mycelium
was collected using a sterile scalpel. A rapid fungal genomic DNA isolation kit (Sangon
Biotech, Limited, Shanghai, China) was used to extract the total genomic DNA. The
primer pairs ITS4-1TS5 (White et al., 1990), 526F-1567R (O’Donnell et al., 1998), and
6F-7R (Liu et al., 1999) were used to amplify the ITS, TEF, and RPB2 regions. The
PCR amplification was performed in a 50 pL reaction system (2 uL DNA template, 3
puL 25 mM MgCI2, 5 pL 10 x PCR buffer, 1 pL 10 pum. dNTPs, 2 pL each primer, 1
unit Taq Polymerase, and 34 uL ddH20) under the following PCR conditions: pre-
denaturation at 94°C for 4 minutes; followed by 35 cycles of denaturation at 94°C for
45 s; annealing at 52°C (ITS), 55°C (TEF), or 54°C (RPB2) for 1 minute; and extension
at 72°C for 1.5-2 minutes, with a final extension at 72°C for 10 minutes. A DiaSpin
PCR Product Purification Kit (Sangon Biotech, Limited, Shanghai, China) was used to
purify the PCR products. The purified PCR products of the ITS and RPB2 regions were
sequenced in the forward and reverse directions using PCR primers, and the primer pair
247F-609R was used to sequence the TEF gene (BioSune Biotech, Limited, Shanghai,
China). SegMan v. 7.0 [30] was used to check, edit, and assemble the sequences. The
sequences generated in this study were deposited in the GenBank database (NCBI,

https://www.ncbi.nIm.nih.gov/ (accessed on 2 December 2022)).

7.2.5 Phylogenetic Analysis

The sequences generated in this study were deposited in the NCBI Genbank
database (Table 7.1) and compared against the database using BLASTnN
(https://blast.ncbi.nlm.nih. gov/ (accessed on 1 December 2022)) to determine the
attribution of the new isolates. The ITS, TEF, and RPB2 sequences of all reliable taxa of

the corresponding genus and partial taxa of the related genus were downloaded (Table 7.1)
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according to the BLASTn search results and relevant publications (Yang et al., 2007; Zhang
& Mo, 2006; Zhang & Hyde, 2014; Zhang et al., 2022). Three genes were aligned using
the online program MAFFT v.7 (http://mafft.cbrc.jp/alignment/server/ (accessed on 3
December 2022)) (Katoh et al., 2013), manually adjusted using BioEdit v7.2.3 (Hall, 1999),
and then linked using MEGAG6.0 (Vu et al., 2019). Vermispora fusarina Y XJ02-13-5 was
selected as an outgroup. Phylogenetic trees were inferred via maximum likelihood (ML)

and Bayesian inference (BI) analyses.

Table 7.1 The GenBank accession numbers of the isolates included in this study

Taxon

Strain Number

GenBank Accession Number

ITS TEF RPB2
Arthrobotrys amerospora CBS 268.83 NR_159625 — —
Arthrobotrys anomala YNWS02-5-1 AY773451 AY773393 AYT773422
Arthrobotrys arthrobotryoic CBS 119.54 MH857262 — —
Arthrobotrys arthrobotryoic AOAC MF926580 — —
Arthrobotrys blastospora CGMCC 3.20940 0Q332405 0Q341651 0Q341649
Arthrobotrys blastospora ZA173 OM956088 0Q341650 0Q341648
Arthrobotrys botryospora CBS 321.83 NR_159626 — —
Arthrobotrys cladodes 1.03514 MH179793 MH179616 MH179893
Arthrobotrys clavispora CBS 545.63 MH858353 — —
Arthrobotrys conoides 670 AY773455 AY773397 AYT773426
Arthrobotrys cookedickinso YMF1.00024 MF948393 MF948550 MF948474
Arthrobotrys cystosporia CBS 439.54 MH857384 — —
Arthrobotrys dendroides YMF1.00010 MF948388 MF948545 MF948469
Arthrobotrys dianchiensis 1.00571 MH179720 — MH179826
Arthrobotrys elegans 1.00027 MH179688 — MH179797
Arthrobotrys eryuanensis CGMCC 3.19715 MT612105 OM850307 OM850301
Arthrobotrys eudermata SDT24 AYT773465 AYT773407 AYT773436
Arthrobotrys flagrans 1.01471 MH179741 MH179583 MH179845
Arthrobotrys gampsospora CBS 127.83 U51960 — —
Arthrobotrys globospora 1.00537 MH179706 MH179562 MH179814
Arthrobotrys guizhouensis YMF1.00014 MF948390 MF948547 MF948471
Arthrobotrys indica YMF1.01845 KT932086 — —
Arthrobotrys iridis 521 AY773452 AY773394 AY773423
Arthrobotrys janus 85-1 AYT773459 AYT773401 AYT773430
Arthrobotrys javanica 105 EU977514 — —
Arthrobotrys jindingensis CGMCC 3.20985 OP236810 OP272511 OP272515
Arthrobotrys jinpingensis CGMCC 3.20896 OM855569 OM850311 OMB850305
Arthrobotrys koreensis C45 JF304780 — —
Arthrobotrys lanpingensis CGMCC 3.20998 OM855566 OM850308 OM850302
Arthrobotrys latispora H.B. 8952 MK493125 — —
Arthrobotrys longiphora 1.00538 MH179707 — MH179815
Arthrobotrys luguanensis CGMCC 3.20894 OM855567 OM850309 OM850303
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GenBank Accession Number

Taxon Strain Number
ITS TEF RPB2

Arthrobotrys mangrovispor MGDW17 EU573354 — —

Arthrobotrys megalospora TWF800 MNO013995 — —

Arthrobotrys microscaphoic YMF1.00028 MF948395 MF948552 MF948476
Arthrobotrys multiformis CBS 773.84 MH861834 — —

Arthrobotrys musiformis SQ77-1 AYT773469 AYT773411 AY773440
Arthrobotrys musiformis 1.03481 MH179783 MH179607 MH179883
Arthrobotrys nonseptata YMF1.01852 FJ185261 — —

Arthrobotrys obovata YMF1.00011 MF948389 MF948546 MF948470
Arthrobotrys oligospora 920 AYT773462 AY773404 AY773433
Arthrobotrys paucispora ATCC 96704 EF445991 — —

Arthrobotrys polycephala 1.01888 MH179760 MH179592 MH179862
Arthrobotrys pseudoclavata 1130 AYT773446 AY773388 AYT773417
Arthrobotrys psychrophila 1.01412 MH179727 MH179578 MH179832
Arthrobotrys pyriformis YNWS02-3-1 AY773450 AY773392 AY773421
Arthrobotrys reticulata CBS 201.50 MH856589.1 — —

Arthrobotrys robusta nefuA4 MZ326655 — —

Arthrobotrys salina SF 0459 KP036623 — —

Arthrobotrys scaphoides 1.01442 MH179732 MH179580 MH179836
Arthrobotrys shizishanna YMF1.00022 MF948392 MF948549 MF948473
Arthrobotrys shuifuensis CGMCC 3.19716 MT612334 OM850306 OM850300
Arthrobotrys sinensis 105-1 AY773445 AY773387 AY773416
Arthrobotrys sphaeroides 1.01410 MH179726 MH179577 MH179831
Arthrobotrys superba 127 EU977558 — —

Arthrobotrys thaumasia 917 AYT773461 AY773403 AYT773432
Arthrobotrys tongdianensis CGMCC 3.20942 OP236809 OP272509 OP272513
Arthrobotrys vermicola 629 AY773454 AY773396 AYT773425
Arthrobotrys xiangyunensis YXY10-1 MK537299 — —

Arthrobotrys yunnanensis AFTOL-ID 906 DQ491512 — —

Arthrobotrys zhaoyangensi CGMCC 3.20944 OM855568 OM850310 OM850304
Dactylellina appendiculata CBS 206.64 AF106531 DQ358227 DQ358229
Datylellina cionopogum SQ27-3 AYT773467 AY773409 AYT773438
Dactylellina copepodii CBS 487.90 U51964 DQ999835 DQ999816
Datylellina gephyropagum CBS178.37 U51974 DQ999847 DQ999802
Datylellina haptotylum SQ95-2 AY773470 AY773412 AY773441
Datylellina haptotylum XJ03-96-1 DQ999827 DQ999849 DQ999804
Dactylellina leptosporum SHY6-1 AYT773466 AYT773408 AYT773437
Dactylellina mammillata CBS229.54 AY902794 DQ999843 DQ999817
Dactylellina yushanensis CGMCC 3.19713 MK372061 MN915113 MN915112
Drechslerella brochopaga 701 AY773456 AY773398 AYT773427
Drechslerella dactyloides expo-5 AYT773463 AYT773405 AYT773434
Drechslerella effusa YMF1.00583 MF948405 MF948557 MF948484
Drechslerella heterospora YMF1.00550 MF948400 MF948554 MF948480
Drechslerella stenobrocha YNWS02-9-1 AY773460 AY773402 AY773431
Orbilia jesu-laurae LQ59%a MN816816 — —

Vermispora fusarina Y XJ02-13-5 AY773447 AY773389 AY773418
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The GTR+1+G,SYM + 1+ G, and GTR + | + G models were selected as the
best-fit optimal substitution models of ITS, TEF, and RPB2, respectively, via
jModelTest v 2.1.10 (Posada, 2008).

IQ-Tree v 1.6.5 (Nguyen et al., 2015) was used to implement the maximum
likelihood (ML) analysis. The dataset was partitioned, and each gene was analyzed with
the corresponding optimal substitution model. The statistical bootstrap support values
(BS) were computed using rapid bootstrapping with 1000 replicates (Felsenstein, 1985).

A Bayesian inference (BI) analysis was conducted with MrBayes v. 3.2.6
(Huelsenbeck & Ronquist, 2001) Fasta Convert (Hall, 2007) was used to convert the
multiple sequence alignment file into a MrBayes compatible NEXUS file. The dataset
was partitioned, and the optimal substitution models of each gene were equivalently
replaced to conform to the setting of MrBayes. Six simultaneous Markov chains were
run for 10,000,000 generations, and trees were sampled every 100 generations. The first
25% of the trees were discarded, and the remaining trees were used to calculate the
posterior probabilities (PP) in the majority rule consensus tree. The above parameters
were edited in the MrBayes block in the NEX file. The trees were visualized with
FigTree v1.3.1 (Rambaut, 2010). The backbone tree was edited using Microsoft
PowerPoint (2013) and Adobe Photoshop CS6 software (Adobe Systems, San Jose, CA,
USA).

7.3 Results

7.3.1 Phylogenetic Analysis

Both new fungal isolates were placed in the Arthrobotrys (Orbiliaceae,
Orbiliomycetes) genus according to their type of trapping structure (Ahrén et al., 1998;
Yang et al., 2007; Zhang & Hyde, 2014) and the BLASTn search results of ITS, TEF,
and RPB2 genes. Therefore, all Arthrobotrys species with valid sequence data (62
isolates representing 59 species) (Zhang et al., 2022) and other related taxa in
Orbiliomycetes (nine isolates representing eight Dactylellina species and five isolates
representing five Drechslerella species) were included in this phylogenetic analysis
(Table 7.1). The final dataset contained 77 ITS, 51 TEF, and 54 RPB2 sequences. The
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combined DNA dataset comprised 1909 characters (570 for ITS, 531 for TEF, and 708
for RPB2), among which 858 bp are constant, 982 bp are variable, and 770 bp are
parsimony informative. After maximum likelihood (ML) analysis, the best-scoring
likelihood tree was obtained with a final ML optimization likelihood value of -
6867.586931. The Bayesian analysis (BI) evaluated the Bayesian posterior probabilities
with a final average standard deviation of the split frequency of 0.009098. The trees
generated by maximum likelihood (ML) and Bayesian analysis (Bl) showed similar
topologies, so the best-scoring ML tree was selected for presentation (Figure 7.1).
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Figure 7.1 Maximum likelihood tree based on combined ITS, TEF, and RPB2 sequence
data from 72 Orbiliaceae (Orbiliomycetes) carnivorous species. Bootstrap
support values for maximum likelihoods (black) equal to or greater than 70%
and Bayesian posterior probability values (red) equal to or greater than 0.90 are
indicated above the nodes. The new isolates are in blue and the type strains are
in bold. The genus name and trapping structure corresponding to each clade are
indicated on the right. AN, adhesive networks; AB, adhesive branches; AK,

adhesive knobs; NCR, non-constricting rings; CR, constricting rings
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The phylogenetic analysis showed that the tested 72 Orbiliaceae (Orbiliomycetes)
carnivorous species were clustered into three clades according to their types of trapping
structure. All species catch nematodes with adhesive networks clustered together stably.
Both new fungal isolates were placed in Arthrobotrys and formed a basal lineage with A.
oligospora and A. superba with 99% MLBS and 1.00 BYPP (Figure 7.1).

7.3.2 Taxonomy

Arthrobotrys blastospora F. Zhang and X.Y. Yang sp. nov. (Figures 7.2, 7.3a,
7.4b, 7.53).

Index Fungorum number: IF900162; Facesoffungi number: FoF 14034

Etymology: The species name “blastospora” refers to the most prominent
feature of this species, i.e., the production of blastospores.

Materials examined: CHINA, Yunnan Province, Nujiang City, Nujiang River,
N 27°43'14.60", E 98°41'30.20", from freshwater sediment, 18 May 2014, F. Zhang.
Holotype CGMC 3.20940, preserved in the China General Microbiological Culture
Collection Center. Ex-type culture DLUCC 27-1, preserved in the Dali University
Culture Collection.

Colonies white, cottony, and rapidly growing on the PDA medium, reaching 50
mm diameter after 7 days at 26°C. Mycelia 2.5-6 um. wide, hyaline, septate, branched, and
smooth. Conidiophores 110-625 pm. (X =341.5 um., n = 100) long, 4-6.5 um. (X =5
pum., n = 100) wide at the base, gradually tapering upwards to a width of 3-6 um. (X =4
um., n = 100) at the apex, hyaline, erect, septate, unbranched, produced by hyphae or
directly by spore germination. This species produces hyaline, yeast-like blastospores,
which usually cluster on the tuberculous bulges on the upper half of the conidiophores. A
conidium is produced on the conidiophore first; then, a second conidium is formed from
the right apex, or occasionally the side apex, of the first conidium, thus continuously
producing a chain of blastospores. There is a septum between the two conidia, which tend
to separate from each other after maturation. The exfoliated blastospores 13.5 — 62.5 x 7.5
— 16 (X =25.6 x 10.5 um., n = 300) um., globose, and elliptic to long elliptic, with zero
or one septum. Chlamydospores not observed. Capturing nematodes with the adhesive
networks in the early stages of its formation usually consists of a single adhesive hypha
ring (Figure 7.2) (Zhang & Hyde, 2014).
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Additional specimens examined: CHINA, Yunnan Province, Nujiang City,
Nujiang River, N 27°43'14.60", E 98°41'30.20", from freshwater sediment, 20 May
2014, F. Zhang. Living culture ZA173.

Figure 7.2 Arthrobotrys blastospora (CGMCC 3.20940). (a) Colony. (b—j) Conidiophores
and blastospores. (k) Blastospores. (I-0) Trapping structure: adhesive networks.
(p) Conidiophores. Scale bars: (a) = 1 cm., (b—j) =10 um., (k—0) =20 pm., (p)
=100 pm.
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Fgure 7.3 Blastospores and conidiophores of fossil and extant carnivorous fungi. (a, b)
Conidiophores of Arthrobotrys blastospora. (c, d) Blastospores of Arthrobotrys
blastospora. (e, f) Conidiophores of the fossil Palaeoanellus dimorphus. (g, h)
Blastospores of the fossil Palaeoanellus dimorphus, reprinted with permission
from Ref. (Schmidt et al., 2008). 2023, John Wiley and Sons

Figure 7.4 Trapping structure of fossil and extant carnivorous fungi. (a, b) Trapping
structure of Palaeoanellus dimorphus: unicellular adhesive hyphal rings,
reprinted with permission from Ref. (Schmidt et al., 2008). 2023, John
Wiley and Sons. (c, d) The early stages of adhesive networks produced by
Arthrobotrys blastospora: single adhesive hyphae rings. (e, f) Trapping
structure of some Dactylellina species: nonconstricting rings (Zhang &
Hyde, 2014)



Figure 7.5 Conidia of several carnivorous fungi. (a) The single conidia formed by the

separation of the blastospore of Arthrobotrys blastospora. (b) The single
conidia produced by Palaeoanellus dimorphus, reprinted with permission
from Ref. (Schmidt et al., 2008). 2023, John Wiley and Sons. (c) The conidia
produced by some Arthrobotrys species (Zhang & Mo, 2006). (d) The
conidia produced by most of the Dactylellina species (Zhang & Mo, 2006)

7.4 Discussion

7.4.1 New Species of Arthrobotrys

Arthrobotrys blastospora catches nematodes with adhesive networks, which is
consistent with the main characteristics of Arthrobotrys, Orbiliaceae (the largest genus
of modern carnivorous fungi (Ahrén et al., 1998; Yang et al., 2007; Swe et al., 2011;
Zhang & Hyde, 2014). Our phylogenetic analysis based on ITS, TEF, and RPB2
substantiated that A. blastospora is a member of Arthrobotrys. Phylogenetically, A.
blastospora forms the sister lineage to A. oligospora (Figure 7.1). However, the conidia
of all modern carnivorous fungi in Orbiliomycetes are individually born in clusters or
singly on the conidiophores, which is significantly different from the catenulate
blastospores produced by A. blastospora (Zhang & Mo, 2006; Zhang & Hyde, 2014).

Therefore, we identified A. blastospora as a new species of Arthrobotrys.

7.4.2 Palaeoanellus Dimorphus Is an Ancient Ancestor of Modern
Orbiliomycetes Carnivorous Fungi

Similar to carnivorous plants, as a highly specialized group in the fungal
kingdom, carnivorous fungi are a model for the study of adaptive fungal evolution; their
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evolution is also a critical node in the study of fungal evolution. Such studies rely
heavily on the discovery of fossil fungi. Schmidt et al. (Schmidt et al., 2007, 2008)
found the earliest and best-preserved fossil of carnivorous fungi (P. dimorphus) in
approximately 100-million-year-old amber from Southwestern France. Palaeoanellus
dimorphus produced blastospores which were generated in whorls on small projections
of conidiophores and also produced unicellular adhesive hyphal rings to trap nematodes
(Figures 7.3, 7.4) (Schmidt et al., 2007, 2008). However, no structure directly
connecting the blastospores to unicellular adhesive hyphal rings was illustrated by
Schmidt et al. (Schmidt et al., 2007, 2008). Therefore, whether the blastospores and
unicellular adhesive hyphal rings in this fossil actually represent a single fossil species
has been a controversial topic due to their unusual combination (Thorn et al., 2008;
Schmidt et al., 2009). In addition, the fossil was not considered an ancestor of modern
carnivorous fungi but as belonging to an extinct lineage because no blastospore-
producing carnivorous fungi were found in modern ecosystems (Schmidt et al., 2007,
2008; Swe et al., 2011; Zhang & Hyde, 2014). Arthrobotrys blastospora reported in
this study produced yeast-like blastospores on the small projections of conidiophores
and captured nematodes with adhesive networks (a single adhesive hypha ring structure
at the initial stage of its formation) (Figure 7.2) (Zhang & Mo, 2006). The discovery of
this species confirms the existence of an extant species in nature that produces both
specialized nematode-trapping structures and blastospores. Furthermore, A.
blastospora and P. dimorphus share strong similarities with regard to the morphological
characteristics of conidia, conidiophores, and the manner of catching nematodes with
adhesive materials (Figures 7.3, 7.4). Accordingly, we infer that A. blastospora is
closely related to P. dimorphus and maintained traits of Mesozoic carnivorous fungi,
and P. dimorphus may be an ancient ancestor of modern Orbiliomycetes carnivorous
fungi.

Similar to other fungi, convergent evolution has also been observed in
carnivorous fungi; for example, some species of Dactylellina (Orbiliaceae,
Orbiliomycetes, Ascomycota) and some species of Nematoctonus (Agaricomycetes,
Pleurotaceae, Basidiomycota) trap nematodes with stalked adhesive knobs (Nordbring-
Hertz et al., 2006). Therefore, we also cannot rule out the possibility of convergent
evolution between A. blastospora and P. dimorphus, which resulted in the sharing of
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similar characteristics, while having a distant genetic relationship. However, given the
scarcity of carnivorous fungi in the fungal kingdom (Yang et al., 2012; Zhang & Hyde,
2014) and the high similarity of several different structures (conidia, conidiophores,
and trapping structures) between A. blastospora and P. dimorphus (Figures 7.3, 7.4)
(Schmidt et al., 2007, 2008), we speculate that it is less likely that two species would

have evolved such similar traits with only a distant genetic relationship.

7.4.3 The Possible Ancestral Position of Palaeoanellus Dimorphus

Among Orbiliomycetes carnivorous fungi, all species are divided into two main
groups according to their mechanisms of trapping nematodes. One is the genus
Drechslerella, which first diverged from other carnivorous species and produces
constricting rings to capture nematodes with the mechanical force generated by the
expansion of the cells that make up the rings. Another contains all species in the genera
Arthrobotrys and Dactylellina, which catch nematodes with adhesive traps (Figure 7.1)
(Ahrénetal., 1998; Yang et al., 2007; Zhang & Hyde, 2014). Palaeoanallus dimorphus
produced unicellular hyphal rings, which possibly produced a sticky secretion used to
capture nematodes (Schmidt et al., 2007, 2008). This structure is similar to those species
in Arthrobotrys and Dactylellina in the manner of trapping nematodes (capture of
nematodes performed mainly with adhesive material), but it is quite different from the
Drechslerella species, which capture nematodes by mechanical force. Therefore, we
speculate that P. dimorphus is more related to Arthrobotrys and Dactylellina, and that
P. dimorphus may be the common ancestor of Arthrobotrys, Dactylellina, or
Arthrobotrys and Dactylellina.

Generally accepted, modern Orbiliomycetes carnivorous fungi originated from
saprophytic fungi without a trapping structure (Rubner, 1996; Liou & Tzean, 1997;
Ahrén et al., 1998; Scholler et al., 1999; Li et al., 2000; Li et al., 2005; Yang et al.,
2012). Their evolution from possessing no trapping structure to complex trapping
structures, such as modern adhesive trapping structures, was undeniably a course of
gradual complexity. The structural complexity of unicellular adhesive hyphal rings
produced by P. dimorphus is lower than that of most modern adhesive trapping
structures. Therefore, unicellular adhesive hyphal rings may be considered an

intermediate stage in the evolution of structural complexity and the common ancestor
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of all adhesive trapping structures (Arthrobotrys and Dactylellina). However, based on
phylogenetic analysis of multiple genes and molecular clock theory, Yang et al. (2012)
inferred that the adhesive trapping structures of modern Orbiliomycetes carnivorous
fungi originated about 246 million years ago and further evolved around 198-208
million years ago. In contrast, P. dimorphus was found in the amber from 100 million
years ago (Schmidt et al., 2007, 2008). Therefore, it can be inferred that the unicellular
adhesive hyphal rings produced by P. dimorphus are probably not the ancestor of all
the modern adhesive-trapping structures (Arthrobotrys and Dactylellina).

Phylogenetically, A. blastospora forms a sister lineage to A. oligospora and A.
superba (Figure 7.1). Combined with the morphological similarities between A.
blastospora and P. dimorphus, we can infer that P. dimorphus is closely related to the
Arthrobotrys species. Concerning morphology, the following aspects can also support
the close relationship between P. dimorphus and Arthrobotrys: (1) P. dimorphus
produced unicellular adhesive hypha rings to capture nematodes (Schmidt et al., 2007,
2008). This structure is morphologically similar to the single ring stage of adhesive
networks produced by Arthrobotry species (Figure 7.4) (Zhang & Mo, 2006). (2) The
formation of the unicellular adhesive hypha rings produced by P. dimorphus initiated
with a branch which was first generated on the vegetative mycelia, then the branch was
curved and fused with the mycelia to form a ring (Schmidt et al., 2007, 2008). This
process is highly similar to the formation process of adhesive networks produced by
Arthrobotrys species (Zhang & Mo, 2006) (Figure 7.4). (3) The blastospores produced
by A. blastospora are easily separated from each other to form non-septate and 1-septate
elliptic conidia. The blastospores produced by P. dimorphus also had this characteristic.
The non-septate or 1-septate conidia formed by the separation of blastospores are
morphologically similar to those of many species in Arthrobotrys (Figure 7.5) (Zhang
& Mo, 2006; Zhang & Hyde, 2014). (4) Among Arthrobotrys species, except A.
blastospora, a few conidia of A. oligospora and A. conoides also have a similar
morphology to blastospores (Figure 7.6), which suggests that the formation of
blastospores may be an ancestral characteristic of Arthrobotrys, or an inherent feature
of other Arthrobotrys species, but it is rarely developed or not developed in culture and
thus, it has been overlooked so far. This phenomenon further illustrated the close
relationship between P. dimorphus and Arthrobotrys.
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a b

Figure 7.6 Blastospores of some Arthrobotrys species. (a) The blastospores produced
by A. oligospora. (b) The blastospores produced by A. conoides. Scale bars
=10 pm.

By contrast, Dactylellina demonstrates similarities to P. dimorphus only in the
aspect of trapping structure: a few species in Dactylellina produce a single ring covered
with adhesive material (non-constricting ring) to capture nematodes, which is formed
by producing a branch from the vegetative mycelia, and then the branch is curved and
fused to form a ring (Zhang & Mo, 2006). This structure is similar to the unicellular
adhesive hyphal rings produced by P. dimorphus in the morphology and formation
process (Figure 7.4).

In summary, considering that P. dimorphus and Arthrobotrysshare a
reproductive structure (conidia) and nutritional structure (trapping structure)
morphology, we speculate that P. dimorphus is more likely to be the ancestor of

Arthrobotrys

7.4.4 The Necessity of Strengthening the Research on Carnivorous Fungi
in the Three Parallel Rivers

The two A. blastospora strains were isolated from the core area of the three
parallel rivers region in China. This region is located in the southwest of the Heng Duan
Mountains where mountains alternate with valleys, the terrain is highly diverse, and the

region combines tropical, subtropical, temperate, and alpine cold climate types (Li et
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al., 2001; Feng et al., 2016). The complex terrain and climate create rich ecosystems
and make the region one of the most diverse in the world (Lin et al., 2018; Basnet et al.,
2019). Glaciers did not cover this region during the Quaternary glaciation due to its
unique mountain and deep valley landform, particularly its geographical position,
formation and evolutionary process. Therefore, this region is a significant refuge for
many ancient species, and it is the center of species distribution and the differentiation
of many biological groups (Sun, 2002; Su & Li, 2003; Wang et al., 2005; Li, Zhang et
al., 2009). According to statistics, 34 species of Chinese national protected plants, 600
species of endemic plants, and 20 species of relict plants are distributed in this region
(Fu, 1987; Zhou, 2010). This situation renders it possible to find the relict species of
carnivorous fungi in this region and suggests that there may be precious living fossils
of other groups living in this region. In addition, P. dimorphus was found in the amber
from Southwestern France (Schmidt et al., 2007, 2008) and A. blastospora was isolated
from Southwestern China, more than 11,000 km from each other. This indicates that
Palaeoanellus-type fungi were widely distributed and numerous in the past, giving rise
to the extant genera of Oribiliomycetes.



CHAPTER 8

MORPHOLOGICAL AND PHYLOGENETIC CHARACTERIZATION
OF FIVE NOVEL NEMATODE-TRAPPING FUNGI
(ORBILIOMYCETES) FROM YUNNAN, CHINA

8.1 Introduction

Nematode-trapping fungi (NTF) are a group of fungi that can produce unique
structures (trapping structures) to capture nematodes (Zhang & Mo, 2006; Swe et al.,
2011; Zhang & Hyde, 2014). They have attracted much attention for over 180 years
since Corda (1839) reported the first species (Arthrobotrys superba Corda) because of
their unique survival strategy, excellent application potential in nematode control, and
significance of maintaining the balance of nematode populations in the ecosystem
(Drechsler, 1933; Wang et al., 2014; Yang et al., 2023). Orbiliomycetes NTF is the
research focus of NTF due to their abundant species, diversified trapping structures,
and mature research methods (Li et al., 2000; Yang et al., 2012; Zhang & Hyde, 2014).
Currently, 119 Orbiliomycetes NTF species have been reported and divided into
Arthrobotrys, Dactylellina, and Drechslerella based on their trapping structures
according to modern molecular biology research (Pfister, 1997; Ahrén et al., 1998;
Scholler et al., 1999; Yang et al., 2007).

Arthrobotrys, the most widespread and diverse (67 species) genus among
Orbiliomycetes NTF, was established by Corda (1839) with A. superba Corda, which
is characterized by 1-septate conidia growing in clusters on the nodes of the
conidiophores. With the improvement in the isolation method, more species were
discovered, and the characteristic of Arthrobotrys was revised as producing obovoid,
elliptic, pyriform.

0-3-septate conidia on the nodes or short denticles of the conidiophores (Cooke
& Dickinson, 1965; Schenck et al., 1977; Zhang & Mo, 2006; Chen et al., 2007).
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However, the taxonomy system based on these characteristics still needs to be clarified
due to confusion caused by scholars attaching different importance to morphological
features. The development of molecular biology has brought a significant breakthrough
in the taxonomic study of NTF. Methods such as restriction fragment length
polymorphism (RFLP), random amplified polymorphic DNA (RAPD), and molecular
phylogenetics have gradually clarified the importance of the trapping structure in NTF
classification (Pfister, 1997; Ahrén et al., 1998; Scholler et al., 1999; Yang et al., 2007).
Accordingly, the main characteristic of Arthrobotrys has also been revised again to
produce adhesive networks to capture nematodes (Zhang & Hyde, 2014). Species in
Arthrobotrys are essential materials for developing bio-control agents for plant and
animal parasitic nematodes because of their excellent competition, adaptation, and
reproductive ability (Soliman et al., 2021; Janior et al., 2021).

Drechslerella is the smallest genus (17 species) among Orbiliomycetes NTF,
which separated from Monacrosporium by Subrammanian with Dr. acrochaeta
(Drechsler) Subram as the type species based on conidia producing filamentous
appendages at the apex (Subramanian, 1963). However, Liu and Zhang (1994) pointed
out that the filamentous appendage is not a stable and valid feature because it is formed
by conidia germination, which is common in many Arthrobotrys and Dactylellina
species (Liu & Zhang, 1996). Accordingly, Drechslerella is considered to be an invalid
genus. Subsequently, the taxonomy of NTF was studied based on molecular
phylogenetic analysis. All species produce constricting rings clustered into a
monophyletic clade named Drechslerella, characterized by producing constricting
rings composed of three cells and locking nematodes via the rapid expansion of the
three cells (Pfister, 1997; Ahrén et al., 1998; Scholler et al., 1999; Yang et al., 2007;
Zhang & Hyde, 2014). This method of capturing nematodes mainly via mechanical
force significantly differs from species in Arthrobotrys and Dactylellina (mainly
capturing nematodes with adhesive material) (Zhang & Mo, 2006; Zhang & Hyde,
2014). Therefore, Drechslerella is a unique genus among Orbiliomycetes NTF and a
key group in the origin and evolution study of carnivorous fungi.

NTF is a crucial node in fungal evolution and a good material for studying
fungal adaptive evolution. The discovery of new species contributes to the development
of related research and provides more materials for developing bio-control agents of
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parasitic nematodes. This research aims to report five new NTF species and list a key

species of Drechslerella that has been studied less.

8.2 Material and Methods

8.2.1 Sample Collection

Terrestrial soil and freshwater sediment samples involved in this study were
collected from Yunnan Province, China. The detailed collection methods are the same
as Zhang et al. (2022).

8.2.2 Fungal Isolation

The soil sprinkling technique and baited plates method (Drechsler, 1941,
Duddington, 1955; Eren & Pramer, 1965; Zhang & Hyde, 2014) were used to incubate
nematode-trapping fungi (NTF) in the soil samples. The single-spore isolation method
was used to obtain the pure culture of NTF. The details of the above three methods are
the same as Zhang et al. (2022).

8.2.3 Morphological Observation

The observation well and nematode baiting methods (Gao et al., 1996) were
used to induce the trapping structure of NTF in accordance with Zhang et al. (2022).
All micromorphological features, such as conidia, conidiophore, trapping structure, and
chlamydospores, were photographed and measured with an Olympus BX53 differential
interference microscope (Olympus Corporation, Tokyo, Japan).

8.2.4 DNA Extraction, PCR Amplification, and Sequencing

The total genomic DNA of isolates was extracted from the mycelia grown on
potato dextrose agar (PDA) plates using a rapid fungal genomic DNA isolation kit
(Sangon Biotech Company, Limited, Shanghai, China). The ITS, TEF, and RPB2
regions were amplified with the primer pairs 1TS4-1TS5 (White et al., 1990), 526F-
1567R (O’Donnell et al., 1998), and 6F-7R (Liu et al., 1999), respectively. The PCR
amplification was performed according to Zhang et al. (2022). A DiaSpin PCR Product
Purification Kit (Sangon Biotech Company, Limited, Shanghai, China) was used to

purify the PCR products according to the user manual. The purified PCR products of
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the ITS and RPB2 regions were sequenced in the forward and reverse directions using
PCR primers, and TEF genes were sequenced using the primer pair 247F-609R (Ahrén
et al., 1998) (BioSune Biotech Company, Limited, Shanghai, China).

Sequences were checked, edited, and assembled via SeqMan v. 7.0 (Swindell &
Plastere, 1997). The sequences generated in this study were deposited in the GenBank
database at the National Center for Biotechnology Information (NCBI;

https://www.ncbi.nlm.nih.gov/; accessed on 20 March 2023).

8.2.5 Phylogenetic Analysis

BLASTnN search (BLASTN; https://blast.ncbi.nim.nih.gov/; accessed on 11
March 2023) was used to compare the sequences generated in this study against the
NCBI GenBank database. The BLASTn search results and the morphological features
(trapping structure) of these five species indicated that they belong to the genus
Arthrobotrys and Drechslerella. Therefore, all Arthrobotrys and Drechslerella taxa
were searched in Species Fungorum (http://www.speciesfungorum.org; accessed on 12
March 2023) and checked individually according to the relevant documents to ensure
that all Arthrobotrys and Drechslerella taxa were considered in this study (Ahrén et al.,
1998; Li et al., 2000; Zhang & Mo, 2006; Swe et al., 2011; Yang et al., 2012; Li et al.,
2013; Zhang & Hyde, 2014; Zhang et al., 2020, 2022ab; Yang et al., 2023). All reliable
ITS, TEF, and RPB2 sequences of Arthrobotrys and Drechslerella taxa were
downloaded from the GenBank database (Table 8.1). Online program MAFFT v.7
(http://mafft.cbrc.jp/alignment/server/; accessed on 15 March 2023) (Katoh &
Standley, 2013) was used to generate the alignments of three genes, BioEdit v 7.2.3
(Hall, 1999) was used to manually adjust the three alignments, and the three alignments
were then linked with MEGA 6.0 (Tamura et al., 2013). Vermispora fusarina Y XJ 02-
13-5 and Vermispora leguminaceae AS 6.0291 were set as outgroups. Phylogenetic
trees were inferred via maximum likelihood (ML) and Bayesian inference (BI)

analyses.
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Table 8.1 GenBank accession numbers involved in this study

GenBank accession Number

Taxon Strain Number
ITS TEF RPB2
Arthrobotrys amerospora CBS 268.83 NR_159625 — —
Arthrobotrys anomala YNWS02-5-1 AYT773451 AY773393 AYT73422
Arthrobotrys arthrobotryoides CBS 119.54 MH857262 — —
Arthrobotrys arthrobotryoides AOAC MF926580 — —
Arthrobotrys botryospora CBS 321.83 NR_159626 — —
Arthrobotrys cladodes 1.03514 MH179793 MH179616 MH179893
Arthrobotrys clavispora CBS 545.63 MH858353  — —
Arthrobotrys conoides 670 AY773455 AYT773397 AY773426
Arthrobotrys cookedickinson YMF 1.00024 MF948393 MF948550 MF948474
Arthrobotrys cystosporia CBS 439.54 MH857384 — —
Arthrobotrys dendroides YMF 1.00010 MF948388 MF948545 MF948469
Arthrobotrys dianchiensis 1.00571 MH179720 — MH179826
Arthrobotrys elegans 1.00027 MH179688 — MH179797
Arthrobotrys eryuanensis CGMCC 3.19715 MT612105 OM850307 OM850301
Arthrobotrys eudermata SDT24 AY773465 AYT773407 AY773436
Arthrobotrys flagrans 1.01471 MH179741 MH179583 MH179845
Arthrobotrys gampsospora CBS 127.83 U51960 — —
Arthrobotrys globospora 1.00537 MH179706 MH179562 MH179814
Arthrobotrys gongshanensis CGMCC 3.23753 OoM801277 OM809162 OMB809163
Arthrobotrys guizhouensis YMF 1.00014 MF948390 MF948547 MF948471
Arthrobotrys hengjiangensis CGMCC 3.24983 0Q946587 0Q989312 0Q989302
Arthrobotrys hengjiangensis XA190 0Q946586 0Q989311 0Q989301
Arthrobotrys indica YMF 1.01845 KT932086 — —
Arthrobotrys iridis 521 AYT773452 AYT773394 AYT773423
Arthrobotrys janus 85-1 AY773459 AYT773401 AYT773430
Arthrobotrys javanica 105 EU977514 — —
Arthrobotrys jindingensis CGMCC 3.20895 0OP236810 0OP272511 0OP272515
Arthrobotrys jinpingensis CGMCC 3.20896 OM855569  OM850311 OM850305
Arthrobotrys koreensis C45 JF304780 — —
Arthrobotrys lanpingensis CGMCC 3.20998 OMB855566 OM850308 OM850302
Arthrobotrys latispora H.B. 8952 MK493125  — —
Arthrobotrys longiphora 1.00538 MH179707 — MH179815
Arthrobotrys lunzhangensis CGMCC 3.20941 OK643973 OM621809 OM621810
Arthrobotrys luguanensis CGMCC 3.20894 OM855567 OM850309 OM850303
Arthrobotrys mangrovispora MGDW17 EU573354 — —
Arthrobotrys megalospora TWF800 MNO013995 — —
Arthrobotrys microscaphoides YMF 1.00028 MF948395 MF948552 MF948476
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GenBank accession Number

Taxon Strain Number
ITS TEF RPB2

Arthrobotrys multiformis CBS 773.84 MH861834 — —
Arthrobotrys musiformis SQ77-1 AYT773469 AYT773411 AY773440
Arthrobotrys musiformis 1.03481 MH179783 MH179607 MH179883
Arthrobotrys nonseptata YMF 1.01852 FJ185261 — —
Arthrobotrys obovata YMF 1.00011 MF948389 MF948546 MF948470
Arthrobotrys oligospora 920 AYT773462 AY773404 AY773433
Arthrobotrys paucispora ATCC 96704 EF445991 — —
Arthrobotrys polycephala 1.01888 MH179760 MH179592 MH179862
Arthrobotrys pseudoclavata 1130 AY773446 AY773388 AYT73417
Arthrobotrys psychrophila 1.01412 MH179727 MH179578 MH179832
Arthrobotrys pyriformis YNWS02-3-1 AY773450 AYT773392 AYT773421
Arthrobotrys reticulata CBS 550.63 MH858355  — —
Arthrobotrys robusta nefuA4 MZ326655 — —
Arthrobotrys salina SF 0459 KP036623 — —
Arthrobotrys scaphoides 1.01442 MH179732 MH179580 MH179836
Arthrobotrys shizishanna YMF 1.00022 MF948392 MF948549 MF948473
Arthrobotrys shuifuensis CGMCC 3.19716 MT612334 0OM850306 OM850300
Arthrobotrys sinensis 105-1 AYT773445 AYT773387 AY773416
Arthrobotrys sphaeroides 1.01410 MH179726 MH179577 MH179831
Arthrobotrys superba 127 EU977558 — —
Arthrobotrys thaumasia 917 AY773461 AY773403 AYT773432
Arthrobotrys tongdianensis CGMCC 3.20942 OP236809 OP272509 0OP272513
Arthrobotrys vermicola 629 AY773454 AYT773396 AYT773425
Arthrobotrys weixiensis CGMCC 3.24984 0Q946585 0Q989310 0Q989300
Arthrobotrys weixiensis FAG675 0Q946584 0Q989309 0Q989299
Arthrobotrys xiangyunensis YXY10-1 MK537299 — —
Arthrobotrys yunnanensis YMF 1.00593 AY50993 — —
Arthrobotrys zhaoyangensis CGMCC 3.20944 OM855568 OM850310 OM850304
Dactylellina cangshanensis CGMCC 3.19714 MK372062 MN915115 MN915114
Dactylellina copepodii CBS 487.90 U51964 DQ999835 DQ999816
Dactylellina mammillata CBS 229.54 AY902794 DQ999843 DQ999817
Dactylellina yushanensis CGMCC 3.19713 MK372061 MN915113 MN915112
Drechslerela dactyloides expo-5 AYT773463 AYT773405 AYT773434
Drechslerella anchonia CBS 109.37 AY965753 — —
Drechslerella aphrobrocha YMF 1.00119 MF948397 — MF948477
Drechslerella bembicodes 1.01429 MH179731  — MH179835
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GenBank accession Number

Taxon Strain Number
ITS TEF RPB2
Drechslerella brochopaga CBS 218.61 U51950 — —
Drechslerella brochopaga BCRC 34361 FJ380936 — —
Drechslerella coelobrocha FWY03-25-1 AYT773464 AY773406 AY773435
Drechslerella dactyloides 1.00031 MH179690 MH179554 MH179799
Drechslerella daliensis CGMCC 3.20131 MT592896 OK556701 OK638157
Drechslerella doedycoides YMF 1.00553 MF948401 — MF948481
Drechslerella doedycoides CBS 175.55 MH857432 — —
Drechslerella effusa YMF 1.00583 MF948405 MF948557 MF948484
Drechslerella effusa CBS 774.84 MH861835  — —
Drechslerella hainanensis YMF 1.03993 KC952010 — —
Drechslerella heterospora YMF 1.00550 MF948400 MF948554 MF948480
Drechslerella pengdangensis CGMCC 3.24985 0Q946589 0Q989314 0Q989304
Drechslerella pengdangensis DL53 0Q946588 0Q989313 0Q989303
Drechslerella polybrocha CCRC 32872 U51973 — —
Drechslerella polybrocha DHP 133 U72606 — —
Drechslerella polybrocha H.B. 8317 KT222361 — —
Drechslerella stenobrocha YNWS02-9-1 AYT773460 AYT773402 AYT773431
Drechslerella tianchiensis CGMCC 3.24986 0Q946591 0Q989316 0Q989306
Drechslerella tianchiensis XJ353 0Q946590 0Q989315 0Q989305
Drechslerella xiaguanensis CGMCC 3.20132 MT592900 OK556699 OK638159
Drechslerella yunlongensis CGMCC 3.20946 OM956086 0Q989318 0Q989308
Drechslerella yunlongensis YL402 0Q946592 0Q989317 0Q989307
Drechslerella yunnanensis 1.01863 MH179759 — MH179861
Drechslerella yunnanensis YMF 1.03216 HQ711927 — —
Orbilia jesu-laurae LQ59a MN816816 — —
Orbilia orientalis H.B.9925 KT222412 — —
Orbilia orientalis H.B.9965 KT380104 — —
Orbilia pseudopolybrocha YMF 1.02660 NR_172380 — —
Orbilia tonghaiensis YMF 1.03006 NR_172397  MF948570 MF948496
Vermispora fusarina YXJ02-13-5 AYT773447 AY773389 AY773418
Vermispora leguminacea AS 6.0291 DQ494376 — —

The best-fit optimal substitution models of ITS, TEF, and RPB2 were selected
as GTR+I1+G, TrN+I+G, and GTR+1+G via jModelTest v2.1.10 (Posada, 2008) under
the Akaike Information Criterion (AIC).
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Maximum likelihood (ML) analysis was implemented using 1Q-Tree v1.6.5
according to Zhang et al. (2022). The statistical bootstrap support values (BS) were
computed using rapid bootstrapping with 1000 replicates (Felsenstein, 1985)

Bayesian inference (Bl) analysis was conducted with MrBayes v. 3.2.6
(Huelsenbeck & Ronquist, 2001) according to Zhang et al. (2022). The remaining 75%
of trees were used to calculate the posterior probabilities (PP) in the majority rule
consensus tree.

FigTree v1.3.1 (Rambaut, 2010) was used to visualize the trees. The backbone
tree was edited and reorganized using Microsoft PowerPoint (2013) and Adobe
Photoshop CS6 software (Adobe Systems, San Jose, CA, USA).

8.3 Results

8.3.1 Phylogenetic Analysis

The combined ITS, TEF, and RPB2 alignment dataset consisted of 104 ITS
sequences, 60 TEF sequences, and 67 RPB2 sequences from 66 Arthrobotrys taxa
representing 62 valid species (plus our two new species), 32 Drechslerella taxa
representing 21 valid species (plus our three new species), other related taxa in
Orbiliaceae (Dactylellina: four species), and two outgroup taxa. The final dataset
comprised 2038 characters (627 for ITS, 822 for RPB2, and 542 for TEF), among which
900 bp were constant, 1087 bp were variable, and 886 bp were parsimony informative.
A best-scoring maximum likelihood tree was performed with a final ML optimization
likelihood value of —6158.611237. Within the Bayesian analysis (BI), the Bayesian
posterior probabilities were evaluated with a final average standard deviation of the
split frequency of 0.009264. The trees inferred by ML and Bl showed slightly different
topologies in some clusters, but both trees showed that all tested nematode-trapping
fungi were clustered into two large clades, and five new species showed distinct
divergence from known species. The best-scoring ML tree was selected to present
herein (Figure 8.1), and the Bayesian majority rule consensus tree (BI) was also

attached in the Supplementary Materials.
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Dactylellina

Dutgroups

Figure 8.1 Maximum likelihood tree based on a combined ITS, TEF and RPB2
sequence from 87 species of Orbiliaceae nematode-trapping fungi.
Bootstrap support values equal to or greater than 70% are indicated above
the nodes. The new isolates are in blue; type strains are in bold. The tree is
rooted by Vermispora fusarina YXJ02-13-5 and V. leguminacea AS
6.0291
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The phylogenetic tree inferred from the ITS, TEF, and RPB2 combined dataset
placed five pairs of new isolates in Arthrobotrys and Drechslerella. Arthrobotrys
hengjiangensis sp. nov. clustered with A. jinpingensis and Orbilia jesu-laurae with
99% MLBS and 0.98 BYPP support. Arthrobotrys weixiensis sp. nov. was sister to A.
globospora with 99% MLBS, 1.00 BYPP support. Drechslerella pengdangensis sp.
nov. and Dr. tianchiensis sp. nov. were clustered together (89% MLBS). Drechslerella
yunlongensis sp.nov. was clustered with four other species that produce fusiform
conidia (100% MLBS, 1.00 BYPP, Figure 8.1).

8.3.2 Taxonomy

Arthrobotrys hengjiangensis F. Zhang & X.Y. Yang sp. nov. (Figure 8.2).

Index Fungorum number: 1F900409; Facesoffungi number: FOF14151.

Etymology: The species name “hengjiangensis” refers to the name of sample
collection site: Hengjiang County, Zhaotong City, Yunnan Province, China.

Material examined: CHINA, Yunnan Province, Zhaotong City, Hengjiang
County, Hengjiang River, N 28°32'31.8", E 104°1909.5", from freshwater sediment,
12 July 2014, F. Zhang. Holotype CGMCC 3.249834, preserved in the China General
Microbiological Culture Collection Center. Ex-type culture DLUCC 34-1, preserved in
the Dali University Culture Collection.

Colonies on PDA: initially white and turned to pale pink or yellowish after 2
weeks, cottony, growing rapidly, reaching 60 mm diameter after 10 days at 26 °C.
Mycelium: partly superficial, partly immersed, composed of septate, branched, smooth,
and hyaline. Conidiophores: 182.5-343 um. (X = 268.4 um., n = 50) long, 3-5.5 pum.
(x = 3.7 um., n = 50) wide at the base, gradually tapering upwards to the apex with
2.5-35 ym. (x = 2.7 um., n = 50) wide, erect, septate, unbranched or sometimes
branched, producing a node at the apex or several separate nodes by repeated elongation
of conidiophores, each node consisting of 3-8 papilliform bulges and bearing 3-8
conidia. Conidia: 14.5-29.5 x 9.5-18 um. (x =19.9 x 12.7 pm, n = 50), obpyriform or
drop-shaped, rounded at the apex, tapering towards narrow with tapering base, 0-2-
septate (mostly 0 or 1-septate), and hyaline. Chlamydospore 7-14 x 5-10 um. (x =9.5
x7.6 um, n = 50), cylindrical, globose or ellipsoidal, hyaline, and in chains when

present. Nematodes were captured with adhesive networks.
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Additional specimen examined: CHINA, Yunnan Province, Zhaotong City,
Hengjiang County, Hengjiang River, N 28°32'31.8", E 104°19'09.5", from freshwater
sediment, 12 July 2014, F. Zhang. Living culture XA190.

Notes: Phylogenetically, Arthrobotrys hengjiangensis clusters together with A.
jinpingensis and Orbilia jesu-laurae with 99% MLBS, 0.98 BYPP support.
Arthrobotrys hengjiangensis was 4.3% (27/626 bp) and 3.2% (20/620 bp) different
from A. jinpingensis and Orbilia jesu-laurae in ITS sequences. Morphologically, these
three species are similar in their conidia shape and the nodes of conidiophores (Quijada
etal., 2020; Zhang et al., 2022). However, A. hengjiangensis can be distinguished from
A. jinpingensis by its wider conidia [A. hengjiangensis, 9.5-18 (12.7) um. versus A.
jinpingensis, 6.5-14.5 (10.8) um.], 2-septate conidia with tapering base, and branched
conidiophores (Zhang et al., 2022). The difference between A. hengjiangensis and O.
jesu-laurae is that the conidiophores of O. jesu-laurae branched at the apex. In contrast,
the conidiophores of A. hengjiangensis branched in the middle and upper parts. In
addition, Orbilia jesu-laurae does not produce 2-septate conidia, while A.
hengjiangensis does. Furthermore, the conidia produced by A. hengjiangensis have a
more pointed base than those of O. jesu-laurae. The conidia of O. jesu-laurae are often
slightly constricted at the septum, while those of A. hengjiangensis do not (Quijada et
al., 2020).
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Figure 8.2 Arthrobotrys hengjiangensis (CGMCC 3.24983). (a) Colony. (b, ¢) Conidia.
(e) Chlamydospores. (f) Trapping structure: adhesive networks. (d, g)
Conidiophores. Scale bars: (a) =1 cm., (b, c, e, f) =10 um., (d, g) = 20 pum.

Arthrobotrys weixiensis F. Zhang & X.Y. Yang sp. nov. (Figure 8.3).

Index Fungorum number: 1F900410; Facesoffungi number: FOF14152.

Etymology: The species name “weixiensis” refers to the name of sample
collection site: Weixi County, Diging City, Yunnan Province, China.

Material examined: CHINA, Yunnan Province, Diging City, Weixi County, N
27°12'40.3", E 99°05'24.2", from terrestrial soil, 26 July 2014, F. Zhang. Holotype
CGMCC3.24984, preserved in the China General Microbiological Culture Collection
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Center. Ex-type culture DLUCC 35-1, preserved in the Dali University Culture
Collection.

Colonies on PDA: white, cottony, growing rapidly, reaching 55 mm diameter
after 9 days in the incubator at 26 °C. Mycelium: partly superficial, partly immersed,
composed of septate, branched, smooth, and hyaline. Conidiophores 165-364.5 um. (X
=253.4 um., n =50) long, 2.5-5 um. (X =3.4 um., n = 50) wide at the base, gradually
tapering upwards to the apex 1.5-3 um. (x = 2.2 um., n = 50) wide, erect, septate,
unbranched, hyaline, producing 1-3 short denticles at the apex, and each denticle
bearing a single conidium. Conidia: two types: I-type conidia: 22.5-39 x 14-27.5 um.
(x =27.8 x 17.7 um, n = 50), drop-shaped or obovate, rounded at the apex, tapering
towards narrow with subacute and truncate base, 1-2-septate (mostly 1-septate, usually
located at the base), hyaline, with the largest cell located at the apex. ll-type conidia:
30.5-48 x 14-27 pm. (X = 36.7 x 19.5 um, n = 50), fusiform, rounded at the apex,
tapering towards narrow with subacute and truncate base, 1-2-septate (mostly 2-
septate, usually located at both ends of the conidia), and hyaline, with the largest cell
located at the middle of the conidia. Chlamydospore: 6-24 x 3.5-24 um. (x = 13.9 x
9.1 um, n = 50), cylindrical, globose or ellipsoidal, hyaline or yellowish, and in chains
when present. Nematodes were captured with adhesive networks.

Additional specimen examined: CHINA, Yunnan Province, Diging City, Weixi
County, N 27°12'40.3", E 99°0524.2", from terrestrial soil, 26 July 2014, F. Zhang.
Living culture FAG75.

Notes: Phylogenetically, Arthrobotrys weixiensis forms a sister lineage to A.
globospora (99% MLBS, 1.00 BYPP). There are 13.2% (64/484 bp) differences
between them in ITS. Morphologically, the conidia shape of A. weixiensis and A.
globospora are similar. They can be distinguished by their conidia size. The conidia of
A. weixiensis are significantly larger than those of A. globospora [A. weixiensis, 30.5—
48 (36.7) x 14-25 (19.5) pm. versus A. globospora, 25-37.5 (30) x 15-22.5 (18) um.].
In addition, the conidiophore of A. globospora bears only a single conidium, while the
conidiophore of A. weixiensis bears 1-3 conidia (Zhang & Mo, 2006; Zhang & Hyde,
2014).
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Figure 8.3 Arthrobotrys weixiensis. (CGMCC 3.24984). (a) Colony. (b, c) Conidia. (d)
Chlamydospores. (e) Trapping structure: adhesive networks. (f)
Conidiophores. Scale bars: (a) =1 cm., (b—¢) =10 um., (f) =20 pum.

Drechslerella pengdangensis F. Zhang & X.Y. Yang sp. nov. (Figure 8.4).
Index Fungorum number: 1F900411; Facesoffungi number: FOF14153.
Etymology: The species name “pengdangensis” refers to the name of sample

collection site: Pengdang County, Nujiang City, Yunnan Province, China.
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Material examined: CHINA, Yunnan Province, Nujiang City, Pengdang County, N
27°56'16.88", E 98°39'8.71", from terrestrial soil, 4 May 2018, F. Zhang. Holotype
CGMCC 3.24985, preserved in the China General Microbiological Culture Collection
Center. Ex-type culture DLUCC 37-1, preserved in the Dali University Culture
Collection.

Colonies on PDA: white, cottony, growing slowly, reaching 40 mm diameter
after 15 days in the incubator at 26 °C. Mycelium: partly superficial, partly immersed,
composed of septate, branched, smooth, and hyaline. Conidiophores: 195.5-355 pum.
(x = 273.4 pm., n = 50) long, 2.5-5 pm. (X = 3.5 um., n = 50) wide at the base,
gradually tapering upwards to the apex 2.5-4 um. (X = 2.4 yum., n = 50) wide, erect,
septate, unbranched, and bearing a single conidium at the knob-like apex. Conidia: 30—
45 x 17-27 um. (X =38 x 22.4 um, n = 50), ellipsoidal to sub-fusiform, rounded at the
apex, tapering towards narrow with truncate at the base, 1-2-septate (mostly 2-septate),
hyaline, with the largest cell located at the middle or apex of the conidia, where the
base cell is tiny. Chlamydospore: not observed. Nematodes were captured with
constricting rings; in the non-constricted state, the outer diameter is 19-28.5 um. (x =
24 um., n = 50), and the inner diameter is 13-22.5 um. (x =20.1 pum., n = 50).

Additional specimen examined: CHINA, Yunnan Province, Nujiang City,
Pengdang County, N 27°56'16.88", E 98°39'8.71", from terrestrial soil, 4 May 2018, F.
Zhang. Living culture DL53.

Notes: Phylogenetically, Drechslerella pengdangensis forms a sister lineage
with another new species (Drechslerella tianchiensis) reported in this study, with 89%
MLBS support. There are 15% (128/853 bp) differences in ITS sequence between them.
Morphologically, Dr. pengdangensis can be easily distinguished from Dr. tianchiensis
in the shape of the conidia and single conidiophore. Drechslerella pengdangensis is
similar to Dr. doedycoides in their ellipsoidal to sub-fusiform conidia and simple
conidiophore with knob-like apex (Zhang & Mo, 2006; Zhang & Hyde, 2014).
However, Dr. doedycoides produces 3-septate conidia, while Dr. pengdangensis never.
Moreover, the base cell of conidia produced by Dr. pengdangensis is significantly
smaller than those of Dr. Doedycoides (Zhang & Mo, 2006; Zhang & Hyde, 2014).
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Figure 8.4 Drechslerella pengdangensis (CGMCC 3.24985). (a) Colony. (b, c)
Conidia. (d) Trapping structure: constricting rings. (e) Conidiophores.
Scale bars: (a) =1 cm., (b—d) = 10 um., (e) = 20 um.
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Drechslerella tianchiensis F. Zhang & X.Y. Yang sp. nov. (Figure 8.5).

Index Fungorum number: 1F900412; Facesoffungi number: FOF14154.

Etymology: The species name “tianchiensis” refers to the name of sample
collection site: Tianchi Nature Reserve, Yunlong County, Dali City, Yunnan Province,
China.

Material examined: CHINA, Yunnan Province, Dali City, Yunlong County,
Tianchi Nature Reserve, N 25°5122.50”, E 99°13'38.43", from burned forest soil, 28
May 2018, F. Zhang. Holotype CGMCC 3.24986, preserved in the China General
Microbiological Culture Collection Center. Ex-type culture DLUCC 38-1, preserved in
the Dali University Culture Collection.

Colonies on PDA white, cottony, growing slowly, reaching 40 mm diameter
after 15 days in the incubator at 26 °C. Mycelium partly superficial, partly immersed,
composed of septate, branched, smooth, hyaline. Macroconidiophores 186.5-305.5
pm. (X = 248.1 um., n = 50) long, 2.5-5 um. (x = 3.6 um., n = 50) wide at the base,
gradually tapering upwards to the apex with 1.5-3 um. (X = 2.2 um., n = 50) wide,
erect, septate, hyaline, unbranched or producing 1-2 short branches near the apex, each
branch bearing a single conidium. Microconidiophores 137.5-245.5 pm. (x = 183.7
pm., n = 50) long, 2-4 um. (X = 3.2 um., n = 50) wide at the base, gradually tapering
upwards to the apex with 1.5-3 um. (X = 1.8 um., n = 50) wide, erect, septate, hyaline,
unbranched, producing 3-12 short denticles near the apex, each denticles bearing a
single conidium. Conidia two types: Maroconidia 3041 x 14.5-24 ym. (X = 36.2 x
18.7 um, n = 50), ellipsoidal, rounded at the apex, tapering towards narrow with
truncate base, 1-2-septate (mostly 2-septate), hyaline, with a largest cell located at the
middle or apex of the conidia. Miroconidia 16-26.5 x 4.5-11.5 ym. (X =21.6 x 6 um,
n = 50), clavate or cylindrical, rounded at the apex, tapering towards narrow with
truncate base, 0-1-septate (mostly 1-septate), hyaline. Chlamydospore not observed.
Capturing nematodes with constricting rings, in the non-constricted state, the outer
diameter is 20.5-27.5 pm. (X = 24.7um., n = 50), the inner diameter is 14.5-22 pym. (x
=19.3um., n = 50).

Additional specimen examined: CHINA, Yunnan Province, Dali City, Yunlong
County, Tianchi Nature Reserve, N 25°5122.50", E 99°13'38.43", from burned forest
soil, 28 May 2018, F. Zhang. Living culture XJ353.
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Notes: Phylogenetically, Drechslerella tianchiensis formed a sister lineage with
Dr. pengdangensis (89% MLBS). Morphologically, Dr. tianchiensis is similar to Dr.
hainanensis and the asexual morph of Orbilia pseudopolybrocha in their shape of
macroconidia and microconidia. The difference between Dr. tianchiensis and Orbilia
pseudopolybrocha is that the macro-conidiophore of the latter is simple and bears a
single conidium, while some macro-conidiophore of Dr. tianchiensis produces 1-2
short branches near the apex and bears 1-2 conidia. The conidia of Dr. tianchiensis are
significantly larger than those of O. pseudopolybrocha (Dr. tianchiensis, 30—41 (36.2)
x 14.5-24 (18.7) pum. versus O. pseudopolybrocha, 26-30 x 16-22.2 um.) (Zhang et
al., 2022). Drechslerella tianchiensis can be easily distinguished from Dr. hainanensis
by its 1-2-branch macro-conidiophore and wider microconidia (Dr. tianchiensis, 16—
26.5(21.6) x 4.5-11.5 (6) um. versus Dr. hainanensis, 18.2-22.8 x 4.2-5.3 ym.) (Zhang
etal., 2022).
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Figure 8.5 Drechslerella tianchiensis (CGMCC 3.24986). (a) Colony. (b)
Microconidia. (c) Macroconidia. (d) Trapping structure: constricting

rings. (e) Microconidiophores. (f) Macroconidiophores. Scale bars: (a)
=1cm.,, (b—d) =10 um., (e, f) = 20 pm.
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Drechslerella yunlongensis F. Zhang & X.Y. Yang sp. nov. (Figure 8.6).

Index Fungorum number: 1F900413; Facesoffungi number: FOF14155.

Etymology: The species name “yunlongensis” refers to the name of sample
collection site: Yunlong County, Dali City, Yunnan Province, China.

Material examined: CHINA, Yunnan Province, Dali City, Yunlong County, N
25°52"27.91", E 99°22'19", from terrestrial soil, 3 June 2018, F. Zhang. Holotype
CGMCC 3.20946, preserved in the China General Microbiological Culture Collection
Center. Ex-type culture DLUCC 39-1, preserved in the Dali University Culture
Collection.

Colonies on PDA: white, cottony, growing slowly, reaching 45 mm diameter
after 15 days in the incubator at 26 °C. Mycelium: partly superficial, partly immersed,
composed of septate, branched, smooth, and hyaline. Conidiophores: 164-331 pum. (x
=239.8 um., n =50) long, 2.5-5 um. (x =3.3 um., n = 50) wide at the base, gradually
tapering upwards to the apex 1.5-3um. (x = 2.1 um., n = 50) wide, erect, septate,
unbranched, hyaline, bearing a single conidium at the apex. Conidia: 36-54 x 17-27
pm. (x =47 x 23.6 um, n = 50), drop-shaped or fusiform, rounded at the apex, tapering
towards narrow with truncate base, 1-4-septate (mostly 4-septate), hyaline, with the
largest cell located at the apex or middle of the conidia. Chlamydospore: 5-14 x 5.5
10 pm. (x = 8.7 x7.1 um, n = 50), cylindrical, globose or ellipsoidal, hyaline, and in
chains when present. Nematodes were captured with constricting rings; in the non-
constricted state, the outer diameter was 19.5-27 um. (x = 23.1 um., n =50), the inner
diameter was 15-21.5 pm. (x =18.9um., n = 50).

Additional specimen examined: CHINA, Yunnan Province, Dali City, Yunlong
County, N 25°5227.91", E 99°22'19", from terrestrial soil, 3 June 2018, F. Zhang.
Living culture YL402.

Notes: The phylogenetic analysis clustered Drechslerella yunlongensis with the
other four fusiform conidia-producing species (99% MLBS, 1.00 BYPP). Drechslerella
yunlongensis was 9.8% (55/559 bp), 8.1% (40/496 bp), 9.1% (51/559 bp), and 7.9%
(47/596 bp) different from Dr. aphrobrocha, Dr. bembicodes, Dr. coelobrocha, and Dr.
xiaguanensis in ITS, respectively. Morphologically, Dr. yunlongensis is also similar to
these four species. However, the conidia of Dr. yunlongensis are bigger than those of
Dr. bembicodes and Dr. xiaguanensis (Dr. yunlongensis, 36-54 (47) x 17-27 (23.6)
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pm. versus Dr. bembicodes, 36-43.2 (40) x 16.8-21.6 (20.5) um. versus Dr.
xiaguanensis, 33-52 (42.5) x 9.5-28 (15.5) um.); moreover, Dr. bembicodes produces
obovoid, 1-septate microconidia, while Dr. yunlongensis does not; the conidia of Dr.
xiaguanensis are mostly 3-septate, while the conidia produced by Dr. yunlongensis are
mostly 4-septate (Zhang & Mo, 2006; Zhang & Hyde, 2014; Zhang et al., 2022). The
difference between Dr. yunlongensis and Dr. aphrobrocha is that Dr. aphrobrocha
produces mostly 3-septate conidia, while Dr. yunlongensis produces mostly 4-septate
conidia; the conidia of Dr. yunlongensis are smaller than that of Dr. aphrobrocha due
to its smaller apical cell (Dr. yunlongensis, 36-54 (47) x 17-27 (23.6) um. versus Dr.
aphrobrocha, 40-57.5 (51) x 15.5-35 (24.6) um.) (Zhang & Mo, 2006; Zhang & Hyde,
2014). Drechslerella yunlongensis can be distinguished from Dr. coelobrocha by its
wider conidia (Dr. yunlongensis, 17-27 (23.6) pm. versus Dr. coelobrocha, 16.8-21.6
(19.8) um.), and shorter base and apical cells (Zhang & Mo, 2006; Zhang & Hyde,
2014). Furthermore, Dr. yunlongensis produces cylindrical or ellipsoidal
chlamydospores, while none of the four closely related species produces
chlamydospores (Zhang & Mo, 2006; Zhang & Hyde, 2014; Zhang et al., 2022).
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Figure 8.6 Drechslerella yunlongensis (CGMCC 3.20946). (a) Colony. (b, ¢) Conidia.
(d) Germinating conidia. (e) Trapping structure: constricting rings. (f)

Chlamydospores. (g) Conidiophores. Scale bars: (a) = 1 cm., (b—d) = 10
pm., (e, f) =20 um.
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8.4 Discussion

Both the phylogenetic analysis in this study and previous studies divided NTF
into two main clades based on the mechanisms by which they catch nematodes (the
genus Drechslerella produces constricting rings to capture nematodes with mechanical
force, and the genera Arthrobotrys and Dactylellina catch nematodes with adhesive
traps) (Pfister, 1997; Ahrén et al., 1998; Scholler et al., 1999; Yang et al., 2007). These
results again emphasized the significance of trapping structure for species division and
evolution. Different from previous studies, this study failed to cluster Dactylellina
species into a stable cluster, possibly due to insufficient DNA data. We believe that as
more DNA data are used, we will find more morphological or physiological features
that match phylogenetic studies.

The evolution of nematode-trapping fungi (NTF) is one crucial node to
understanding the history of fungal evolution because of its unique morphological
characteristics and survival strategy (Corda, 1839; Drechsler, 1933; Zhang & Mo, 2006;
Zhang & Hyde, 2014). Currently, the main focus of the evolution research on NTF is
the evolution of the trapping structure (Ahrén et al., 1998; Li et al., 2000, 2005).
However, on the one hand, the phylogenetic clade of Drechslerella in this study showed
that some species with similar conidia morphology cluster stably into one branch, such
as species in clade | producing fusiform conidia and species in clade Il producing
ellipsoidal conidia (Figure 8.1). Moreover, in the whole NTF, species that produce the
same trapping structure can easily be divided into different groups according to their
conidia. For example, Drechslerella species can be divided into two groups according
to the presence or non-presence of super-cell in their conidia, and all Arthrobotrys
species can be divided into three groups according to their conidia shape (Zhang & Mo,
2006). In addition to the law above, as the most critical reproductive structure in the
asexual generation of fungi, conidia should have crucial evolutionary significance in
theory. Based on the above, conidia may also be an essential evolutionary feature for
NTF and an important basis for the NTF classification. Similarly, are other structures
or physiological characteristics of NTF experiencing the same problems as conidia
(which have important evolutionary or taxonomic significances but have been

neglected)? In conclusion, the evolution of organisms is a process of interaction
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between organisms and the environment. The evolution of a single structure (trapping
structure) cannot represent the evolution of the NTF species. The excessive focus on
the evolution of a single structure while ignoring the characteristics of the whole species
may lead to the mistake of the blind man feeling the elephant.

The compilation logic of the key of Drechslerella species is that species are first
roughly classified by those features that can be used to identify species and are easily
distinguishable, such as whether the conidia produce a super-cell or not, the shape of
the conidia (fusiform, elliptical, cylindrical, digitate, etc.), whether the conidiophore is
branched or not, and the number of conidia on the conidiophore. Then, species are
further classified by those features that can be used for species identification but require
further measurement and observation, such as the detailed feature of macroconidia
(number and position of the septum and the size of the macroconidia). Finally,
morphologically similar species are distinguished by those characteristics that are
uncertain whether they can be used for species identification but are differences
between different species, such as the presence and features of microconidia, the
detailed feature of the apex of the conidiophore, and the features of the chlamydospore.
Even identifying Drechslerella species requires those morphological features that are
not known to be valid, so how difficult would it be to identify the more complex
Arthrobotrys and Dactylellina species based on these features alone? Therefore, follow-
up research needs to systematically study all potential morphological characteristics to
find more reliable characteristics for species identification.

Most of the sexual generations of Orbiliomycetes nematode-trapping fungi are
members of Orbilia (Zhang & Hyde, 2014). However, due to the morphological
conservation of the sexual generations, there exists a phenomenon wherein one sexual
species corresponds to several morphologically different asexual species (Mo et al.,
2005). Additionally, with the implementation of the one fungus, one name policy
(Norvell, 2011; Wingfield et al., 2012), asexual NTFs need to use sexual names when
discovering their sexual generation (Orbilia sp.). This results in these different asexual
species sharing the same sexual species name (Mo et al., 2005), which further leads to
confusion in the classification system and relevant data in some databases (such as
Genebank, https://www.ncbi.nlm.nih.gov/nuccore/?term=Crbilia+auricolor (accessed

on 3 April 2023)). For this reason, we suggest that when reporting a pair of sexual and
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asexual species, it is necessary to discuss the difference between the sexual generation
and known sexual species and, more importantly, consider the distinction between the
asexual generation and known asexual generation. The naming of this pair of sexual
and asexual species should be carefully evaluated separately, giving sexual and asexual

generations different species names if necessary.



CHAPTER 9

MULTILOCUS PHYLOGENY AND CHARACTERIZATION OF
FIVE UNDESCRIBED AQUATIC CARNIVOROUS FUNGI
(ORBILIOMYCETES)

9.1 Introduction

Nematode-trapping fungi (NTF) are a group of fungi that possess a unique trapping
structure to capture nematodes for nutrition (Barron, 1977; Zhang & Mo, 2006; Swe et al.,
2011; Zhang & Hyde, 2014). NTF in Orbiliomycetes are considered the core
representatives of NTF due to their rich species diversity, and intricate and diverse trapping
structures, as well as their important role in maintaining ecological balance and their
potential value in the bio-control of harmful nematodes (Yang et al., 2007; Zhang & Hyde,
2014; Jiang et al., 2017; Soliman et al., 2021). Currently, this group of fungi includes 125
species from three genera: Arthrobotrys (73 species) which captures nematodes using
adhesive networks; Dactylellina (35 species), the genus that captures nematodes with
adhesive branches, non-constricting rings, and adhesive knobs; and Drechslerella (17
species) which catches nematodes using constricting rings (Ahrén et al., 1998; Yang et al.,
2007; Zhang & Hyde, 2014).

These fungi are widely distributed in various habitats because of their unique
survival strategy. They are commonly found in the soils from farmlands, forests, and even
heavy metal-contaminated areas (Mo et al., 2008; Singh & Pandey, Zhang & Hyde, 2014;
Zhang et al., 2020), as well as in sediments from marine, freshwater, and even hot springs
(Hao et al., 2005; Swe et al., 2009; Liu et al., 2014). But compared to the well-studied
terrestrial ecosystems, the diversity of NTF in freshwater habitats remains insufficiently
studied (Hao et al., 2005; Tarigan et al., Zhang et al., 2022). Previous studies have
confirmed the existence of a rich diversity of NTF in freshwater ecosystems, which is

reasonable given the abundance of nematodes in aquatic environments (Hao et al., 2004,
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2005). Meanwhile, the diverse array of nematodes in aquatic habitats includes parasitic
species that pose threats to aquatic crops and fisheries (Gonzalez-Solis & Jiménez-Garcia,
2006; Tahseen, 2012). So, studying aquatic NTF resources is an important part of NTF
diversity research and bio-control of harmful aquatic nematodes. Additionally, the study on
aquatic NTF also provides a valuable entry point for investigating fungal adaptive
evolution, as aquatic NTF originate from their terrestrial counterparts.

In the past ten years, we have investigated the NTF in the six major watersheds in
Yunnan Province and successfully isolated ten strains, which were identified as five novel
members of Arthrobotrys. This paper provides a comprehensive account of these species,
offering new material for the bio-control research of harmful nematodes and the study of

fungal aquatic adaptive evolution.

9.2 Material and Methods

9.2.1 Samples Collection

All freshwater sediment samples involved in this study were collected using a
Peterson bottom sampler (HL-CN, Wuhan Hengling Technology Company, Limited,
Wuhan, China). The samples were placed into plastic zip-lock bags to preserve
moisture. Collecting sites, date, and collector were recorded (Table 9.1). The samples
were stored at 4°C and processed within a week.
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Table 9.1 Samples information involved in this study

Sample Source Sampling Location Sampling Date Number of Samples

Cibi Lake N 26°9'7.14" 4 June 2013 25
E 99°56°32.72"

Heihui River N 25°37'4.13", 6 April 2018 10
E 100°1'52.06"

Jinsha River N 27°8'50.56", 9 July 2014 10
E 99°49'39.43"

Yangbi River N 25°42'37.94", 4 April 2018 10
E 99°54'52.15"

Yangjiang River N 25°45'52.11", 14 May 2018 10
E 99°54'46.43"

9.2.2 Fungal Isolation

Nematodes (Panagrellus redivivus Goodey, free-living nematodes) cultured on
oatmeal medium (Zhang & Hyde, 2014) were isolated using the Baermann funnel method
(Staniland, 1954) and the concentration of the nematodes was adjusted with sterile water
to 30005000 nematodes per milliliter. The soil sprinkling technique was used to disperse
the sediment sample onto the surface of corn meal agar plates (CMA) (Zhang & Hyde,
2014) and 1 mL of nematode suspension was added to promote the germination of NTF.
The plates were incubated at room temperature (14-28°C) for about three weeks and a
stereo-microscope was used to observe the plates to search for the NTF spores. The single-

spore isolation method was used for the isolation and purification of the NTF (Zhang &

Hyde, 2014).

9.2.3 Morphological Observation

The isolates were inoculated onto potato dextrose agar (PDA) (Zhang & Hyde,
2014) plates and cultured at 26°C for colony observation. The isolate was transferred to
CMA observation plates (creating an observation well by removing a 2 x 2 cm piece of
agar from the center of the CMA plate and obliquely inserting a sterile cover glass into the

surface of the medium) and incubated at 26°C (Zhang et al., 2023). After the observation
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well was covered by the mycelia, about 1000 nematodes (P. redivivus) were added as bait
to induce the production of traps. The types of traps were checked and photographed using
an Olympus BX53 microscope (Olympus Corporation, Tokyo, Japan). When the mycelia
had spread over the cover glass, the cover glass was removed with tweezers and a
temporary slide made with sterile water (Su et al., 2006). An Olympus BX53 microscope
(Olympus Corporation, Tokyo, Japan) was used to photograph and measure the

morphological characteristics such as conidia, conidiophores, and chlamydospores.

9.2.4 Collection of DNA Molecular Data

The mycelia grown on PDA plates was used to extract genomic DNA, as described
by Zhang et al. (Zhang et al., 2022). The primer pairs ITS4-ITS5 (White et al., 1990), 526F-
1567R (O’Donnell et al., 1998), and 6F-7R (Liu et al., 1999) were used to amplify the ITS,
TEF, and RPB2 regions, respectively, under the reaction system and conditions described
in the previous study (Zhang et al., 2023). The PCR products were sent to BioSune Biotech
Company Limited (Shanghai, China) for purification and sequencing (TEF genes were
sequenced using the 247F-609R (Yang et al., 2007) primer pair and ITS and RPB2 regions
were sequenced with PCR primers).

The generated sequences were carefully examined, edited, and assembled using
SeqMan v. 7.0 (Swindell & Plasterer, 1997). All sequences obtained in this study have been
submitted to the GenBank database (NCBI; https://www.ncbi.nlm.nih.gov/; accessed on 29
November 2023) for deposition.

9.2.5 Phylogenetic Analysis

The sequences generated in this study were compared with the GenBank database
using BLASTn (https://blast.ncbi.nlm.nih.gov/; accessed on 9 November 2023). Our five
species were placed within Arthrobotrys according to the BLASTn search and their
trapping structures (Zhang & Hyde, 2014). Consequently, relevant publications (Zhang &
Mo, 2006; Yang et al., 2007; Zhang & Hyde, 2014; Zhang et al., 2022, 2023; Masigol et
al., 2022) and the BLASTn search results were used to retrieve all reliable ITS, TEF, and
RPB?2 sequences of Arthrobotrys taxa from the GenBank database (Table 9.2). Three genes
were aligned via the online program MAFFT v. 7 (http://mafft.cbrc jp/alignment/server/;
accessed on 14 November 2023) (Katoh & Standley, 2013). MEGA6.0 (Tamura et al., 2013)

was used to adjust and link the three alignments.
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Table 9.2 GenBank accession numbers involved in this study

GenBank accession Number

Taxon Strain Number

ITS TEF RPB2
Arthrobotrys amerospora CBS 268.83 NR_159625 —
Arthrobotrys anomala YNWS02-5-1 AY773451 AY773393 AYT773422
Arthrobotrys arthrobotryoides AOAC MF926580 — e
Arthrobotrys blastospora CGMCC 3.20940 0Q332405 0Q341651 0Q341649
Arthrobotrys botryospora CBS 321.83 NR_159626 — e
Arthrobotrys cibiensis DLUCC 109 OR880379 OR882792 OR882797
Arthrobotrys cibiensis EY10 OR902195 OR882787 OR882802
Arthrobotrys cladodes 1.03514 MH179793 MH179616 MH179893
Arthrobotrys clavispora CBS 545.63 MH858353 —_— —
Arthrobotrys conoides 670 AYT773455 AYT773397 AYT773426
Arthrobotrys cookedickinson YMF 1.00024 MF948393 MF948550 MF948474
Arthrobotrys cystosporia CBS 439.54 MH857384 — —
Arthrobotrys dendroides YMF 1.00010 MF948388 MF948545 MF948469
Arthrobotrys dianchiensis 1.00571 MH179720 MH179826
Arthrobotrys elegans 1.00027 MH179688 — MH179797
Arthrobotrys eryuanensis CGMCC 3.19715 MT612105 OM850307 OM850301
Arthrobotrys eudermata SDT24 AYT73465 AYT773407 AYT773436
Arthrobotrys flagrans 1.01471 MH179741 MH179583 MH179845
Arthrobotrys gampsospora CBS 127.83 U51960 e —
Arthrobotrys globospora 1.00537 MH179706 MH179562 MH179814
Arthrobotrys gongshanensis CGMCC 3.23753 OoM801277 OM809162 OM809163
Arthrobotrys guizhouensis YMF 1.00014 MF948390 MF948547 MF948471
Arthrobotrys heihuiensis DLUCC 108-1 OR880378 OR882791 OR882796
Arthrobotrys heihuiensis Y710 OR902194 OR882786 OR882801
Arthrobotrys hengjiangensis CGMCC 3.24983 0Q946587 0Q989312 0Q989302
Arthrobotrys hyrcanus IRAN 3650C MH367058 OP351540 —
Arthrobotrys indica YMF 1.01845 KT932086 e —
Arthrobotrys iridis 521 AYT773452 AYT773394 AYT773423
Arthrobotrys janus 85-1 AY773459 AYT773401 AYT773430
Arthrobotrys javanica 105 EU977514 — —
Arthrobotrys jindingensis CGMCC 3.20895 0OP236810 OP272511 OP272515
Arthrobotrys jinpingensis CGMCC 3.20896 OM855569 0OM850311 OM850305
Arthrobotrys jinshaensis DLUCC 133 OR880381 OR882794 OR882799
Arthrobotrys jinshaensis MA142 OR902197 OR882789 OR882804
Arthrobotrys koreensis C45 JF304780 — e
Arthrobotrys lanpingensis CGMCC 3.20998 OM855566 OM850308 OM850302
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GenBank accession Number

Taxon Strain Number

ITS TEF RPB2
Arthrobotrys latispora H.B. 8952 MK493125 —
Arthrobotrys longiphora 1.00538 MH179707 —_— MH179815
Arthrobotrys lunzhangensis CGMCC 3.20941 0OK643973 OM621809 OM621810
Arthrobotrys luquanensis CGMCC 3.20894 OM855567 OM850309 OM850303
Arthrobotrys mangrovispora MGDW17 EU573354 —
Arthrobotrys megalospora TWF800 MNO013995 — e
Arthrobotrys microscaphoides YMF 1.00028 MF948395 MF948552 MF948476
Arthrobotrys multiformis CBS 773.84 MH861834 —_— —
Arthrobotrys musiformis SQ77-1 AY773469 AYT773411 AY773440
Arthrobotrys musiformis 1.03481 MH179783 MH179607 MH179883
Arthrobotrys nonseptata YMF 1.01852 FJ185261 — e
Arthrobotrys obovata YMF 1.00011 MF948389 MF948546 MF948470
Arthrobotrys oligospora 920 AY773462 AY773404 AYT773433
Arthrobotrys paucispora ATCC 96704 EF445991 — —
Arthrobotrys polycephala 1.01888 MH179760 MH179592 MH179862
Arthrobotrys pseudoclavata 1130 AY773446 AY773388 AYT773417
Arthrobotrys psychrophila 1.01412 MH179727 MH179578 MH179832
Arthrobotrys pyriformis YNWS02-3-1 AY773450 AYT773392 AYT773421
Arthrobotrys reticulata CBS 550.63 MH858355 — —
Arthrobotrys robusta nefuA4 MZ326655 — —
Arthrobotrys salina SF 0459 KP036623 — —
Arthrobotrys scaphoides 1.01442 MH179732 MH179580 MH179836
Arthrobotrys shizishanna YMF 1.00022 MF948392 MF948549 MF948473
Arthrobotrys shuifuensis CGMCC 3.19716 MT612334 0OM850306 OM850300
Arthrobotrys sinensis 105-1 AYT773445 AYT773387 AYT773416
Arthrobotrys sphaeroides 1.01410 MH179726 MH179577 MH179831
Arthrobotrys superba 127 EU977558 e —
Arthrobotrys thaumasia 917 AY773461 AY773403 AYT773432
Arthrobotrys tongdianensis CGMCC 3.20942 OP236809 OP272509 OP272513
Arthrobotrys vermicola 629 AY773454 AY773396 AYT773425
Arthrobotrys weixiensis CGMCC 3.24984 0Q946585 0Q989310 0Q989300
Arthrobotrys xiangyunensis YXY10-1 MK537299 e
Arthrobotrys yangbiensis DLUCC 36-1 OR880382 OR882795 OR882800
Arthrobotrys yangbiensis Y678 OR902198 OR882790 OR882805
Arthrobotrys yangjiangensis DLUCC 124 OR880380 OR882793 OR882798
Arthrobotrys yangjiangensis YB19 OR902196 OR882788 OR882803
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GenBank accession Number

Taxon Strain Number

ITS TEF RPB2
Arthrobotrys yunnanensis YMF 1.00593 AY50993 —
Arthrobotrys zhaoyangensis CGMCC 3.20944 OM855568 OM850310 OM850304
Dactylellina cangshanensis CGMCC 3.19714 MK372062 MN915115 MN915114
Dactylellina copepodii CBS 487.90 U51964 DQ999835 DQ999816
Dactylellina mammillata CBS 229.54 AY902794 DQ999843 DQ999817
Dactylellina yushanensis CGMCC 3.19713 MK372061 MN915113 MN915112
Drechslerella coelobrocha FWY03-25-1 AYT773464 AYT773406 AYT773435
Drechslerella dactyloides expo-5 AY773463 AYT773405 AYT73434
Drechslerella daliensis CGMCC 3.20131 MT592896 OK556701 OK638157
Drechslerella heterospora YMF 1.00550 MF948400 MF948554 MF948480
Drechslerella stenobrocha YNWS02-9-1 AYT773460 AYT773402 AYT773431
Drechslerella xiaguanensis CGMCC 3.20132 MT592900 OK556699 OK638159
Orbilia jesu-laurae LQ59%a MN816816 — —
Orbilia tonghaiensis YMF 1.03006 NR_172397 MF948570 MF948496
Vermispora fusarina YXJ02-13-5 AYT773447 AY773389 AYT773418
Vermispora leguminacea CGMCC 6.0291 NR_173249 —_— —

The best-fit optimal substitution models for ITS (GTR + I+ G), TEF (SYM + 1+
G), and RPB2 (SYM + I + G) were calculated using jModelTest v. 2.1.10 (Posada, 2008).
Two Vermispora species (V. fusarina (YXJ02-13-5) and V. leguminacea (CGMCC
6.0291)) were set as outgroups. [Q-Tree v. 1.6.5 (Nguyen et al., 2015) and MrBayes v. 3.2.6

(Huelsenbeck & Ronquist, 2001) were used to infer the phylogenetic trees using maximum

likelihood (ML) and Bayesian inference (BI) methods. The related parameter settings are

the same as in the previous study (Zhang et al., 2023).

The trees were visualized via FigTree v. 1.3.1 (Rambaut, 2010) and edited using
Microsoft PowerPoint v. 2016 (Microsoft, Washington, USA) and Adobe Photoshop CS6
software (Adobe Systems, California, USA).


https://www.ncbi.nlm.nih.gov/nuccore/NR_172397.1
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9.3 Results

9.3.1 Phylogenetic Analysis

The combined ITS, TEF, and RPB2 alignment dataset consisted of 88 sequences of
ITS, 62 sequences of TEF, and 64 sequences of RPB2 from Arthrobotrys 75 taxa,
representing 69 valid species (plus our five new species), other related taxa in
Orbiliomycetes (Dactylellina four taxa and Drechslerella seven taxa), and two outgroup
taxa. The final dataset comprised 2000 characters (585 for ITS, 832 for RPB2, and 583 for
TEF), among which 900 base pair (bp) are constant, 1087 bp are variable, and 886 bp are
parsimony-informative.

The best-scoring ML tree was generated with a final ML optimization likelihood
value of —6817.314758. Bayesian analysis (BI) was used to evaluate the Bayesian posterior
probabilities with a final average standard deviation of the split frequency of 0.009092.
Both ML and BI trees consistently grouped all tested nematode-trapping fungi into three
major clades and five new species exhibited distinct divergence from known species.

Therefore, the ML tree was chosen for presentation (Figure 9.1).
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Figure 9.1 The maximum likelihood tree inferred from a combined ITS, TEF, and
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Bootstrap support values for maximum likelihood equal or greater than
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respectively. Our new isolates are in blue and the type strains are in bold
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The phylogenetic tree inferred from the ITS, TEF, and RPB2 combined dataset
placed five new species in Arthrobotrys. The phylogenetic position of A. heihuiensis is
uncertain but clearly diverges from known species. The two isolates of 4. yangbiensis
formed a distinct lineage basal to 4. gampsospora with 99% MLBS and 0.97 BYPP
support. Furthermore, A. yangjiangensis and A. jinshaensis clustered together with A.
mangrovispora, A. thaumasia, A. eudermata, and A. janus with 89% MLBS and 0.91 BYPP
support. Arthrobotrys cibiensis formed a distinct lineage basal to A. longiphora, A.
xiangyunensis, and A. reticulatus with 99% MLBS and 0.96 BYPP support (Figure 9.1).

9.3.2 Taxonomy
Arthrobotrys cibiensis F. Zhang, S. Boonmee, and X.Y. Yang sp. nov. (Figure 9.2)
Index Fungorum number: IF901486; Facesoffungi number: FOF14174

Etymology: The species name “cibiensis” refers to the name of the sample
collection site: Cibi Lake, Eryuan County, Dali City, Yunnan Province, China.

Material examined: China, Yunnan Province, Dali City, Eryuan County, Cibi Lake,
N 26°9'7.14", E 99°56'32.72", from freshwater sediment, 4 June 2013, F. Zhang. Holotype
CGMCC 3.20970, preserved in the China General Microbiological Culture Collection
Center. Ex-type culture DLUCC 109, preserved in the Dali University Culture Collection.
Additional specimen examined: China, Yunnan Province, Dali City, Eryuan County, Cibi
Lake, N 26°9'7.14", E 99°56'32.72", from freshwater sediment, 4 June 2013, F. Zhang.
Living culture EY'10, preserved in germplasm resources center of Institute of Eastern-
Himalaya Biodiversity Research, Dali University.

Culture characteristics: Colonies on PDA white, cottony, reaching 60 mm diameter
after 10 days at 26°C. Hypha composed of septate, branched, smooth, and hyaline.
Conidiophores erect, septate, hyaline, unbranched, bearing a single conidium at the apex,
145-315.5 pm. long (X =234.4 pm., n=50),4.5-7.5 pm. (X =5.6 um., n = 50) wide at
the base, and 2—4 pm. (X = 3.1 um., n = 50) wide at the apex. Conidia smooth-faced and
hyaline, rounded at the apex and truncated at the base, 26.5-46 x 13.5-23 um. (X =37.1
x 17.7 pm, n = 50), immature having drop-shaped, obovate, with a super cell (the cell in
the conidia significantly larger than other cells) at the apex and one to three septa (mostly
two-septate) at the base of the conidia; mature conidia sub-fusiform, 2—3-septate (mostly

three-septate, one septum at the apex and two septa at the base), with a super cell at the
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middle of the conidia. Conidia germinate from the small cells at both ends and the super
cells never germinate. Catching nematodes with adhesive networks. Chlamydospores 9—
35.5 x6.5-13 ym. (X =16.2 x 10.1 um, n = 50), smooth-faced and hyaline, cylindrical,
globose or ellipsoidal, hyaline, and in chains when present.

Notes: The phylogenetic analyses revealed that A. cibiensis are grouped within a
clade of A. longiphora, A. reticulatus, and A. xiangyunensis with 99% MLBS and 0.96
BYPP support (Figure 9.1). A comparison of the ITS nucleotides indicates that A. cibiensis
differs from A. longiphora (11.8% (56/473 bp)), A. reticulatus (3.0% (25/834 bp)), and 4.
xiangyunensis (3.1% (24/768 bp)), respectively. However, A. cibiensis produces conidia
with no more than three septa, while 4. longiphora, A. xiangyunensis, and A. reticulatus
produce four or five-septate conidia. In addition, the conidia of A. cibiensis are significantly
smaller than these three species (4. cibiensis, 26.5-46 (37.1) x 13.5-23 (17.7) um. versus
A. longiphora, 40-90 (54) x 15-27.5 (18) um. versus A. xiangyunensis, 27-72 (55.8) %
14.5-28.5 (21.9) um. versus A. reticulatus, 50-65 x 20-25 um.) (Peach, 1950; Liu et al.,
Zhang & Hyde, 2014).
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Figure 9.2 Arthrobotrys cibiensis (CGMCC 3.20970). (a) Colony. (b) Mature conidia.
(c) Immature conidia. (d) Germinating conidia. (¢) Adhesive networks. (f)

Chlamydospores. (g) Conidiophores. Scale bars: (a) =1 cm., (b—g) =20 pum.
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Arthrobotrys heihuiensis F. Zhang, S. Boonmee, and X.Y. Yang sp. nov. (Figure 9.3)
Index Fungorum number: IF901485; Facesoffungi number: FOF14175

Etymology: The species name “heihuiensis” refers to the Heihui River, the alias of
the Yangbi River, where the species was first collected.

Material examined: China, Yunnan Province, Dali City, Yangbi County, Heihui
River, N 25°37'4.13", E 100°1'52.06", from freshwater sediment, 6 April 2018, F. Zhang.
Holotype CGMCC 3.20967, preserved in the China General Microbiological Culture
Collection Center. Ex-type culture DLUCC 108-1, preserved in the Dali University Culture
Collection. Additional specimen examined: China, Yunnan Province, Dali City, Yangbi
County, Heihui River, N 25°37'4.13", E 100°1'52.06", from freshwater sediment, 6 April
2018, F. Zhang. Living culture Y710, preserved in germplasm resources center of Institute
of Eastern-Himalaya Biodiversity Research, Dali University.

Culture characteristics: Colonies on PDA white, cottony, reaching 55 mm diameter
after 10 days at 26°C. Hypha composed of septate, branched, smooth, hyaline.
Conidiophores erect, septate, unbranched or occasionally producing a long branch, each
branch produces several clusters of short denticles (1-3 denticles, mostly 1) by repeated
elongation, each short denticle bear a single conidium, 360—720 pm. long (X =561.3 um.,
n=50), 3.5-6.5 um. (X =5 um., n = 50) wide at the base, 1.5-3.5 ym. (X =2.3 um.,n
= 50) wide at the apex. Conidia two types: macroconidia 31-56 x 6.5-14.5 um. (X =45.4
% 11.5 um, n = 50), hyaline, clavate or sub-fusiform, rounded at the apex, constricted and
truncated at the base, 2—5-septate (mostly three-septate, one septum at the apex and two
septa at the base), with a super cell at the middle. Microconidia 18.5-26.5 X 5-9.5 ym. (X
=20.2 x 6.7 um, n = 50), hyaline, smooth-faced, clavate or drop-shaped, rounded at the
apex and truncated at the base, 0—2-septate (mostly zero or one-septate), producing with
micro-cycle conidiation. Macroconidia germinate from the small cells at both ends, and the
super cells never germinate. Catching nematodes with adhesive networks. Chlamydospores
7-30 x 6-12.5 pm. (X = 16.2 x 9.3 pm, n = 50), hyaline, smooth-faced, cylindrical,
globose or ellipsoidal, in chains when present.

Notes: Phylogenetically, A. heihuiensis is sister to 4. cystosporia but lacking in
statistical support (Figure 9.1). Of all Arthrobotrys species, the morphological
characteristics of A. heihuiensis are relatively unique and only A. scaphoides may be

confused with A. heihuiensis but there are several obvious differences between them: (1)
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the conidia of 4. heihuiensis usually scattered on the short denticles of the conidiophores,
while the conidia of A. scaphoides are usually clustered on the node of the short branch
produced by conidiophores; and (2) 4. scaphoides produces five or six-septate conidia,
while the conidia of A. heihuiensis have no more than four septa. Additionally, the conidia
of A. heihuiensis are obviously smaller than that of A. scaphoides (A. heihuiensis, 31-56
(45.4) X 6.5-14.5 (11.5) um. versus A. scaphoides, 36.6-79.3 (57) x 11-17.5 (14) um.); (3)
A. heihuiensis produces clavate or drop-shaped, zero to two-septate microconidia, while A.
scaphoides does not produce microconidia (Peach, 1952; Zhang et al., 2010Zhang & Hyde,
2014).
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Figure 9.3 Arthrobotrys heihuiensis (CGMCC 3.20967). (a) Colony. (b) Microconidia.
(c) Macroconidia. (d) Adhesive networks. (e) Chlamydospores. (f)
Germinating conidia. (g) Conidiophores. Scale bars: (a) = 1 cm., (b) = 10
um., (c—g) =20 um.
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Arthrobotrys jinshaensis F. Zhang, S. Boonmee and X.Y. Yang sp. nov. (Figure 9.4)
Index Fungorum number: IF901489; Facesoffungi number: FOF14176

Etymology: The species name ‘jinshaensis” refers to the name of sample collection
site: Jinsha River, Jinjiang Town, Shangri-La City, Yunnan Province, China.

Material examined: China, Yunnan Province, Shangri-La City, Jinjiang Town,
Jinsha River, N 27°8'50.56", E 99°49'39.43" from freshwater sediment, 9 July 2014, F.
Zhang. Holotype CGMCC 3.20969, preserved in the China General Microbiological
Culture Collection Center. Ex-type culture DLUCC 133, preserved in the Dali University
Culture Collection. Additional specimen examined: China, Yunnan Province, Shangri-La
City, Jinjiang Town, N 27°8'50.56", E 99°49'39.43", from freshwater sediment, 9 July
2014, F. Zhang. Living culture MA142, preserved in germplasm resources center of
Institute of Eastern-Himalaya Biodiversity Research, Dali University.

Culture characteristics: Colonies on PDA white, cottony, reaching 55 mm diameter
after 10 days at 26°C. Hypha composed of septate, branched, smooth, hyaline.
Conidiophores erect, septate, hyaline, unbranched or occasionally producing one to four
short branches near the apex and bearing one to four conidia, 130-357 pm. long (X =
246.3 um., n = 50), 3.5-6 um. (X =4.8 um., n = 50) wide at the base, 2—4 pm. (X =3.1
um., n = 50) wide at the apex. Conidia smooth-faced and hyaline, rounded at the apex and
truncated at the base, 14.5-57 x 7.5-23 um. (X = 36.6 x 14.7 um, n = 50), immature
conidia drop-shaped, obovate, clavate, with a super cell at the apex and one to two septa
(mostly two-septate) at the base; mature conidia sub-fusiform, clavate, two to four-septate
(mostly three-septate, one septum located at the apex and two septa at the base of the
conidia), with a super cell at the middle of the conidia. Conidia germinate from the small
cells at both ends, and the super cells never germinate. Catching nematodes with adhesive
networks. Chlamydospores 9.5-21.5 x 5.5-9 uym. (X = 14.8 x 7.2 um, n = 50), smooth-
faced and hyaline, cylindrical, globose or ellipsoidal, in chains when present.

Notes: Phylogenetically, A. jinshaensis clusters together with A. yangjiangensis, A.
mangrovispora, A. thaumasia, A. eudermata, and A. janus with 89% MLBS and 0.91 BYPP
support (Figure 9.1). There are 7.9% (49/622 bp), 7.3% (43/586 bp), 7.6% (46/607 bp),
8.2% (50/611 bp), and 8% (46/577 bp) differences between A. jinshaensis and A.
yangjiangensis, A. mangrovispora, A. thaumasia, A. eudermata, and A. janus in ITS

sequences, respectively. Morphologically, A. jinshaensis, A. mangrovispora, A.
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megalospora, A. microscaphoides, A. obovata, A. oudemansii, and A. psychrophila all
produced conidiophores with short branches at the apex. However, A. jinshaensis can be
easily distinguished from 4. megalospora, A. microscaphoides, A. obovata, A. oudemansii,
and A. psychrophila by its clavate, subfusiform, irregularly constricted, two to four-septate
conidia (Zhang & Hyde, 2014). In comparison, A4. jinshaensis is more similar to A.
mangrovispora in its variable conidia. The main difference between A. jinshaensis and A.
mangrovispora is that the conidia of 4. jinshaensis are one to four-septate and mostly three-
septate, while the conidia of A. mangrovispora are one to three-septate and mostly two-
septate. Furthermore, a single conidiophores of 4. mangrovispora may bear one to six
conidia, while the conidiophore of 4. jinshaensis bear no more than four conidia (Swe et

al., 2008; Zhang & Hyde, 2014).
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Figure 9.4 Arthrobotrys jinshaensis (CGMCC 3.20969). (a) Colony. (b) Immature
conidia. (c¢) Mature conidia. (d) Germinating conidia. (e) Adhesive

networks. (f) Chlamydospores. (g) Conidiophores. Scale bars: (a) = 1 cm.,
(b—g) =20 um.

Arthrobotrys yangbiensis F. Zhang, S. Boonmee, and X.Y. Yang sp. nov. (Figure 9.5)
Index Fungorum number: IF901487; Facesoffungi number: FOF14177

Etymology: The species name “yangbiensis” refers to the name of sample

collection site: Yangbi County, Dali City, Yunnan Province, China.
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Material examined: China, Yunnan Province, Dali City, Yangbi County, Yangbi
River, N 25°42'37.94" E 99°54'52.15", from freshwater sediment, 4 April 2018, F. Zhang.
Holotype CGMCC 3.24985, preserved in the China General Microbiological Culture
Collection Center. Ex-type culture DLUCC 36-1, preserved in the Dali University Culture
Collection. Additional specimen examined: China, Yunnan Province, Dali City, Yangbi
County, Yangbi River, N 25°42'37.94" E 99°54'52.15", from freshwater sediment, 4 April
2018, F. Zhang. Living culture Y678, preserved in germplasm resources center of Institute
of Eastern-Himalaya Biodiversity Research, Dali University.

Culture characteristics: Colonies on PDA white, cottony, reaching 40 mm diameter
after 10 days at 26°C. Hypha composed of septate, branched, smooth, and hyaline.
Conidiophores erect, septate, hyaline, unbranched or sometimes branched at the upper half
part, producing a cluster of short denticles (2—5) at the apex or producing several clusters
of short denticles by repeated elongation, 210-365 pum. long (X =284.7 um., n = 50), 3—
5.5 um. (X =3.9 um., n = 50) wide at the base, and 1.5-3.5 pym. (X =2.4 uym., n = 50)
wide at the apex. Conidia 40.5-73 x 8.5-18 uym. (X =55.4 X 13.6 um, n = 50), elongate—
fusiform or clavate, some conidia curved, hyaline, smooth-faced, two to five-septate
(mostly three or four-septate), with a super cell at the middle or apex of the conidia, and
some conidia produce coiled filamentous appendages. Conidia germinate from the small
cells at both ends and the super cells never germinate. They capture nematodes with
adhesive networks. Chlamydospore not observed.

Notes: The phylogenetic analyses revealed that A. yangbiensis is sister to A.
gampsospora with 99% MLBS and 0.97 BYPP support (Figure 9.1). Arthrobotrys
yangbiensis 1s 14.7% (118/798 bp) difterent from A. gampsospora in ITS sequences. In
morphology, A. vangbiensis shares some morphological features of short denticle
conidiophores and sub-fusiform, curved conidia with 4. gampsospora but they differ in
shape and size of microconidia. In addition, the conidiophores of A. yangbiensis produce
several clusters of short denticles by repeated elongation or geniculate branches of
conidiophores, and bear several clusters of conidia, while 4. gampsospora bears a single

cluster of conidia at the apex of conidiophores (Drechsler, 1962; Zhang & Hyde, 2014).
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Figure 9.5 Arthrobotrys yangbiensis (CGMCC 3.20943). (a) Colony. (b, ¢) Conidia. (d)
Conidia with filamentous appendages. (e) Adhesive networks. (f)
Conidiophores. Scale bars: (a) = 1 cm., (b—f) =20 um.
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Arthrobotrys yangjiangensis F. Zhang, S. Boonmee, and X.Y. Yang sp. nov. (Figure
9.6)

Index Fungorum number: IF901488; Facesoffungi number: FOF14178

Etymology: The species name “yangjiangensis™ refers to the name of the sample
collection site: Yangjiang Town, Yangbi County, Dali City, Yunnan Province, China.

Material examined: China, Yunnan Province, Dali City, Yangbi County, Yangjiang
Town, Yangbi River, N 25°45'52.11", E 99°54'46.43", from freshwater sediment, 14 May
2018, F. Zhang. Holotype CGMCC 3.20968, preserved in the China General
Microbiological Culture Collection Center. Ex-type culture DLUCC 124, preserved in the
Dali University Culture Collection. Additional specimen examined: China, Yunnan
Province, Dali City, Yangbi County, Yangjiang Town, Yangbi River, N 25°45'52.11", E
99°54'46.43", from freshwater sediment, 14 May 2018, F. Zhang. Living culture YB19,
preserved in germplasm resources center of Institute of Eastern-Himalaya Biodiversity
Research, Dali University.

Culture characteristics: Colonies on PDA white, cottony, reaching 55 mm diameter
after 10 days in the incubator at 26°C. Hypha composed of septate, branched, smooth, and
hyaline. Conidiophores erect, septate, hyaline, unbranched, bearing a single conidium at
the apex, 198-537 um. long (X =409.4 um., n = 50), 3-5.5 um. (X =4.7 um., n =50)
wide at the base, and 2-3.5 pm. (X =2.6 pm., n = 50) wide at the apex. Conidia smooth-
faced and hyaline, rounded at the apex and truncated at the base, 24.5-47 x 14.5-29.5 um.
(X =36.2 x23.2 um, n = 50), immature conidia drop-shaped, obovate, with a super cell
at the apex and one to two septa (mostly two-septate) at the base; mature conidia broad
fusiform, two to three-septate (mostly three-septate, one septum at the apex and two septa
at the base), with a super cell at the middle of the conidia. Conidia germinate from the only
small cells at both ends, and the super cells never germinate. Catching nematodes with
adhesive networks. Chlamydospores 8.5-24 x 7-13.5 pm. (X = 14 x 10 um, n = 50),
smooth-faced and hyaline, cylindrical, globose or ellipsoidal, hyaline, and in chains when
present.

Notes: Phylogenetically, 4. yangjiangensis formed a basal lineage with A.
Jinshaensis (another new species reported in this study), 4. mangrovispora, A. thaumasia,
A. eudermata, and A. janus with 89% MLBS and 0.91 BYPP support (Figure 9.1). A
comparison of ITS nucleotides reveled A. yangjiangensis was 7.9% (49/622 bp), 12.2%
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(92/754 bp), 7% (42/604 bp), 9.4% (75/795 bp), and 6.3% (36/573 bp) different from A.
Jinshaensis, A. mangrovispora, A. thaumasia, A. eudermata, and A. janus, respectively.
Morphologically, A. yangjiangensis can be easily distinguished from A. jinshaensis and A.
Janus by its conidial shape with drop-shaped, broad fusiform, two to three-septate conidia
(Li et al., 2003; Zhang & Hyde, 2014). The distinguishing characteristics between A.
yangjiangensis, A. mangrovispora, and A. thaumasia is that the conidiophores of A.
yangjiangensis bear only one single conidium at the apex, while the conidiophores of the
latter two species produce several short denticles at the apex and bear multiple conidia
(Drechsler, 1937; Swe et al., 2008; Zhang & Hyde, 2014). By contrast, 4. yangjiangensis
is more similar to A. eudermata in its simple conidiphores and broad fusiform conidia.
However, the conidia of A. yangjiangensis are noticeably smaller than those of A.
eudermata (A. yangjiangensis, 2.5-4 (36.2) x 14.5-29.5 (23.2) um. versus A. eudermata,
37-55 (49) x 17.5-35 (28) um.). Furthermore, 4. eudermata produces ellipsoid, aseptate
microconidia, whereas 4. yangjiangensis does not (Drechsler, 1950; Zhang & Hyde, 2014).
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Figure 9.6 Arthrobotrys yangjiangensis (CGMCC 3.20968). (a) Colony. (b) Immature
conidia. (d) Mature conidia. (¢) Germinating conidia (f) Adhesive networks.

(g) Chlamydospores. (c, h) Conidiophores. Scale bars: (a) =1 cm., (b, d-h)
=20 pm., (¢) =100 pm.
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9.4 Discussion

Among the 130 species (plus our five new species) of Orbiliomycetes nematode-
trapping fungi (NTF), 61 species have distribution records in freshwater habitats. Among
these species, 17 species were first isolated from freshwater habitats. To date, A. hyrcanus,
A. blastospora, A. dainchiensis, A. eryuanensis, A. hengjiangensis and five new species
reported in this study were exclusively found in freshwater environments (Hao et al., 2004,
2005; Swe et al., 2009; Liu et al., 2014; Tarigan et al., 2020; Zhang et al., 2022). These
findings collectively emphasize that freshwater NTF are an important component of NTF
diversity. Hence, future studies on NTF diversity should fully consider the significance of
freshwater habitats.

The five newly identified species presented were all derived from sediment samples
in water depths of less than 2 m. Previous investigations have demonstrated the absence of
NTF beyond a water depth of 4 m (Hao et al., 2005). However, abundant aquatic nematodes
still exist in deeper waters (Ptatscheck & Traunspurger, 2020; de Jesus-Navarrete et al.,
2022). At such depths, there must be other nematode regulators to perform the function of
aquatic nematode population regulation instead of NTF. Accordingly, it is speculated that
more novel nematophagous microorganisms may be discovered in deeper waters
employing efficacious research methodologies. The exploration and examination of these
enigmatic nematophagous microorganisms hold the potential to provide valuable insights
into the origins and evolutionary processes of carnivorous microorganisms, while also
offering promising prospects for the biological control of detrimental nematodes.

It 1s generally believed that aquatic NTF originate from terrestrial ecosystems.
However, unlike terrestrial environments, NTF face numerous challenges in aquatic
habitats. For instance, the interaction between NTF and nematodes relies on processes such
as host recognition, generation of trapping structures, invasion and digestion of nematode,
etc. These processes are more or less dependent on the transmission of extracellular
signaling factors (Tunlid & Ahrén, 2011; Hsueh et al., 2013; Kuo et al., 2020). However,
in aquatic environments, these extracellular signaling molecules are likely to be diluted and
lose their corresponding functions. Consequently, how aquatic NTF prey on nematodes in

water, how they maintain osmotic balance in water, and how they reproduce and spread in
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water remain unresolved questions in the field. Investigating these questions cannot only
deepen our understanding of fungal adaptive evolution but also constitutes an important

aspect of the study on the origin and evolution of these extraordinary organisms.



CHAPTER 10

BURNED FORESTS AS POTENTIAL SITES FOR DISCOVERY

OF NEW FUNGI: MORPHO-PHYLOGENETIC EVIDENCE WITH

FIFTEEN NEW SPECIES OF NEMATODE-TRAPPING FUNGI
(ORBILIOMYCETES)

10.1 Introduction

Fungi, integral components of ecosystems, hold a crucial role in ecological
processes, including the cycling of materials and energy, preservation of ecological
balance, and driving the evolution of plants and animals (Dix, 2012; Krings et al., 2012;
Treseder & Lennon, 2015, Lindahl & Clemmensen, 2016; Niego et al., 2023a).
Simultaneously, fungi function as significant pathogens for animals and plants,
potential agents for pest and disease control, and vital sources of human food and
medicine. Therefore, fungi are intricately linked with human production and livelihoods
(Butt et al., 2001; Grau et al., 2004; Bongomin et al., 2017; Strong et al., 2022; Niego
et al., 2023b). Hence, a comprehensive understanding of fungal diversity serves as a
basis for preserving ecological stability, managing detrimental fungi, and engaging in
the sustainable utilization of beneficial fungal resources.

Approximately 2.2-3.8 million fungal species are believed to exist
(Hawksworth & Licking, 2017). So far, only around 160,000 species have been
described (Hyde et al., 2020; Bhunjun et al., 2022). This indicates that our knowledge
on over 95% of fungi is limited or nonexistent. The exploration of these undiscovered
species poses a considerable challenge for mycologists and biodiversity experts. One
key issue is how and where to discover these undescribed species (Hawksworth &
Rossman, 1997; Troussellier et al., 2017). Generally, fungi that can be easily isolated
tend to belong to dominant groups characterized by higher biomass, whereas a
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substantial portion of the 95% of unidentified fungi appear to be rare species. The lower
population densities of these uncommon species make them challenging to isolate and
cultivate, primarily because dominant species suppress them through competition
(Foster & Bell, 2012). From an ecological standpoint, unlocking the competitive
suppression imposed by dominant groups on these apparently rare species could be the
pivotal factor in accessing a greater abundance of uncommon fungi.

Soil is one of the largest reservoirs of microorganisms and harbours an
incredibly rich fungal resource (Serna-Chavez et al., 2013; Fierer, 2017). In soll,
dominant fungi typically inhabit the upper layers, where essential resources like
nutrients, water, and air are plentiful, whereas rare fungi are distributed in the lower
layers (She et al., 2020). The inherent vertical distribution disparity offers a natural
advantage in mitigating the competitive suppression exerted by dominant groups on
rare species. Forest fires, common natural occurrences on Earth, play a crucial role as
ecological regulators (Giglio et al., 2006). During a fire, the soil’s surface temperature
can reach as high as 50-1500°C (Bruns et al., 2020), rapidly eliminating dominant
microorganisms in the top-soil. Due to the low thermal conductivity of soil, rare
microorganisms in the lower soil layers are less affected by the high temperatures and
are thus preserved (Certini et al., 2021). Therefore, forest fires serve as an effective
method for alleviating the competitive suppression of rare fungi by dominant ones.

From the aforementioned information, we hypothesize that samples obtained
from burned forests may exhibit a higher prevalence of rare fungi and harbour novel
species. To verify this hypothesis, we focused on nematode-trapping fungi (NTF,
Orbilimycetes, Orbiliaceae), a group characterized by moderate taxonomic diversity (3
genera, 130 species) and well-established research methods, demonstrating substantial
application and research significance (Yang et al., 2007; Zhang & Hyde, 2014; Jiang et
al., 2017; Soliman et al., 2021). We isolated and identified NTF from three burned
forests, resulting in the identification of 21 novel species of rare NTF, six of which have
been published in previous studies (Zhang et al., 2020b; Zhang et al., 2022b; Zhang et
al., 2023Db), and the remaining 15 new species are described in detail herein. In addition,
the fungal diversity in burned forests is discussed, highlighting a promising avenue for

discovering more rare microorganisms.
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10.2 Material and Methods

10.2.1 Soil Sample Collection

The soil samples used in this study were collected from three burned forests
located in Yunnan Province, China (Wangiao, Yunlong and Yushan) (Table 10.1). The
surface litter and large particles were removed prior to collecting soil cores. A soil core
(020 cm. deep) was collected with a sterilized soil borer (50 mm-diameter). Each soil
core was divided into two distinct samples: the first sample represented the upper 10
cm., while the second sample represented the lower 10-20 cm.. These samples were
placed into separate sterile sample bags with identifying marks. All collected samples
were transported to the laboratory, and subsequent processing was finalized within a

week.

Table 10.1 Sampling area information

Burned Sampling
Sample Ignition Original Sampling Samples
Coordinate area sites
area time vegetation time number
(acre) number
) N 25°47'58.48" Yunnan June 16,
Wangiao May 2021 720 ) 10 20
E 100°6'11.48" pines 2021
N 25°51'22.50" March Yunnan March 6,
Yunlong 4200 ) 160 320
E 99°13'38.43" 2014 pines 2018
N 25°37'09.37" April Yunnan March 24,
Yushan 500 ; 14 28
E 100°09'02.39" 2017 pines 018

10.2.2 Fungal Isolation and Purification

The soil samples underwent a thorough mixing process, and 3—5 g of the sample
was evenly spread on the surface of a corn meal agar plate (CM.A) using sterile
toothpicks following previous studied (Drechsler, 1941; Duddington, 1955; Eren &
Pramer, 1965; Zhang & Hyde, 2014). Panagrellus redivivus Goodey (free-living
nematodes) cultured on oatmeal medium (Zhang & Hyde, 2014) were isolated using
the Baermann Funnel method (Staniland, 1954) and the concentration was adjusted

with sterile water to 4000-5000 nematodes per milliliter. 1 ml of nematode suspension
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were added to each plate to stimulate the germination of nematode-trapping fungi (NTF)
in the soil (Zhang & Hyde, 2014). The plates were then placed in a light-free incubator
at 26°C. Over the course of 3rd, 4th, and 5th weeks, the plates were examined under a
stereomicroscope to locate the spores of NTF. Single spore of NTF was transferred to
a fresh CM.A plate using a sterile toothpick (Zhang et al., 2022a), and incubated at
26 °C for one week. The process of single spore isolation was repeated until a pure

culture was obtained (Figure 10.1).

Soil sample
Nematodes

&
‘ / 1o Pure clu

CMA plate Incubation Microscopic examination ~ Single spore isolation

Figure 10.1 NTF isolation and purification processes

10.2.3 Morphological Observation

The pure culture was transferred onto fresh potato dextrose agar (PDA) and
CM. A plates (with a sterile cover glass inserted obliquely and a 2 X 2 cm. observation
well was created by removing agar from the center of the plate) using sterile toothpicks
and incubate at 26°C. Once the mycelia overspread the cover glass, the cover glass was
gently removed with tweezers and a temporary slide was prepared using sterile water.
Morphological characteristics such as conidia, conidiophores and chlamydospores were
photographed and measured with an Olympus BX53 microscope under differential
interference mode (Olympus Corporation, Japan). Once the mycelia overspread the
observation well, a drop of nematode suspension (P. redivivus, 500—1000 nematodes)
was added to the center of the well to induce the formation of trapping structures. After
incubating at 26°C for 2-5 days, the types of trapping structure were checked and
photographed using an Olympus BX53 microscope (Olympus Corporation, Japan).
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10.2.4 DNA Extraction, PCR Amplification, and Sequencing

The pure culture was inoculated onto a fresh PDA plate and incubated at 26°C.
The mycelia was harvested using a sterile scalpel. Genomic DNA extraction was
performed using a rapid fungal genomic DNA isolation kit (Sangon Biotech Company,
Limited, Shanghai, China). The primers pairs ITS4-ITS5 (White et al., 1990), 526F-
1567R (O’Donnell et al., 1998), and 6F-7R (Liu et al., 1999) were respectively used to
amplify the ITS, TEF, and RPB2 regions with reaction conditions and systems
described in previous publications (Zhang et al., 2023a). The PCR products were then
purified using a DiaSpin PCR Product Purification Kit (Sangon Biotech Company,
Limited, Shanghai, China). The ITS and RPB2 regions were sequenced in the forward
and reverse directions using PCR primers, while the TEF region was sequenced using
the 247F-609R (Yang et al., 2007) primer pair (BioSune Biotech Company, Limited,
Shanghai, China).

10.2.5 Phylogenetic Analysis

The newly generated sequences were checked, edited and assembled using
SeqMan v. 7.0 (DNASTAR, Madison, Wisconsin, USA) (Swindell & Plasterer, 1997).
They were then deposited in the GenBank database at the National Center for
Biotechnology Information (NCBI; https://www.ncbi.nlm.nih.gov/, accessed on 4
December 2023) and compared against the database using BLASTn
(https://blast.ncbi.nlm.nith.gov/, accessed on 13 February 2024). Initial BLASTn
searches indicated that all newly generated DNA sequences belong to Dactylellina in
Orbiliaceae (Orbiliomycetes) (Yang et al., 2007; Zhang & Hyde, 2014). Consequently,
Dactylellina was searched in the Species Fungorum (http://www.speciesfungorum.org,
accessed on 18 February 2024), and all relevant records were checked individually
according to the relevant literatures to ensure that all Dactylellina species were
considered in this study (Li et al., 2006; Su et al., 2008; Zhang & Hyde, 2014; Kavitha
et al., 2020; Zhang et al., 2020b; Crous et al., 2022). All reliable ITS, TEF, and RPB2
sequences of Dactylellina species, as well as some related taxa were downloaded from
the Genbank database (Table 10.2). The sequence alignments of the three genes were
generated using MAFFT v.7 (http://mafft.cbrc.jp/alignment/server/, accessed on 21
February 2024) (Katoh & Standley, 2013). MEGA®6.0 (Tamura et al., 2013) was utilized
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to check, adjust and link the three alignments into a multigene dataset. Vermispora
fusarina YXJ 02-13-5 and V. leguminacea CGMCC 6.0291 were selected as outgroups.
Phylogenetic trees were constructed using both maximum likelihood (ML), and
Bayesian inference (BI) methods. New species are established based on guidelines

provided by Jeewon and Hyde (2016).

Table 10.2 The GenBank accession number of the isolates included in this study

GenBank accession no.

Taxon Strain
ITS TEF RPB2

Arthrobotrys cookedickinson YMF 1.00024 MF948393 MF948550 MF948474
Arthrobotrys eryuanensis CGMCC 3.19715 MT612105 OM850307 OM850301
Arthrobotrys eudermata SDT24 AY773465 AYT773407 AYT773436
Arthrobotrys gongshanensis CGMCC 3.23753 OoM801277 OM809162 OM809163
Arthrobotrys lunzhangensis CGMCC 3.20941 OK643973 OM621809 OM621810
Dactylellina appendiculata CBS 206.64 AF106531 DQ358227 DQ358229
Dactylellina arcuata CBS 174.89 AF106527 DQ999852 DQ999799
Dactylellina asthenopaga CBS 917.85 U51962 - -
Dactylellina candida YMF 1.00036 AY965749 - -
Dactylellina cangshanensis CGMCC 3.19714 MK372062 MN915115 MN915114
Dactylellina cionopaga SQ 27-3 AYT773467 AY773409 AYT773438
Dactylellina cionopaga XJ 03-9-3 AYT73473 AY773415 AYT773444
Dactylellina copepodii CBS 487.90 U51964 DQ999835 DQ999816
Dactylellina dashabaensis DLUCC146 PP971320 PP707964 PP707949
Dactylellina dashabaensis WQO07 ORB866260 OR902052 OR902037
Dactylellina dongxi DLUCC150 PP971324 PP707968 PP707953
Dactylellina dongxi YL209 ORB866264 OR902056 OR902041
Dactylellina drechsleri CBS 549.63 DQ999819 DQ999840 DQ999810
Dactylellina dulongensis CGMCC 3.20945 OM956085 OP477093 OP477094
Dactylellina ellipsospora YNWS 02-8-1 AYT773458 AY773400 AYT773429
Dactylellina entomopaga CBS 642.80 AY 965758 DQ358228 DQ358230
Dactylellina erhaiensis DLUCC153 PP971327 PP707971 PP707956
Dactylellina erhaiensis YS03 OR866267 OR902059 OR902044
Dactylellina fodingensis DLUCC149 PP971323 PP707967 PP707952
Dactylellina fodingensis YS79 OR866263 OR902055 OR902040
Dactylellina formosana CCRC 32740 U51956 - -
Dactylellina gephyropaga CBS 585.91 AY 965756 DQ999846 DQ999801
Dactylellina gephyropaga CBS 178.37 U51974 DQ999847 DQ999802
Dactylellina haptospora CBS 100520 DQ999820 DQ999850 DQ999814
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GenBank accession no.

Taxon Strain
ITS TEF RPB2

Dactylellina haptotyla SQ 95-2 AYT773470 AYT773412 AYT773441
Dactylellina haptotyla XJ 03-96-1 DQ999827 DQ999849 DQ999804
Dactylellina hertziana CBS 395.93 AF106519 - -

Dactylellina huisuniana CCRC 33444 U51965 - -

Dactylellina lancangensis DLUCC148 PP971322 PP707966 PP707951
Dactylellina lancangensis YL165 ORB866262 OR902054 OR902039
Dactylellina leptospora SHY 6-1 AYT773466 AYT773408 AYT73437
Dactylellina lobata CBS 329.94 KT215196 - -

Dactylellina lysipaga YMF 1.00535 MF948399 - MF948479
Dactylellina maerensis DLUCC141 PP971315 PP707959 PP707944
Dactylellina maerensis YS14 ORB866255 OR902047 OR902032
Dactylellina mammillata CBS 229.54 AY902794 DQ999843 DQ999817
Dactylellina mazongensis DLUCC151 PP971315 PP707969 PP707954
Dactylellina mazongensis YL264 ORB866265 OR902057 OR902042
Dactylellina miaoweiensis DLUCC145 PP971319 PP707963 PP707948
Dactylellina miaoweiensis YL94 OR866259 OR902051 OR902036
Dactylellina miltoniae CBS:148270 NR_185432 - ONB803537
Dactylellina multiseptatum YMF 1.00127 AY965751 - -

Dactylellina nanzhaoensis DLUCC152 PP971326 PP707970 PP707955
Dactylellina nanzhaoensis YS22 ORB866266 OR902058 OR902043
Dactylellina niuzidengensis DLUCC143 PP971317 PP707961 PP707946
Dactylellina niuzidengensis YL39 OR866257 OR902049 OR902034
Dactylellina parvicollis XSBN 22-1 AY804215 DQ999854 DQ999798
Dactylellina phymatopaga CBS 325.72 KT215204 DQ999834 DQ999815
Dactylellina quercus 6175 AYT773453 AY773395 AYT773424
Dactylellina robusta CBS 110125 DQ999821 DQ999851 DQ999800
Dactylellina sichuanensis YMF 1.00023 AY902795 - -

Dactylellina tingmingensis DLUCC142 PP971316 PP707960 PP707945
Dactylellina tingmingensis YS28 ORB866256 OR902048 OR902033
Dactylellina varietas YMF 1.00118 AY902805 - -

Dactylellina wangiaoensis DLUCC144 PP971318 PP707962 PP707947
Dactylellina wangiaoensis WQ54 OR866258 OR902050 OR902035
Dactylellina wubaoshanensis DLUCC154 PP971328 PP707972 PP707957
Dactylellina wubaoshanensis YL349 ORB866268 OR902060 OR902045
Dactylellina xinjuanii DLUCC155 PP971329 PP707973 PP707958
Dactylellina xinjuanii YL531 OR866269 OR902061 OR902046
Dactylellina yangxiensis DLUCC147 PP971321 PP707965 PP707950
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Table 10.2 (continued)

GenBank accession no.

Taxon Strain
ITS TEF RPB2

Dactylellina yangxiensis WQ114 OR866261 OR902052 OR902038
Dactylellina yunnanensis CBS 615.95 AY965757

Dactylellina yushanensis CGMCC 3.19713 MK372061 MN915113 MN915112
Drechslerella dactyloides expo-5 AY773463 AY773405 AY773434
Drechslerella daliensis CGMCC 3.20131 MT592896 OK556701 OK638157
Drechslerella pengdangensis DL53 0Q946588 0Q989313 0Q989303
Drechslerella stenobrocha YNWS 02-9-1 AY773460 AY773402 AYT773431
Drechslerella tianchiensis XJ353 0Q946590 0Q989315 0Q989305
Vermispora fusarina YXJ 02-13-5 AYT773447 AY773389 AY773418
Vermispora leguminacea CGMCC 6.0291 DQ494376

JModelTest v2.1.10 (Posada, 2008) was used to assess the best-fit optimal
substitution models for ITS (GTR+I+G), TEF (SYM+I), and RPB2 (GTR+I+G) genes.

Maximum likelihood (ML) analysis was performed using PhyloSuite v1.2.3
(Zhang et al., 2020a). The dataset was partitioned, and each gene was analyzed with the
corresponding model. The statistical bootstrap support values (BS) were computed
using rapid bootstrapping with 1000 replicates (Felsenstein, 1985).

MrBayes v. 3.2.6. (Huelsenbeck & Ronquist, 2001) was used to conduct the
Bayesian inference (BI) analysis. MEGA 6.0 (Tamura et al., 2013) was used to convert
the multiple sequence alignment fasta file into a MrBayes-compatible NEXUS file. The
dataset was partitioned, and six simultaneous Markov chains were run for 10,000,000
generations, and trees were sampled every 100 generations. The first 25% trees were
discarded, and the remaining trees were used to calculate the posterior probabilities (PP)
in the majority rule consensus tree. All above parameters were edited in the MrBayes
block in the NEX file.

The resulting tree was visualized with FigTree (Rambaut, 2010). The backbone
tree was further edited and reorganized using Microsoft PowerPoint (2013) and Adobe
Photoshop CS6 software (Adobe Systems, USA).
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10.2.6 Establishing a Comprehensive Morphological Framework to Classify
Dactylellina Species

Establishment of an appropriate taxonomic framework can enable rapid species
identification, especially under circumstances where there is taxonomic confusion
regarding to the use of specific morphs in species delineation. Accuracy and usability
(user friendly) are two primary criteria for evaluating the quality of any taxonomic
scheme to be implemented to differentiate species. Conventional taxonomy has relied
upon the use of keys (especially dichotomous keys) to segregate and assist in species
identification. This has previously been convenient when dealing with few species at a
certain taxonomic hierarchy. However, with the discovery of more species, keys are not
always appropriate and practical when dealing with speciose genera characterized by
inadequate morphological variants, species that exhibit high degree of morphological
similarities and overlap and where morphologies have undergone convergent evolution
(especially asexual species). Species keys are occasionally complex with lengthy
descriptions, often lead to subjective interpretations or misidentification especially
when species do not fit into the key, cannot be used for new species and does not reflect
or take evolutionary relationships into account (Zhang & Hyde, 2014; Zhang et al.,
2022a).

In this study, we aimed to construct a highly accurate and user-friendly
morphological taxonomy framework to Dactylellina species in tabular form. The
logical framework for its construction is as follows: Firstly (step 1), all morphological
characteristics of Dactylellina species that can be used for species identification were
tabulated (such as trapping structure, conidiophore and conidia). Secondly (step 2), all
Dactylellina species are classified into several groups based on clearly differentiating
features. For example, all Dactylellina species can be divided into three groups
according to their trapping structures: capture nematodes with adhesive knobs, capture
nematodes with adhesive branches, and catch nematodes using non-constricting rings
(which coexist with adhesive knobs). Among the group that captures nematodes with
adhesive knobs, the growth pattern of conidia on the conidiophore (clustered or
dispersed) can be used to differentiate them further. In this way, all Dactylellina species
can be eventually divided into several subclasses by several well-defined

morphological characteristics (each subclass may contain a single or multiple species).
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Lastly (step 3), the detailed description of each species that was not detailed in step 2
was attached to each subclass to facilitate a precise comparison of all the detailed
characteristics and improve the identification accuracy. Throughout the different stages
of developing the taxonomic framework, it has been ensured that morphological

descriptions are precise, accurate and devoid of subjective descriptions and judgments.

10.3 Results

10.3.1 Phylogenetic Analyses

Based on the records from Species Fungorum and relevant literatures
(http://www.speciesfungorum.org, accessed on 18 February 2024, Li et al., 2006; Su et
al., 2008; Zhang & Hyde, 2014; Kavitha et al., 2020; Zhang et al., 2020b; Crous et al.,
2022), Dactylellina comprises a total of 36 valid species, of which molecular data is
available for 31 species. Therefore, the molecular dataset used in this study include ITS
(76), TEF (63), and RPB2 (65) sequences from 64 isolates representing 46 Dactylellina
species (plus our 30 isolates of 15 new species) and related taxa in Orbiliomycetes (five
Arthrobotrys species and five Drechslerella species). The final concatenated alignment
comprised a total of 1665 characteristics (507 for ITS, 440 for TEF, and 718 for RPB2),
including 843 conserved sites, 812 variable sites, and 684 parsimony informative sites.

The Maximum Likelihood (ML) analysis yielded a best-scoring tree, with a
final ML optimization likelihood value of -6734.326751. For the Bayesian analysis (BI),
the consensus tree was calculated using the remaining 75% of trees, and the Bayesian
posterior probabilities were evaluated with a final average standard deviation of the
split frequency of 0.009196. While there are slight topological differences between the
ML and BI trees regarding the phylogenetic positions of Arthrobotrys species and
certain Dactylellina species, both trees consistently show that all species that capture
nematodes using adhesive branches within Dactylellina clustered together with support.
Furthermore, the position of species within the subclades containing the new species
remain consistent, indicating that the above mentioned minor discrepancies between
the ML and BI trees did not affect the phylogenetic placement of our new species

(Figure 10.2).
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100/1.00, Da. maerensis DL
0. Da. maerensis YS14

Outgroups

Figure 10.2 Maximum likelihood tree based on a combined ITS, TEF, and RPB2 sequence
from 56 species of Orbiliaceae nematode-trapping fungi. Bootstrap support
values for maximum likelihood (black) greater than 70% and Bayesian
posterior probabilities values (red) greater than 0.90 are indicated above the
nodes. The new isolates are in blue; type strains are in bold. The tree is rooted
with Vermispora fusarina YXJ02-13-5 and V. leguminaceae CGMCC 6.0291.
Different trapping structures labeled on tree are defined as: adhesive knobs
(AK), non-constricting rings (NCR), adhesive branches (AB), adhesive
networks (AN), and constricting rings (CR)
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10.3.2 Taxonomy

Orbiliomycetes O.E. Erikss & Baral, Myconet 9: 96 (2003)

Orbiliales O.E. Erikss & Baral, Myconet 9: 96 (2003)

Note — Orbiliales is the sole order in Orbiliomycetes and contains a single family,
Orbiliaceae Nannfeldt. The molecular phylogenetic studies demonstrated that
Orbiliaceae 1s a monophyletic group and shares a parallel branch relationship with
Pezizales. Eriksson et al. (2003) discovered that all Orbiliaceae species possess six
specific signature nucleotides (CTAACC) in their SSU rDNA sequences. These
findings led to the establishment of Orbiliales and Orbiliomycetes (Pfister, 1997;
Eriksson et al., 2003).

Orbiliaceae Nannfeldt, Nova Acta R. Soc. Scient. upsal. Ser. 48(2): 250 (1932)

Type genus — Orbilia Fr. Scan. 1835

Note — Orbiliaceae was established by Nannfeldt in 1932 and was initially
classified under Helotiales (Nannfeldt, 1932). According to molecular phylogenetic
analyses and the identification of specific nucleotides in the SSU rDNA sequence data,
Orbiliaceae was reclassified into the order Orbiliales and this reclassification restricted
the family within this order (Pfister, 1997; Eriksson et al., 2003). Members of
Orbiliaceae are a group of small cup fungi characterized by a high dioptric and
morphologically diverse (spherical, teardrop-shaped, ellipsoid, or vermiform) spore
body appears in the ascospore, unitunicate asci, brightly coloured, small, waxy, and
translucent apothecium (Nannfeldt, 1932). Orbiliaceae species exhibit strong
adaptability and can be found in various environments ranging from deserts and steppes
to rainforests, from decaying wood and fallen leaves to the surfaces of animal dung (Liu
et al., 2006; Zhang et al., 2009; Gou et al., 2014; Pfister, 2015; Shao et al., 2018; Baral
et al., 2022). Currently, Orbiliaceae comprises three sexual genera: Hyalorbilia Baral
& G. Morson (Eriksson et al., 2003; Baral et al., 2018), Orbilia Fries (Fries, 1849), and
Pseudorbilia Zhang (Zhang et al., 2007), as well as at least ten asexual genera,
including Arthrobotrys Corda, Dactylellina Morelet, Drechslerella Subram, Dactylella
Grove, and Dicranodion Harkness, etc (Baral et al., 2018). Initially, this fungal group
was considered insignificant due to their unclear ecological and application values. It
was not until Pfister (1994) reported that the anamorph of Orbilia fimicola is
Arthrobotrys species, a group of nematode-trapping fungi (NTF) with significant
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research, application, and ecological stability value, that this group of fungi gained
attention from mycologists. Currently, sexual-asexual connections have been
established between Orbiliaceae species and three NTF genera, Arthrobotrys,
Drechslerella and Dactylellina (Pfister, 1994; Zhang & Hyde, 2014; Baral et al., 2018).
Arthrobotrys is the largest genus within Orbiliomycetes NTF and exhibits strong
saprobic growth, reproductive capability, and adaptability, making it dominant across
various habitats (Swe et al., 2011; Zhang & Hyde, 2014). Dactylellina demonstrates
significant potential in the biological control of harmful nematodes because of its strong
nematode-trapping ability (Zhang & Hyde, 2014). However, Dactylellina species are
uncommon in most habitats and belong to rare taxa due to their weak saprobic growth
and sporulation ability. Species in Drechslerella generally exhibit weaker nematode-
trapping ability, which are clearly different from the mechanisms employed by
Arthrobotrys and Dactylellina (Zhang & Hyde, 2014; Su et al., 2017). Their unique
nematode-trapping mechanism makes them suitable fungi to study evolutionary
mechanisms.

Dactylellina M. Morelet, Bull. Soc. Sci. nat. Arch. Toulon et du Var 178: 6 (1968)

Type species — Dactylellina leptospora M. Morelet

Note — Dactylellina, one of the three genera of Orbiliomycetes NTF, was
initially established by Morelet (1968) with Da. leptospora M. Morelet as the type
species. This genus was primordially defined by elongate, fusoid conidia, while
microconidia were rarely formed. Scholler et al. (1999) revised the taxonomy of this
genus with stalked adhesive knobs or non-constricting rings based on phylogenetic
analysis. Further molecular data have validated the idea of dividing Orbiliomycetes
NTF based on their trapping structures, resulting in the attributes of Dactylellina being
revised again to capture nematodes using adhesive knobs, adhesive branches, and non-
constricting rings (Li et al., 2005; Yang et al., 2007). Dactylellina comprises 51 species
(plus our 15 new species, 34 species catch nematodes with adhesive knobs, seven with
adhesive branches, and ten with both adhesive knobs and non-constricting rings) (Li et
al., 2006; Zhang & Mo, 2006; Su et al., 2008; Zhang & Hyde, 2014; Kavitha et al.,
2020; Zhang et al., 2020b; Crous et al., 2022). Because of its varied trapping structures
and superior ability to catch nematodes, Dactylellina possesses considerable potential

value in investigating the origin and evolution of specialized organisms, as well as in
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the biological control of detrimental nematodes (Ji et al., 2020; Yang et al., 2020; Kumar
et al., 2024a, 2024b).

Dactylellina dashabaensis F. Zhang, K.D. Hyde & X.Y. Yang, sp. nov. (Figure 10.3)

Index Fungorum number: IF901498; Facesoffungi number: FoF 15751.

Etymology: The specific epithet refers to the location “Dashaba Mountain,
Wangiao Town, Dali City, Yunnan Province, China”, where the species was first
collected.

Material examined — China, Yunnan Province, Dali City, Wanqiao Town,
Dashaba Mountain, from the soil collected in burned forest (10-20 cm. depth), 16 June
2021, F. Zhang, ZX29-2. Holotype DLUCC146. Dali City, Wanqiao Town, Dashaba
Mountain, from the soil collected in burned forest (10-20 cm. depth), 16 June 2021, F.
Zhang, ZX4-2. Paratype WQO7.

Saprobic on soil. Sexual morph: Undetermined. Colonies on PDA white,
villiform, growing slowly, reaching 35 mm diameter after 15 days in the incubator at
26 °C. Mycelium partly superficial, partly immersed, hyphae septate, branched, smooth
and hyaline. Conidiophores 191.5-344 pm. long (X = 294.8 um., n = 100), 3-5 pm.
wide (X =4.4 um., n = 100) at the base, gradually tapering upwards to the apex, 2-3.5
pum. wide (X = 2.7 um., n = 100) at the apex, erect, septate, hyaline, unbranched,
bearing a single conidium at apex. Conidia 47—72 x 14.5-25.5 ym. (X =59 x 21 um.,
n = 100), smooth and hyaline, rounded at the apex and truncate at the base; immature
conidia drop-shaped, obovate, with a super cell (the later cell in the conidia significantly
larger than other cells) at the apex and 0-3 septa at the base; mature conidia subfusiform,
3-5-septate (mostly 4-septate, 1-2 septa at the apex and 1-3 septa at the base), with a
super cell at the middle, the small cells at both ends are slender. No microconidia was
observed. Conidia germinating from the small end cells, the super cell usually do not
germinate. Catching nematodes with adhesive branches, with adjacent branches often
fusing at the apex to form a two-dimensional adhesive network, and sometimes even a
three-dimensional network structure. Chlamydospores not observed.

Notes: Dactylellina dashabaensis is related to Da. yangxiensis (another new
species reported in this study) and Da. gephyropaga with 100% MLBS and 0.98 BYPP
support. Dactylellina dashabaensis differs from Da. yangxiensis and Da. gephyropaga
in ITS sequence by 3.2% (17/532 bp) and 4.6% (23/496 bp), respectively. Dactylellina
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includes nine adhesive branching producing species (Zhang & Mo, 2006; Zhang &
Hyde, 2014). Among them, Da. dashabaensis along with five other species (Da.
cionopaga, Da. gephyropaga, Da. shuzhengsum, Da. yangxiensis and Da. xinjuanii)
produce nearly spindle-shaped conidia (Zhang & Mo, 2006; Zhang & Hyde, 2014).
However, Da. dashabaensis can be readily differentiated from them by the distinctive
constriction of the septa at both ends of the conidia, as well as the slender small cells at

both ends of the conidia.

Figure 10.3 Dactylellina dashabaensis (DLUCC146). (a) Culture colony on PDA
medium. (b, ¢) Conidia. (d) Trapping structure: adhesive branches. (e)
Germinating conidia. (f) Conidiophores. Scale bars: (a) =1 cm.., (b, c, e,

f) = 20 pm., (d) = 10 um.
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Dactylellina dongxi F. Zhang, K.D. Hyde & X.Y. Yang, sp.nov. (Figure 10.4)

Index Fungorum number: IF902019; Facesoffungi number: FoF 15752

Etymology: The specific epithet “dongxi” is the Chinese abbreviation of the
Institute of Eastern-Himalaya Biodiversity Research, Dali University that supports this
study.

Material examined: China, Yunnan Province, Dali City, Yunlong County,
Miaowei Town, Niuzideng Mountain, from the soil collected in burned forest (0—10 cm.
depth), 6 March 2018, F. Zhang, BF135-1. Holotype DLUCC150. Dali City, Yunlong
County, Miaowei Town, Niuzideng Mountain, from the soil collected in burned forest
(10-20 cm. depth), 6 March 2018, F. Zhang, BF102-2. Paratype YL209.

Saprobic on soil. Sexual morph: Undetermined. Colonies on PDA white,
cottony, growing slowly, reaching 51 mm diameter after 15 days in the incubator at
26 °C. Mycelium partly superficial, partly immersed. Hyphae septate, branched, smooth
and hyaline. Conidiophores 145-304.5 pm. long (X =257.1 pum., n=100), 2.5-5 pm.
wide (X =4 pm., n = 100) at the base, gradually tapering upwards to the apex, 1.5-3
um. wide (X = 2.1 um., n = 100) at the apex, erect, septate, hyaline, unbranched or
occasionally producing a long branch near the apex, producing a cluster of short
denticles (2—6) at the apex of each branch, sometimes can also producing several
clusters of short denticles by repeated elongation, each short denticle bearing a single
conidium. Conidia two types: macroconidia 30-56.5 x 816 um. (X =40.6 < 12.8 um.,
n = 100), smooth and hyaline, rounded at the apex and truncated at the base; immature
macroconidia drop-shaped, clavate, 1-3 septate, with a super cell at the apex or middle;
mature macroconidia subfusiform, 3—4-septate (mostly 4-septate, 1-2 septa at the apex
and 1-3 septa at the base), with a super cell at the middle; microconidia 20-27.5 x 4—
7.5 pm. (X = 24.7 x 5.3 ym., n = 100), smooth and hyaline, clavate or lanceolate,
rounded at the apex and truncated at the base, producing with micro-cycle conidiation
mode, 0—1-septate. Macroconidia germinating from the small end cells, and the super
cell usually do not germinate. Catching nematodes with adhesive knobs, 4.5-6.5 um.
(X =5.2 um., n =100) diameter. Chlamydospores not observed.

Notes: Phylogenetically, Dactylellina dongxi, Da. miltoniae, Da. haptotyla, Da.
yunnanensis and Da. candida cluster in a same clade, although their relationship is

unclear. There are differences of 5.7% (31/542 bp) and 1.9% (9/486 bp) in the ITS
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sequences between Da. dongxi and Da. miltoniae, Da. haptotyla, respectively. The ITS
sequences of Da. dongxi, Da. yunnanensis and Da. candida are almost identical (with
differences of 0 and 1 base, respectively). However, there are distinct morphological
differences between Da. dongxi and Da. yunnanensis, Da. candida: Da. dongxi
captures nematodes only with adhesive knobs, while Da. yunnanensis and Da. candida
capture nematodes with both adhesive knobs and non-constricting rings. The
conidiophore of Da. dongxi can extend upwards to produce multiple clusters of short
denticles and bear multiple clusters of conidia, while those of Da. yunnanensis and Da.
candida only bear a single cluster of conidia at the apex. Da. dongxi produces
microconidia, while Da. yunnanensis and Da. candida do not (von Esenbeck, 1817;
Zhang et al., 1996; Zhang & Mo, 2006; Zhang & Hyde, 2014). In comparison, Da.
dongxi is more similar to Da. miltoniae and Da. haptotyla in terms of trapping
structures and conidia, but there are still two differences between them: (1) The
conidiophores of Da. dongxi sometime branch and produce multiple clusters of short
denticles by repeated elongation, while those of Da. miltoniae and Da. haptotyla are
unbranched and only bear a single cluster of conidia at the apex; (2) Da. dongxi
produces microconidia, while Da. miltoniae and Da. haptotyla do not (Drechsler, 1950;

Zhang & Mo, 2006; Zhang & Hyde, 2014; Crous et al., 2022).
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Figure 10.4 Dactylellina dongxi (DLUCC150). (a) Culture colony on PDA medium. (b,
d) Macroconidia. (e) Trapping structure: adhesive knobs. (f) Germinating

conidia. (g) Microconidia. (c, h) Conidiophores. Scale bars: (a) = 1 cm..,

(b, d, f, g, h) =20 um., () = 10 um., (¢) = 50 pm.

Dactylellina erhaiensis F. Zhang, K.D. Hyde & X.Y. Yang, sp. nov. (Figure 10.5)
Index Fungorum number: IF902029; Facesoffungi number: FoF 15753
Etymology: The species name “erhaiensis” refers to the Erhai Lake watershed

where the sampling site is located.
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Material examined: China, Yunnan Province, Dali City, Cangshan Mountain,
Maer Peak (Yushan Mountain), from the soil collected in burned forest (0—10 cm.
depth), 24 March 2018, F. Zhang, L1-1. Holotype DLUCC153. Cangshan Mountain,
Maer Peak, from the soil collected in burned forest (10-20 cm. depth), 24 March 2018,
F. Zhang, L.2-1. Paratype YSO03.

Saprobic on soil. Sexual morph: Undetermined. Colonies on PDA white,
villiform, growing slowly, reaching 53 mm diameter after 15 days in the incubator at
26 °C. Mycelium partly superficial, partly immersed. Hyphae septate, branched, smooth
and hyaline. Conidiophores 106-264.5 um. long (X =203.9 um., n=100), 2.5-6 pm.
wide (X =4.6 um., n = 100) at the base, gradually tapering upwards to the apex, 1.5—
3.5um. wide (X =2.2 um., n = 100) at the apex, erect, septate, hyaline, unbranched,
bearing a single conidium at the apex. Conidia two types: macroconidia 21-39 x 8.5—
16.5 um. (X =27.8 x 12.9 um., n = 100), smooth and hyaline, rounded at the apex and
truncated at the base; immature macroconidia drop-shaped, obovate, with a super cell
at the apex and 1-2 septa at the base; mature macroconidia subfusiform, 3—4-septate
(mostly 3-septate, 1-2 septa at both end), with a super cell at the middle. Microconidia
are rare, 11-20.5 x 4.5-8.5 um. (X = 14.4 x 6.4 um., n = 100), smooth and hyaline,
clavate or lanceolate, rounded at the apex and truncated at the base, 0—1-septate (mostly
1-septate). Macroconidia germinating from the small end cells, and the super cell
usually do not germinate. Catching nematodes with adhesive knobs, 4.4-7.5 um. (X =
5.3 pm., n = 100) diameter. Chlamydospores not observed.

Notes: Phylogenetically, Dactylellina erhaiensis clusters together with Da.
mammillata, Da. entomopaga and Da. phymatopaga. Dactylellina erhaiensis has 5.4%
(27/497 bp), 4.2% (21/495 bp) and 3.2% (16/495 bp) differences from Da. mammillata,
Da. entomopaga and Da. phymatopaga in its ITS sequence. Based solely on the shape
and septa number of conidia, Da. erhaiensis (subfusiform, mostly 3-septate, with a
super cell at the middle of the conidia) can be easily distinguished from Da.
entomopaga (cylindrical or clavate, lacking super cell, with a single septum) (Drechsler,
1944; Zhang & Hyde, 2014). There are adequate differences in the conidial size
between Da. erhaiensis and Da. mammillata, Da. phymatopaga [Da. erhaiensis, 21-39
(27.8) x 8.5-16.5 (12.9) um. versus Da. mammillata, 30-60 % 9—17um., Da.
phymatopaga, 4671 (62.3) x 21-29 (24.7) um.]. In addition, Da. erhaiensis produces



213

clavate or lanceolate microcinidia, while Da. mammillata and Da. phymatopaga do not

(Drechsler, 1954; Zhang & Hyde, 2014).

Figure 10.5 Dactylellina erhaiensis (DLUCC153). (a) Culture colony on PDA medium.
(b, d) Macroconidia. (e) Trapping structure: adhesive knobs. (f)
Germinating conidia. (g) Microconidia. (c, h) Conidiophores. Scale bars:

(a)=1cm.., (b, d, f,h) =20 pm., (e, g) = 10 pm., (c) = 50 pm.
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Dactylellina fodingensis F. Zhang, K.D. Hyde & X.Y. Yang, sp. nov. (Figure
10.6)

Index Fungorum number: IF901501; Facesoffungi number: FoF 15754

Etymology: The species name “fodingensis” refers to Foding Peak where the
samples collected, which is one of the famous 19 Peak in Cangshan Mountain.

Material examined: China, Yunnan Province, Dali City, Cangshan Mountain,
Maer Peak (Yushan Mountain), from the soil collected in burned forest (0—10 cm.
depth), 24 March 2018, F. Zhang, H1-3. Holotype DLUCC149. Cangshan Mountain,
Maer Peak, from the soil collected in burned forest (10—20 cm. depth), 24 March 2018,
F. Zhang, F2-2. Paratype YS79.

Saprobic on soil. Sexual morph: Undetermined. Colonies on PDA white,
cottony, growing slowly, reaching 45 mm diameter after 15 days in the incubator at
26 °C. Mycelium partly superficial, partly immersed. Hyphae septate, branched, smooth
and hyaline. Conidiophores 97.5-182.5 pm. long (X =143.7 um.,n=100), 2.5-5 pm.
wide (X = 3.6 um., n = 100) at the base, gradually tapering upwards to the apex, 1.5—
3 um. wide (X = 2.2 um., n = 100) at the apex, erect, septate, hyaline, producing
several clusters of short denticles by repeated elongation or branching of conidiophores,
with each denticle bearing a single conidium (usually 5-22 conidia are gathered into a
cluster). Conidia 28-70.5 x 4—6 um. (X =48.6 x 5.1 um., n=100), smooth and hyaline,
clavate, lanceolate, with some conidia slightly curved, rounded at the apex and
truncated at the base, with 2—10 septa evenly distributed in the conidia. No microconidia
was observed. Capturing nematodes using non-constricting rings and adhesive knobs,
adhesive knobs rare and can grow directly on the conidia (conidia traps, CT), 4.5-7.5
pum. (X =5.9 um., n = 100) diameter; the non-constricting ring easily fall off, with
outer diameter 14.5-19.5 um. (X = 16.6 pm., n = 100), the inner diameter 9—13 pum.
(X =10.7 um., n = 100). Chlamydospores not observed.

Notes: Phylogenetically, Dactylellina fodingensis clusters together with Da.
formosana and Da. leptospora (100% MLBS and 1.00 BYPP). Dactylellina fodingensis
is 1.5% (7/493 bp) different from Da. formosana in ITS. There are 1% (5/492 bp), 15%
(77/512 bp) and 1.8% (10/554 bp) difference in ITS, TEF and RPB2 between Da.
fodingensis and Da. leptospora. Morphologically, Da. fodingensis can be easily

distinguished from Da. formosana by their trapping structures (Da. fodingensis
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captures nematode with adhesive knobs and non-constricting rings, while Da.
formosana produces only adhesive knobs) and conidiophores (Da. fodingensis
produces branched, 97.5-182.5 (143.7) um. long conidiophore bearing multiple conidia,
while Da. formosana produces unbranched 17-90um. long conidiophores bearing a
single conidium) (Liou et al., 1995; Zhang & Hyde, 2014). The main difference
between Da. fodingensis and Da. leptospora is that the conidiophores of Da.
fodingensis typically produce 5 to 22 short denticles at the apex (5-22 conidia clusters
borne on the conidiophore), and the conidiophores can produce several multiple clusters
of short denticles by repeated elongation. While, the conidiophores of Da.leptospora
usually produce only 1-3 short denticles at the apex (bearing 1-3 conidia). In addition,
the conidia of Da. leptospora are longer than those of Da. fodingensis [Da. leptospora,
30-92 (64) um versus Da. fodingensis, 28—70.5 (48.6) um] (Drechsler 1937; Zhang &
Hyde, 2014). Da. fodingensis is more similar to Da. haptospora in their trapping
structures, conidiophores and the shape of conidia. However, the conidia of Da.
haptospora typically bear an adhesive knob at the apex, and they are noticeably finer
than those of Da. fodingensis [Da. haptospora, 2.2-3.7 pm versus Da. fodingensis, 4—
6 (5.1) um] (Drechsler, 1940; Zhang & Hyde, 2014).
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Figure 10.6 Dactylellina fodingensis (DLUCC149). (a) Culture colony on PDA
medium. (b, d) Conidia. f Trapping structure: adhesive knobs and non-
constricting rings. (¢, e, g) Conidiophores. Scale bars: (a) =1 cm., (b, c,

d, e, g) =20 um., (f) = 10 pm.

Dactylellina lancangensis F. Zhang, K.D. Hyde & X.Y. Yang, sp. nov. (Figure 10.7)

Index Fungorum number: IF902018; Facesoffungi number: FoF 15755

Etymology: The species name “lancangensis” refers to the Lancang River
watershed where the sample area is located.

Material examined: China, Yunnan Province, Dali City, Yunlong County,
Miaowei Town, Niuzideng Mountain, from the soil collected in burned forest (10-20

cm. depth), 6 March 2018, F. Zhang, BF114-2. Holotype DLUCC148. Dali City,
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Yunlong County, Miaowei Town, Niuzideng Mountain, from the soil collected in
burned forest (1020 cm. depth), 6 March 2018, F. Zhang, BF131-2. Paratype YL165.

Saprobic on soil. Sexual morph: Undetermined. Colonies on PDA white,
cottony, growing slowly, reaching 53 mm diameter after 15 days in the incubator at
26 °C. Mycelium partly superficial, partly immersed. Hyphae septate, branched, smooth
and hyaline. Conidiophores 164.5-297 pm. long (X =241.3 um., n=100), 2.5-5 um.
wide (X = 3.8 um., n = 100) at the base, gradually tapering upwards to the apex, 1.5—
3 um. wide (X =2.4 um., n = 100) at the apex, erect, septate, hyaline, unbranched or
producing a short branch near the apex, bearing a single conidium at the apex of each
branch. Conidia 30.5-56 x 8.5-17.5 pm. (X =42.1 x 12.3 pm., n = 100), smooth and
hyaline, rounded at the apex and truncated at the base; immature conidia drop-shaped,
obovate, clavate, 1-3 septate, with a super cell at the apex or middle; mature conidia
clavate or subfusiform, 3—5-septate (mostly 4-septate, 1-2 septa at the apex and 1-3
septa at the base of the conidia), with a super cell at the middle. No microconidia was
observed. Conidia germinating from the small end cells, and the super cell usually do
not germinate. Catching nematodes with adhesive knobs, 4.5-7 ym. (X =5.6 ym.,n =
100) diameter. Chlamydospores not observed.

Notes: The phylogenetic analyses revealed that Da. lancangensis is related to
Da. varietas, Da. asthenopaga and Da. multiseptatum. There are 11% (56/513 bp), 13.3%
(70/527 bp) and 14.9% (72/519 bp) differences between Da. lancangensis and Da.
varietas, Da. asthenopaga, Da. multiseptatum in ITS sequence, respectively.
Morphologically, Da. lancangensis differs from Da. varietas and Da. asthenopaga. Da.
lancangensis captures nematodes with adhesive knobs alone and produces conidia with
a super cell, whereas Da. varietas captures nematodes with both adhesive knobs and
non-constricting rings, and both Da. varietas and Da. asthenopaga produce conidia
without super cell (the septa are evenly distributed in the conidia) (Drechsler, 1937; Li
et al., 2006; Zhang & Hyde, 2014). The main difference between Da. lancangensis and
Da. multiseptatum is that the conidia of former are smaller than those of the latter [ Da.
lancangensis, 30.5-56 (42.1) x 8.5-17.5 (12.3) um. versus Da. multiseptatum, 67.5—
132.5 (91.6) x 3.8-17.5 (15.5) um.]. In addition, Da. multiseptatum produces 4-9-
septate conidia, while the conidia of Da. lancangensis has no more than 5 septa (Su et

al., 2005; Zhang & Hyde, 2014).
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Figure 10.7 Dactylellina lancangensis (DLUCC148). (a) Culture colony on PDA
medium. (b, d) Conidia. e Trapping structure: adhesive knobs. (f)
Germinating conidia. (¢, g) Conidiophores. Scale bars: (a) =1 cm., (b, d,

f, g) =20 pm., (¢) = 10 pm., (c) = 50 pm.

Dactylellina maerensis F. Zhang, K.D. Hyde & X.Y. Yang, sp. nov. (Figure 10.8)
Index Fungorum number: IF902012; Facesoffungi number: FoF 15756
Etymology: The species name “maerensis” refers to the location “Maer Peak,

Cangshan Mountain, Dali City, Yunnan Province, China” where the species was first
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collected.

Material examined — China, Yunnan Province, Dali City, Cangshan Mountain,
Maer Peak (Yushan Mountain), from the soil collected in burned forest (10-20 cm.
depth), 24 March 2018, F. Zhang, A2-1. Holotype DLUCC141. Cangshan Mountain,
Maer Peak, from the soil collected in burned forest (0—10 cm. depth), 24 March 2018,
F. Zhang, B1-3. Paratype YS14.

Saprobic on soil. Sexual morph: Undetermined. Colonies on PDA white, cottony,
growing slowly, reaching 50 mm diameter after 15 days in the incubator at 26 °C.
Mycelium partly superficial, partly immersed. Hyphae septate, branched, smooth and
hyaline. Conidiophores 160-320 um. long (X =236 um., n = 100), 4-6.5 um. wide
(X =4.6 um., n = 100) at the base, gradually tapering upwards to the apex, 2—3.5 um.
wide (X = 2.7 um., n = 100) at the apex, erect, septate, hyaline, unbranched or
occasionally producing a long branch near the apex, bearing a single conidium at the
apex of each branch. Conidia 30-49.5 x 9.5-16.5 pm. (X =40.8 x 12.6 um., n = 100),
smooth and hyaline, rounded at the apex and truncated at the base; immature conidia
drop-shaped, obovate, with a super cell at the apex and 0-3 septa at the base; mature
conidia clavate or subfusiform, 2—4-septate (mostly 3-septate, 1-2 septa at both end of
the conidia), with a super cell at the middle. No microconidia was observed. Conidia
germinating from the small end cells, and the super cell usually do not germinate.
Catching nematodes with adhesive knobs, 4.5-7.5 pym. (X =5.3 um., n=100) diameter.
Chlamydospores not observed.

Notes: Phylogenetic analysis showed that Dactylellina maerensis is sister to
Da.tingmingensis. However, its phylogenetic position is uncertain due to lower support
value (88% MLBS, 0.90 BYPP). There are 3.7% (21/563 bp), 5.4% (28/516 bp), and
21% (119/571 bp) difference in ITS, TEF and RPB2 between Da. maerensis and Da.
tingmingensis. Morphologically, Da. maerensis can be easily distinguished from Da.
tingmingensis in their conidiophores. The conidiophores of Da. maerensis are dispersed,
unbranched or occasionally produce a branch near the apex, and is longer (160—320 pm.
(X =236 pm., n = 100)), while the conidiophores of Da. tingmingensis grow in clusters,
and often produce branches near the base with 55-180 um. (X =120 pm., n = 100) long.
Dactylellina maerensis is more similar to Da. dulongensis and Da. yushanensis.

However, the conidia of both Da. dulongensis and Da. yushanensis predominantly
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feature 4-septate, while those of Da. maerensis primarily with 3 septa, and the apices
of conidia from the first two species are more pointed than those of Da. maerensis.

Furthermore, the branches of conidiophores produced by Da. maerensis are typically

longer, while those of Da. dulongensis and Da. yushanensis are often characterized by

shorter denticles (Zhang et al., 2020b).

Figure 10.8 Dactylellina maerensis (DLUCC141). (a) Culture colony on PDA medium.
(b, c¢) Conidia. (d) Trapping structure: adhesive knobs. (e¢) Germinating
conidia. (f) Conidiophores. Scale bars: (a) =1 cm., (b, ¢, e, f) =20 um., (d)
=10 pm.
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Dactylellina mazongensis F. Zhang, K.D. Hyde & X.Y. Yang, sp. nov. (Figure 10.9)

Index Fungorum number: IF902020; Facesoffungi number: FoF 15757

Etymology: The species name “mazongensis” refers to Mazong Ridge, a ridge
where Niuzideng Mountain (where the species was first collected) is located.

Material examined: China, Yunnan Province, Dali City, Yunlong County,
Miaowei Town, Niuzideng Mountain, from the soil collected in burned forest (10-20
cm. depth), 6 March 2018, F. Zhang, BF147-2. Holotype DLUCCI151. Dali City,
Yunlong County, Miaowei Town, Niuzideng Mountain, from the soil collected in
burned forest (10-20 cm. depth), 6 March 2018, F. Zhang, BF95-2. Paratype YL264.

Saprobic on soil. Sexual morph: Undetermined. Colonies on PDA white,
cottony, growing slowly, reaching 48 mm diameter after 15 days in the incubator at
26 °C. Mycelium partly superficial, partly immersed. Hyphae septate, branched, smooth
and hyaline. Conidiophores 127.5-386.5 pm. long (X = 225.7 um., n = 100), 3-6.5
pm. wide (X =4.1 um., n = 100) at the base, gradually tapering upwards to the apex,
1.5-3.5um. wide (X =2 pum., n= 100) at the apex, erect, septate, hyaline, unbranched,
bearing a single conidium at the apex. Conidia 26.5-53 X 6-16.5 um. (X =39.2 x9.9
pm., n = 100), smooth and hyaline, rounded at the apex and truncated at the base;
immature conidia drop-shaped, clavate, 0-3 septate, with a super cell at the apex or
middle; mature conidium clavate or subfusiform, 3—5-septate (mostly 4-septate, 1-2
septa at both end of conidia), with a super cell at the middle. No microconidia was
observed. Conidia germinating from the small end cells, and the super cell usually do
not germinate. Catching nematodes with adhesive knobs, 4.5-6.5 pm. (X =5.1 um.,n
= 100) diameter. Chlamydospores not observed.

Notes: Dactylellina mazongensis is a phylogenetically distinct species that is
most closely related to Da. cangshanensis with 100% MLBS and 0.99 BYPP support.
There is a difference of 3.6% (18/494 bp) in ITS sequence between Da. mazongensis
and Da. cangshanensis. Morphologically, the main difference between Da.
mazongensis and Da. cangshanensis lies in their conidia. The conidia of Da.
cangshanensis are mostly spindle-shaped with 2—4 septa, and nearly all the conidia
possess a super cell (Zhang et al., 2020b). In contrast, the conidia of Da. mazongensis
exhibits a greater variety (spindle-shaped, clavate, or lanceolate). Some conidia of Da.

mazongensis are 5-septate and lack the distinct super cell.
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Figure 10.9 Dactylellina mazongensis (DLUCCI151). (a) Culture colony on PDA
medium. (b, d) Conidia. e Trapping structure: adhesive knobs. (f)

Germinating conidia. (c, g) Conidiophores. Scale bars: (a)=1 cm., (b, d,

f, g) =20 pm., (¢) = 10 pm., (c) = 50 pm.
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Dactylellina miaoweiensis F. Zhang, K.D. Hyde & X.Y. Yang, sp. nov. (Figure 10.10)

Index Fungorum number: IF902016; Facesoffungi number: FoF 15758

Etymology: The species name “miaoweiensis” refers to the location “Miaowei
Town, Yunlong County, Dali City, Yunnan Province, China” where the species was first
collected.

Material examined: China, Yunnan Province, Dali City, Yunlong County,
Miaowei Town, Niuzideng Mountain, from the soil collected in burned forest (10-20
cm. depth), 6 March 2018, F. Zhang, BF46-2. Holotype DLUCC145. Dali City, Yunlong
County, Miaowei Town, Niuzideng Mountain, from the soil collected in burned forest
(0-10 cm. depth), 6 March 2018, F. Zhang, BF72-1. Paratype YL94.

Saprobic on soil. Sexual morph: Undetermined. Colonies on PDA white,
villiform, growing slowly, reaching 52 mm diameter after 15 days in the incubator at
26 °C. Mycelium partly superficial, partly immersed. Hyphae septate, branched, smooth
and hyaline. Conidiophores 145-301 pm. long (X = 224.2 pm., n = 100), 3-5.5 um.
wide (X =4.2 um., n = 100) at the base, gradually tapering upwards to the apex, 2—3
um. wide (X = 2.5 pm., n = 100) at the apex, erect, septate, hyaline, unbranched,
bearing a single conidium at the apex. Conidia 32-49.5 x 10.5-18.5 pm. (X =38.6 x
13.5 um., n = 100), smooth and hyaline, rounded at the apex and truncated at the base;
immature conidia drop-shaped, obovate, with a super cell at the apex and 0-2 septa at
the base; mature conidia subfusiform, 3—4-septate (mostly 3-septate, 1-2 septa at both
end of the conidia), with a super cell at the middle. No microconidia was observed.
Conidia germinating from the small end cells, and the super cell never germinating.
Catching nematodes with adhesive knobs, 4.5-6.5 pm. (X =5.1 pm., n=100) diameter.
Chlamydospores not observed.

Notes: Phylogenetically, Dactylellina miaoweiensis 1is related to Da.
yushanensis and Da. nanzhaoensis. Dactylellina miaoweiensis is 6.7% (34/511 bp) and
4.6% (24/523 bp) different from Da. yushanensis and Da. nanzhaoensis in ITS
sequence. Morphologically, there are sufficient differences between the conidia of Da.
miaoweiensis and Da. nanzhaoensis. The conidia of Da. miaoweiensis are mostly
spindle-shaped with 3—4 septa, and each conidium has a distinct super cell. In contrast,
the conidia of Da. nanzhaoensis are elongate spindle-shaped, fusiform, or lanceolate,

with 2-5 septa, and some conidia lack obvious super cell. Additionally, Da.



224

nanzhaoensis produces microconidia, while Da. miaoweiensis does not. The main
differences between Da. miaoweiensis and Da. yushanensis are as follows: The
conidiophores of Da. miaoweiensis are unbranched and bear a single conidium, whereas
those of Da. yushanensis produce a geniculate branch and bear two conidia. The small
cells at both ends of the conidia produced in Da. yushanensis are slenderer compared
to Da. miaoweiensis. Additionally, Da. yushanensis produces microconidia, while Da.

miaoweiensis does not (Zhang et al., 2020b).

Figure 10.10 Dactylellina miaoweiensis (DLUCC145). (a) Culture colony on PDA
medium. (b, d) Conidia. e Trapping structure: adhesive knobs. (f)
Germinating conidia. (c, g) Conidiophores. Scale bars: (a) = 1 cm., (b,

d, f, g) =20 pm., (¢) = 10 pm., (c) = 50 pm.
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Dactylellina nanzhaoensis F. Zhang, K.D. Hyde & X.Y. Yang, sp. nov. (Figure
10.11)

Index Fungorum number: IF902021; Facesoffungi number: FoF 15758

Etymology: The species name “nanzhaoensis” refers to the ancient name of Dali
City, Yunnan Province, China, where the soil sample were collected.

Material examined — China, Yunnan Province, Dali City, Cangshan Mountain,
Maer Peak (Yushan Mountain), from the soil collected in burned forest (1020 cm.
depth), 24 March 2018, F. Zhang, L2-2. Holotype DLUCC152. Cangshan Mountain,
Maer Peak, from the soil collected in burned forest (0—10 cm. depth), 24 March 2018,
F. Zhang, D1-3. Paratype YS22.

Saprobic on soil. Sexual morph: Undetermined. Colonies on PDA white to
yellowish, cottony, growing slowly, reaching 50 mm diameter after 15 days in the
incubator at 26 °C. Mycelium partly superficial, partly immersed. Hyphae septate,
branched, smooth and hyaline. Conidiophores 126-298.5 pm. long (X =209.6 uym., n
=100), 2.5-5 um. wide (X =4.2 um., n = 100) at the base, gradually tapering upwards
to the apex, 1.5-3 um. wide (X =2 pm., n = 100) at the apex, erect, septate, hyaline,
unbranched, bearing a single conidium at the apex. Conidia two types: macroconidia
30.5-59 x 6-16.5 pm. (X =47.7 x 11.6 pum., n = 100), smooth and hyaline, clavate,
long-fusiform, lanceolate, usually with a super cell at the middle, rounded at the apex
and truncated at the base, 2—5-septate (1-2 septa at the apex and 1-3 septa at the base
of the conidia),; microconidia 20.5-38.5 X 6-8.5 pym. (X =30.4 x 7.4 um., n = 100),
smooth and hyaline, clavate, subfusiform, lanceolate, 0-2-septate. Macroconidia
germinating from the small end cells, and the super cell usually do not germinate.
Catching nematodes with adhesive knobs, 4.5-6.5 pm. (X =5.1 um., n=100) diameter.
Chlamydospores not observed.

Notes: Phylogenetically, Dactylellina nanzhaoensis is the closest species of Da.
yushanensis (100% MLBS and 1.00 BYPP). Although there is only 1.6 % (8/509 bp)
difference in their ITS sequences, they can be clearly distinguished morphologically.
The conidiophores of Da. nanzhaoensis are unbranched, bearing a single conidium,
while those of Da. yushanensis occasionally produce a geniculate branch and bear two
conidia. The macroconidia of Da. nanzhaoensis exhibit greater morphological diversity

(clavate, long-fusiform, lanceolate), with some macroconidia lack the super cells. In
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contrast, the large conidia of Da. yushanensis are mostly spindle-shaped with pointed
ends and a super cell (Zhang et al., 2020b). In comparison, Da. nanzhaoensis is
morphologically more similar to another newly reported species (Da. mazongensis) in
this study. However, the macroconidia of Da. nanzhaoensis are longer than those of Da.
mazongensis [Da. nanzhaoensis, 30.5-59 (47.7) um. versus Da. mazongensis, 26.5—
53(39.2) um.]. Additionally, Da. nanzhaoensis produces microconidia, whereas Da.
mazongensis does not. Furthermore, there is a lower sequence similarity between them,
Da. nanzhaoensis is 9.1% (46/506 bp), 6.5% (30/460 bp) and 11.9% (64/537 bp)
different from Da. mazongensis in ITS, TEF and RPB2 sequences.
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Figure 10.11 Dactylellina nanzhaoensis (DLUCC152). (a) Culture colony on PDA
medium. (b) Microconidia. (¢) Macroconidia. (d) Trapping structure:

adhesive knobs. (e) Germinating conidia. (f) Conidiophores. Scale bars:

(a)=1 cm., (b, c, e, f) =20 um., (d) =10 pm.
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Dactylellina niuzidengensis F. Zhang, K.D. Hyde & X.Y. Yang, sp. nov. (Figure
10.12)

Index Fungorum number: IF902014; Facesoffungi number: FoF 15759

Etymology: The species name niuzidengensis” refers to the location “Niuzideng
Mountain, Miaowei Town, Yunlong County, Dali City, Yunnan Province, China” where
the species was first collected.

Material examined: China, Yunnan Province, Dali City, Yunlong County,
Miaowei Town, Niuzideng Mountain, from the soil collected in burned forest (0—10 cm.
depth), 6 March 2018, F. Zhang, BF09-1. Holotype DLUCC143. Dali City, Yunlong
County, Miaowei Town, Niuzideng Mountain, from the soil collected in burned forest
(0—10 cm. depth), 6 March 2018, F. Zhang, BF99-1. Paratype YL39.

Saprobic on soil. Sexual morph: Undetermined. Colonies on PDA white,
villiform, growing slowly, reaching 55 mm diameter after 15 days in the incubator at
26 °C. Mycelium partly superficial, partly immersed. Hyphae septate, branched, smooth
and hyaline. Conidiophores 86-225.5 pm. long (X = 164.6 um., n = 100), 3.5-6 um.
wide (X =4.5 um., n = 100) at the base, gradually tapering upwards to the apex, 2-3.5
pm. wide (X =2.6 um., n = 100) at the apex, erect, septate, hyaline, producing several
branches in the middle and upper part of the conidiophores, each branch bear a single
conidium at the apex or produce several short denticles near the apex (each denticle
bear a single conidium). Conidia two types: macroconidia 40-88 x 9.5-17.5 um. (X =
54.5 x 12.8 um., n = 100), smooth and hyaline, diverse in form, clavate, botuliform,
subfusiform, usually with a super cell at the middle, rounded at the apex and truncated
at the base, some conidia slightly curved, 3—6-septate; microconidia 22-35 x 7.8—14.5
pum. (X =29.3 x 11.8 pm., n= 100), smooth and hyaline, diverse in form, drop-shaped,
obovate, clavate, subfusiform, subelliptic, rounded at the apex and truncated at the base,
some microconidia slightly curved, 0—4-septate (mostly 2-septate). Macroconidia
germinating from the small end cells, and the super cell usually do not germinate.
Catching nematodes with adhesive knobs, 4.5-6.5 pm. (X =5.4 um., n=100) diameter.
Chlamydospores not observed.

Notes: Phylogenetically, Dactylellina niuzidengensis clusters together with Da.
lysipaga, Da. sichuanensis and Da. appendiculata with 99% MLBS and 0.98 BYPP
support. There is 6.5% (32/495 bp) difference in the ITS region between Da.
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niuzidengensis and Da. appendiculata, whereas Da. niuzidengensis differs from Da.
lysipaga and Da. sichuanensis by only 2 and 9 bases in the ITS region. Nevertheless,
there are still morphological differences between Da. niuzidengensis and Da. lysipaga,
Da. sichuanensis. For instance, Da. niuzidengensis captures nematodes using adhesive
knobs alone, while Da. Ilysipaga and Da. sichuanensis capture nematodes using
adhesive knobs and non-constricting rings. The conidiophore of Da. niuzidengensis
typically produces long branches, which can also generate short denticles, in contrast,
the conidiophore of Da. lysipaga and Da. sichuanensis unbranched. The conidia of Da.
lysipaga and Da. sichuanensis are mostly spindle-shaped, whereas Da. niuzidengensis
exhibits a greater diversity in conidia morphology, including clavate, botuliform, or
subfusiform. Dactylellina niuzidengensis produces microconidia with 0-3 (2) septa,
while Da. lysipaga and Da. sichuanensis do not produce microconidia (Drechsler, 1937,
Li et al., 2006; Zhang & Hyde, 2014). The differences between Da. niuzidengensis and
Da. appendiculata are also evident. The conidiophores of Da. appendiculata typically
do not branch and bear a single conidium at the apex. In contrast, the conidiophore of
Da. niuzidengensis usually branches, bearing multiple conidia. The conidia of Da.
appendiculata are mostly spindle-shaped, while Da. niuzidengensis exhibits a greater

diversity in conidial morphology (Drechsler, 1937; Zhang & Hyde, 2014).
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Figure 10.12 Dactylellina niuzidengensis (DLUCC143). (a) Culture colony on PDA
medium. (b) Microconidia. (¢) Macroconidia. (d) Trapping structure:
adhesive knobs. () Germinating conidia. (f, g) Conidiophores. Scale bars:
(a)=1cm., (b,c,e,f, g) =20 um., (d) =10 pm.

Dactylellina tingmingensis F. Zhang, K.D. Hyde & X.Y. Yang, sp. nov. (Figure
10.13)

Index Fungorum number: 1F902013; Facesoffungi number: FoF 15760

Etymology: The specific epithet “tingmingensis” refers to a stream (Mingting
Stream) next to the sample collection site, which is one of the famous 18 streams in

Cangshan Mountain.
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Material examined: China, Yunnan Province, Dali City, Cangshan Mountain,
Maer Peak (Yushan Mountain), from the soil collected in burned forest (0—10 cm.
depth), 24 March 2018, F. Zhang, F1-2. Holotype DLUCC142. Cangshan Mountain,
Maer Peak, from the soil collected in burned forest (0—10 cm. depth), 24 March 2018,
F. Zhang, E1-3. Paratype YS28.

Saprobic on soil. Sexual morph: Undetermined. Colonies on PDA white, cottony,
growing slowly, reaching 45 mm diameter after 15 days in the incubator at 26 °C.
Mycelium partly superficial, partly immersed. Hyphae septate, branched, smooth and
hyaline. Conidiophores 55—180 um. long (X =120 pm., n = 100), 4-6.5 um. wide (X
=5 um., n = 100) at the base, gradually tapering upwards to the apex, 2—3.5 um. wide
(X =2.8 um., n =100) at the apex, erect, septate, hyaline, usually grows in clusters,
unbranched or branched at the base, bearing a single conidium at the apex or a second
conidium at the subapical. Conidia 32.5-56 x 10.5-18 pm. (X =439 x 149 ym.,n=
100), smooth and hyaline, rounded at the apex and truncated at the base; immature
conidia drop-shaped, obovate, with a super cell at the apex and 0-2 septa at the base;
mature conidia subfusiform, 3—4-septate (mostly 4-septate, 1-2 septate at both ends of
the conidia), with a super cell at the middle. No microconidia was observed. Conidia
germinating from the small end cells, and the super cell usually do not germinate.
Catching nematodes with adhesive knobs, 4.5-7.5 pm. (X =5.3 um., n=100) diameter.
Chlamydospores not observed.

Notes: Phylogenetically, Da. tingmingensis is sister to Da. maerensis (another
new species described in this paper) and forms an independent lineage (88% MLBS,
0.90 BYPP). In morphology, Da. tingmingensis can be easily distinguished from all
Dactylellina species by its shorter conidiophores growing in clusters and branching at
the base (the conidiophore of all other Dactylellina species grow individually and

dispersedly) (Zhang & Mo, 2006; Zhang & Hyde, 2014).
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Figure 10.13 Dactylellina tingmingensis (DLUCC142). (a) Culture colony on PDA
medium. (b, ¢) Conidia. (d) Trapping structure: adhesive knobs. (e)
Germinating conidia. (f) Conidiophores. Scale bars: (a) =1 cm., (b, c, e,

f) = 20 pm., (d) = 10 pm.

Dactylellina wangiaoensis F. Zhang, K.D. Hyde & X.Y. Yang, sp. nov. (Figure
10.14)

Index Fungorum number: IF902015; Facesoffungi number: FoF 15761

Etymology: The specific epithet refers to the location “Wangiao Town, Dali City,

Yunnan Province, China”, where the species was first collected.



233

Material examined: China, Yunnan Province, Dali City, Wangiao Town,
Dashaba Mountain, from the soil collected in burned forest (0—10 cm. depth), 16 June
2021, F. Zhang, ZX6-1. Holotype DLUCC144. Dali City, Wanqiao Town, Dashaba
Mountain, from the soil collected in burned forest (1020 cm. depth), 16 June 2021, F.
Zhang, ZX18-2. Paratype WQ54.

Saprobic on soil. Sexual morph: Undetermined. Colonies on PDA white,
cottony, growing slowly, reaching 45 mm diameter after 15 days in the incubator at
26°C. Mycelium partly superficial, partly immersed. Hyphae septate, branched, smooth
and hyaline. Conidiophores 110.5-251 pm. long (X =183.2 um., n = 100), 3-5.5 pm.
wide (X =3.9 um., n = 100) at the base, gradually tapering upwards to the apex, 2-3.5
um. (X = 2.6 um., n = 100) wide at the apex, erect, septate, hyaline, unbranched,
bearing 14 conidia per conidiophore (a single conidium is born at apex, while the rest
are usually scattered on the conidiophore). Conidia 27.5-45.5 x 11-14.5 pm. (X =
37.9 x 13.2 um., n = 100), smooth and hyaline, rounded at the apex and truncated at the
base; immature conidia drop-shaped, obovate, with a super cell at the apex and 0-3
septa at the base; mature conidium subfusiform, 3—5-septate (1-2 septa at apex and 1—
3 septa at base of the conidia), with a super cell at the middle. No microconidia was
observed. Conidia germinating from the small end cells, and the super cell never
germinating. Catching nematodes with adhesive knobs, 4.5-6.5 um. (X =5.3 um.,n=
100) diameter. Chlamydospores not observed.

Notes: Phylogenetically, Dactylellina wangiaoensis clusters together with Da.
yushanensis and two other new species reported in this study Da. miaoweiensis and Da.
nanzhaoensis (90% MLBS and 0.90 BYPP). Dactylellina wangiaoensis is 6.5%
(33/510 bp), 7.5% (67/897 bp) and 7% (40/604 bp) difterent from Da. yushanensis, Da.
miaoweiensis and Da. nanzhaoensis in ITS sequences. Morphologically, the conidial
shape of Da. wangiaoensis resemble those of several species, such as Da.cangshanensis,
Da. mutabilis, and Da. robusta. However, the distinctive feature of Da. wangiaoensis
is the presence of 1-4 conidia borne on a conidiophore, and after the conidia detach
from the conidiophore, the latter does not exhibit any protruding structure (such as short
denticles or nodes). This characteristic is absent in other similar species (Zhang & Mo,

2006; Zhang & Hyde, 2014).
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Figure 10.14 Dactylellina wangiaoensis (DLUCC144). (a) Culture colony on PDA
medium. (b, ¢) Conidia. (d) Trapping structure: adhesive knobs. (e, f)
Conidiophores. Scale bars: (a) =1 cm., (b, ¢, f) =20 um., (d) = 10 um.,
() =50 pm.
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Dactylellina wubaoshanensis F. Zhang, K.D. Hyde & X.Y. Yang, sp. nov. (Figure
10.15)

Index Fungorum number: IF902030; Facesoffungi number: FoF 15762

Etymology: The species name “wubaoshanensis” refers to a peak (Wubaoshan
Peak) next to the sample collection site.

Material examined — China, Yunnan Province, Dali City, Yunlong County, Miaowei
Town, Niuzideng Mountain, from the soil collected in burned forest (0—10 cm. depth), 6
March 2018, F. Zhang, BF159-1. Holotype DLUCC154. Dali City, Yunlong County,
Miaowei Town, Niuzideng Mountain, from the soil collected in burned forest (10-20 cm.
depth), 6 March 2018, F. Zhang, BF160-2. Paratype YL349.

Saprobic on soil. Sexual morph: Undetermined. Colonies on PDA white, cottony,
growing slowly, reaching 36 mm diameter after 15 days in the incubator at 26 °C. Mycelium
partly superficial, partly immersed. Hyphae septate, branched, smooth and hyaline.
Conidiophores 71-249 um. long (X =158.4 pm.,n=100), 2.5-7 um. wide (X =4.4 um.,
n = 100) at the base, gradually tapering upwards to the apex, 1.5-3 pm. (X =2.5 um.,n=
100) wide at apex, erect, septate, hyaline, unbranched, bearing a single conidium at the
apex, occasionally a second conidium is born in the lower middle part of the conidiophore.
Conidia 30-51.5 x 9.5-16 pm. (X = 39.5 x 12.2 um., n = 100), smooth and hyaline,
rounded at the apex and truncated at the base; immature conidia drop-shaped, with a super
cell at the apex and 1-3 septa at the base; mature conidium subfusiform, 3—4-septate (1-2
septa at both end of the conidia), with a super cell at the middle. No microconidia was
observed. Conidia germinating from the small end cells, and the super cell usually do not
germinate. Catching nematodes with adhesive knobs, 4-6.5 pm. (X = 5.2 pm., n = 100)
diameter. Chlamydospores not observed.

Notes: Phylogenetic analysis revealed that the systematic position of Dactylellina
wubaoshanensis is uncertain but showed distinction from known species. Dactylellina
wubaoshanensis is morphologically similar to Da. ellipsospora and Da. maerensis (the
other new species reported in this study). There are two main differences between Da.
wubaoshanensis and Da. ellipsospora: 1) The former occasionally bears two conidia on a
single conidiophore, while the latter only bears a single conidium per conidiophore; 2) The
conidia of Da. wubaoshanensis are smaller than those of Da. ellipsospora [Da.

wubaoshanensis, 30-51.5 (39.5) x 9.5-16 (12.2) um. versus Da. ellipsospora, 40-57.5
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(48.3) x 10-17.5 (13) um.], and Da. ellipsospora produces 2—4-septa conidia, whereas Da.
wubaoshanensis can produce 5-septate conidia (Zhang & Mo, 2006; Zhang & Hyde, 2014).
Dactylellina wubaoshanensis can be distinguished from Da. maerensis based on the
morphology of their conidiophores: the second conidia of the former typically develops on
the lower middle part of the conidiophore, while the second conidia of the latter usually
bear on a branch near the apex of the conidiophore. Furthermore, the base and apex of the
conidia produced by Da. wubaoshanensis are nearly symmetrical, whereas in Da.

maerensis, the base and apex of the conidia are noticeably asymmetrical.

Figure 10.15 Dactylellina wubaoshanensis (DLUCC154). (a) Culture colony on PDA
medium. (b, ¢) Conidia. (d) Trapping structure: adhesive knobs. (e)
Conidiophores. Scale bars: (a) =1 cm., (b, ¢, €) =20 um., (d) =10 pm.
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Dactylellina xinjuanii F. Zhang, K.D. Hyde & X.Y. Yang, sp. nov. (Figure 10.16)

Index Fungorum number: IF902031; Facesoffungi number: FoF 15763

Etymology: The specific epithet “xinjuanii” comes from Xinjuan Zhou, one of the
main collectors of this batch of soil samples.

Material examined: China, Yunnan Province, Dali City, Yunlong County, Miaowei
Town, Niuzideng Mountain, from the soil collected in burned forest (10-20 cm. depth), 6
March 2018, F. Zhang, BF119-2. Holotype DLUCCI155. Dali City, Yunlong County,
Miaowei Town, Niuzideng Mountain, from the soil collected in burned forest (10-20 cm.
depth), 6 March 2018, F. Zhang, BF101-2. Paratype YL531.

Saprobic on soil. Sexual morph: Undetermined. Colonies on PDA white, villiform,
growing slowly, reaching 55 mm diameter after 15 days in the incubator at 26 °C. Mycelium
partly superficial, partly immersed. Hyphae septate, branched, smooth and hyaline.
Conidiophores 68-281 pm. long (X =177.9 ym.,n=100), 4.4-7.5 pum. (X =6 um.,n=
100) wide at the base, gradually tapering upwards to the apex, 2—4.5 um. wide (X = 3.5
um., n = 100) at the apex, erect, septate, hyaline, unbranched, bearing a single conidium at
the apex. Conidia 40-58 x 14.5-21 pm. (X = 50.2 x 16.7 um., n = 100), smooth and
hyaline, rounded at the apex and truncated at the base; immature conidia drop-shaped or
clavate, 1-3-septate, with a super cell at the apex or middle; mature conidium subfusiform,
3—5-septate (mostly 4-septate, 1-2 septa at apex and 2-3 at base of the conidia), with a
super cell at the middle. No microconidia was observed. Conidia germinating from the
small end cells, and the super cell usually do not germinate. Catching nematodes with
adhesive branches, adjacent branches often fuse at the apex to form a two-dimensional
adhesive network. Chlamydospores not observed.

Notes: Dactylellina xinjuanii is phylogenetically related to Da. cionopaga (100%
MLBS and 1.00 BYPP). They show difference of 4.6% (23/495 bp), 5.2% (27/517 bp), and
3.3% (18/547 bp) in ITS, TEF and RPB2 sequences. Morphologically, Da. xinjuanii and
Da. cionopaga are difficult to distinguish at first sight. However, the former produces
unbranched conidiophores and bear a single conidium at the apex, while the latter
sometimes produces branched conidiophores and bear multiple conidia. In addition, the top
and base of the conidia of the former are asymmetrical, while those of the latter are
generally symmetrical. Furthermore, the conidia of Da. cionopaga are constricted

significantly at the septa, while the conidia of Da. xinjuanii do not have any constrictions
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(Drechsler, 1950; Zhang & Mo, 2006).

Figure 10.16 Dactylellina xinjuanii (DLUCC155). (a) Culture colony on PDA medium.
(b, ¢) Conidia. (d) Trapping structure: adhesive branches. (e)
Germinating conidia. (f) Conidiophores. Scale bars: (a) =1 cm., (b, c, e,

f) =20 pm., (d) = 10 pm.
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Dactylellina yangxiensis F. Zhang, K.D. Hyde & X.Y. Yang, sp. nov. (Figure
10.17)

Index Fungorum number: IF902017; Facesoffungi number: FoF 15764

Etymology: The specific epithet “yangxiensis” refers to a stream (Yangxi
Stream) next to the sample collection site, which is one of the famous 18 streams in
Cangshan Mountain.

Material examined: China, Yunnan Province, Dali City, Wanqiao Town,
Dashaba Mountain, from the soil collected in burned forest (0—10 cm. depth), June 2021,
F. Zhang, ZX14-1. Holotype DLUCCI147. Dali City, Wanqiao Town, Dashaba
Mountain, from the soil collected in burned forest (0—10 cm. depth), June 2021, F.
Zhang, ZX9-1. Paratype WQ114.

Saprobic on soil. Sexual morph: Undetermined. Colonies on PDA white,
cottony, growing slowly, reaching 38 mm diameter after 15 days in the incubator at
26 °C. Mycelium partly superficial, partly immersed. Hyphae septate, branched, smooth
and hyaline. Conidiophores 185.5-304 um. long (X =261.8 um., n = 100), 3—6 um.
wide (X =4.6 um., n = 100) at the base, gradually tapering upwards to the apex, 1.5—
3 um. wide (X = 2.3 um., n = 100) at the apex, erect, septate, hyaline, unbranched,
bearing a single conidium at the apex. Conidia 25.5-49 x 10-20 um. (X =39.2x15.3
pm., n = 100), smooth and hyaline, subfusiform, some conidia slightly curved, rounded
at the apex and truncated at the base, with a super cell at the middle, 1—4-septate (mostly
3-septate). No microconidia was observed. Conidia usually germinating from the small
cells at both ends. Catching nematodes with adhesive branches, adjacent branches often
fuse at the apex to form a two-dimensional adhesive network. Chlamydospores not
observed.

Notes: Phylogenetically, Dactylellina yangxiensis clusters together with Da.
dashabaensis (other new species reported in this study) and Da. gephyropaga with 100%
MLBS and 0.98 BYPP support. Dactylellina yangxiensis is 3% (16/529 bp) and 5%
(25/496 bp) different from Da. dashabaensis and Da. gephyropaga in ITS sequences.
In morphology, Da. yangxiensis is more similar to Da. shuzhengsum in the terms of
conidiophore (unbranched, bearing a single conidium at the apex), the shape and septa
of conidia (subfusiform, 2—4-septate, with a super cell at the middle of the conidia).

However, the trapping structure (adhesive branches) of Da. shuzhengsum typically have
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a short stalk connected to the mycelium at its base, which is absent in Da. yangxiensis.
Furthermore, the conidia of Da. yangxiensis are noticeably wider than those of Da.
shuzhengsum [Da. yangxiensis, 10-20 (15.3) um. versus Da. shuzhengsum, 5-12.5 (8.3)
um.] (Zhang & Mo, 2006).

Figure 10.17 Dactylellina yangxiensis (holotype DLUCC147). (a) Culture colony on
PDA medium. (b, d) Conidia. (e) Trapping structure: adhesive branches.
(f) Germinating conidia. (c, g) Conidiophores. Scale bars: (a) =1 cm., (b,

d, f, g) =20 pm., (¢) = 10 pm., (c) = 50 pm.
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10.3.3 Comprehensive Morphological Framework of Dactylellina Species

The comprehensive morphological framework of Dactylellina species we provide
here consists of three modules (we divided the framework of Dactylellina into two figures
according to their trapping structures due to the table being too large to put in the text)
(Figure 10.18, 10.19). The first module is the preliminary classification part (columns 1—
3), which utilizes features that are clearly differentiated and can be clearly discerned
through preliminary observation (such as the type of trapping structures, the characteristics
of conidiophores, the shape, septa and super cell of conidia) to divide 51 Dactylellina
species into several categories. When identifying an unknown strain, it can be classified
into a specific category based on these characteristics. The second module is the detail
description part (column 4), which supplements the features not mentioned in the first
module, aids in further species identification and facilitates comparison of similar species.
This section allows for a more detailed comparison of strains that cannot be identified using
the first module. The third module is the species name part (column 5), which corresponds
one-to-one with the aforementioned species features.

Compared with the traditional dichotomous species key, the key of Dactylellina
species we provide here demonstrates the following advantages. Firstly, it includes various
morphological features of each species, accurately representing the appearance of each
species in the table. This facilitates the comparison of similar species, improving the
accuracy of species identification and further providing a comprehensive understanding of
the morphological features of this group of fungi. Secondly, most of the features listed in
the table are objective descriptions, reducing the subjective judgments often seen in
traditional dichotomous species keys (such as “the conidia of A are longer” or “the conidia
of A are rounded”), thus increasing the accuracy and usability of the key. Thirdly, due to
the limited number of features available for species identification and the high number of
similar species, the result may correspond to multiple possible species when using this
species key for strain identification. Although this table may not be able to identify an
unknown strain to an exact species accurately, it can accurately bring the unknown strain
close to several possible species, and further accurate identification can be made based on
other features (such as detailed morphological comparisons and even molecular biology
identification). When there are many similar species, compared with traditional

dichotomous species key that forcefully assign a species, this identification method is also
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an effective way to improve accuracy.

Trapping Conidiophore Conidia =mﬁ.mm.w nnunﬂ.u Q_E. v Taxa
structure Hacroconidia and microcinidia
Fusiform, apex wider than base 24 (3 or 4)-septate, 2348 (35.9) x 7-13.5 (11.06) pm. Dactyiellina cangshanensis
Subfusiform the first mﬁﬂe near the base usually constricted, 2-4 (3)-septate, 21-39 (27.8) x 85— Dachiclling arhaiensis
7 16.5 (12.9) pm. Microconidia clavate, lanceolate, 0-1 (1)-septate, 11-20.5 (14.4) x4.5-8.5 (6.4) pm. '
Lessthan 4 Less than 0 pminlength. — Fp oo™ 37,550 X 125175 ym Dactyiellina mutabili
Al conidia MMWW%H; Fusfom, 24 (4)-septate, 3545 x §-14 pm. Dactyiellina parvicollis
have a super in fength. Fusform, 3-4-septate, 32-49.5 (38.6) x 10.5-18.5 (13.5) pm. Dactyieilina miaoweiensis
Beating a snge cell S Fusiform. wﬁfs@@ than Ewm“ me (3)-septate, mcwuﬁ * 10-24 um. Dactylellina %w%ﬁa:.sﬁ
) conidinm at the fength. Fusform, 24 (4)-sepate, 40-57.5 48.3) = 10-17.5 (13) pm. Dactyiellina ellipsospora
Unbranched — Elliptic, subfusform, apex wider than base, 3—4-septate, 30-60 x 9-17 ym Dactylel nammiliata
Septa may reach 5 or 6, the length may be  |Fusiform, 3-5 (4)sepfate, 68-85 x 20-30 ym. Dactyieilina robusta
greater than 60 pm. Fusiform,1-6 (4)-septate, 56-97 = 8.5-16 m. Dacryleiling copepodii
Subfusiform, davate, lanceolate, 3-5 (4)-septate, 26.5-53 (39.2) * 6-16.5 (9.9) um. Dactyieiling mazengensis
Some conidia have a super cell. Long fusifom, clavate, lanceolate, 2-5 (4)sepfate, 30.5-39 (47.7) » 6-16.5 (11.6) um. Microconidia .
i n_a.mﬁ subfusiform, lanceolte, 0-2 EMMMM" 205383 moew 6-8.3 q.ﬁt Eﬁ e A Tt
Conidia bear Conidia have no obvious super cell the sepfa are almost Subfusiform clavate, 3-septate, 32-54 x 8-12 um Dactyieilina lobata
on uniformly distributed. Cylindrical, lanceolate, subfusiform, partially curved, 2-8 (4-T)-septate. 30-70 % 5-7.5 pm. | formosana
conidiophore 14 conidia borne on conidiophore without any distinctive stucture. Subfusiform, with a super cell, 3-5-septae, 27.545.5 (379) * 11-14.5 (13.2) pm. Ha Wangiaoensis
incompactly Conidia have no obvious super cell the sepfa are almost Conifom, clavate, apex wider than base, 1-5 (3)-septate, 20-46 (31.5) x 6.5-9.5 (8.2) pm. na asthencpaga
Usually uniformly distributed. Fusiform, clavate, apex wider than base, 3-5 (3)-septate, 25-50 % 9.5-12 um_ 1a querciss
Adhesive c:caamn" § Subfusiform. apex wider than base. 24 (3)-septate, 29.548.7 (39.6) x 10.7-154 (13.1) ym_ na drachsleri
— wnwwﬁ% with Subfiusiform, 14 (4)-septate, 3148 (42) * 5-14 (0.4) ym. na dulongensis
. Less than 4 septa, less than 50 um in length. mcﬁ..em?:p apex wider than base, 24 Q.Em.sﬁ 0405 E.S x.a.mu_m.m (12.6) pm. MAgTeis is
(denticles), Have 2 super Mﬁmﬁz“ ) i wﬁw \aw.uu S u‘e‘m H JeorBEpgin dopapeddiz Dactylellina yus hanensis
s [t el m.QE. Tm‘cu.mmﬁaﬁ 16-40.5 27) % 3-8.5 (3.5) pm.
or branched |single conidium, Fusiform, 1-5 (3—4)-septate, 46-71 (62.3) ¥ 21-29 (24.7) ym. Dactylellina phymatopaga
occasionally 2-3 Septa may be more than 4. the length may be [Long fusifomn, clavate, 4-9 (6-8)-septate, 67.5-132.5 (91.6) x 3.8-17.5 (15.5) um. Dactylellina multiseptatum
conidia. areater than 50 pm. Subfusiform, davate, 3-5 (4)-sepfate, 30.5-56 (42.1) ¥ 8.5-17.5 (12.3) pm Dactylelling lancangensis
Fusifom, 3-5 (3-4)-septate, 30-52.5 (39.5) x 8.5-16 (12.2) um. Dactyieilina wirbaoshanensis
Muitiple long branches Em.%:ﬂmﬁau on conidiophore, each branch with 14 Clavae, botuliform, subfusiform, partially with a super cell, 3-6 (4-5)-septate, 40-88 (34.5) x 9.5-175 [mspses oz
denticles and bear 14 comidia. (12.8) ym. Microconidia drop-shaped, davate, (-3 (2)-septate. 22-35 (20.3) x 7.8-14.5 (11.8) ym. .
WMH:%%M”QM M Myﬁwwmwﬁﬂmﬂ”ﬁwﬁ HHMMM nﬂﬂﬁ“ HMMWMWQ Subfusiform, with a supercell, 34 (4)-septate, 32.5-56 (43.9) % 10.5-18 (14.9) pm. Dactyiellina tingmingers is
 buancied A cluster of extremely short denticles gathered as a node at the apex. Obovate, n_m§.|,|w3|w L- .aw. the septum usually consricted, apes.cef i EmEﬁm‘ﬁ L3-1.3 750 um. _Dacnie -
or Obovate, eflipfic to cylindrical, 04 (3)-septate. have no super cell, 16-28.5 x 7.5-12 ym. Dacnviellina hertiana
occasionally |Produce a cluster of short denticles at the apex. or produce several chustersof  (Fusiform, with a super cell, 3-5 (4)-septate, 30-36.5 (40.6) x 8-16 (12.8) um. Microconidia clavate, el oty
Conidia branched | shert denticles by repeated elongation. lanceolate, 0-1-sepiate. 20-27.5 (24.7) x 4-7.5 (53 um. :
cluster on Long fusiform, clavate lanceolate, have no super cell, 24 (3)-septate, 20.5-41 x4.5-75 um. Dacrylel
conidiophore Produce a cluster of short denficles at the apex. Subfusiform, with a super cell, 2-4 (3-—4)-septate, 2347 x5-11 ym. Dacryle
Unbranched Subfissiform, with a super cell, 3-5 4)-septate, 33-50 (43.7) % 74-133 (10.7) um. Dactylel

Produce a cluster of short denticles at the apex, or produce several clusters of
shert denticles by repeated elongation.

Cilindrical, clavate, without super cell, | septa at the middle, 15-28 % 4.5-5.5 pm.

Dactyiellina entomopaga

Figure 10.18 The comprehensive morphological framework of adhesive Knobs

produce species in Dactylellina
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: Detail description
Trapping Conidiophore Conidia — Taxa
structure Macroconidia
noe.&m ..,._cmﬁ Unbranched.produce 2 cluster qmmﬁz s Long fusiform, without super cell 3 septa are evenly distributed, 30-54 * 4-6 pm. Dactylelling arcuata
on conidiophore at the apex, bear 1-8 conidia :
Unbranched, occasionally produce 1-2 short  |Fusiform, with a super cell, 2-6 (3-4)-septate, 3560 x 13-21 pm. Dactylellina cionapaga
Adhe branches (short denticles), bear 1-3comidia.  [Fusiform. with a super cell. 2-6 (3—4)-septate. 30-67.5 (45) * 10-23.5 (16) pm. Dactyielling geplyropaga
Adhesive
branches Comidia bear on Unbranched Less than 4 septa, less than 50 p |Fusiform, with a super cell, 14 (3—4)-septate, 2545 (32.4) x 5-12.5 (8.3) pm. Adhesive branches with a short stalk |Dactylelling shuzhengsim
conidiophore wwm“umam_m min length Subfusiform, with a super cell 24 (3)-septate, 25.5-49 (39.2) x 1020 (15.3) um. Dactylelling yangxiensis
incompactly comidinm a | Septamay reach 5 or 6. the Subfusiform, with a super cell, 36 (4-5)-septate, 40-58 (50.2) x 14.5-21 (16.7) um. Dactylelling xinjuanii
e length may be greater than 50 u m_.&m_m.mq@. 3& a super cell the septa of the samll cells a both ends is clearly constricted, 3-5 (4)-septate, 47-72 Dactylllina dashabaensis
m. (39) x 14.5-25.5 (21) pm.
Trappi Detail description
rappiig Conidiophore Conidia g < Taxa
structure Macroconidia and conidiophore
Fusiform, partially curved, w|.w EJ@..mmEuﬁ 34-81(47.3) x 8.5-12.5 (10.2) pm. Conidiophore produce 1-5 short Dactelling yunmanensis
i branches at the apex, bear 1-5 conidia.
Have a obvious super cell. - : = — o
Long fusiform, partially curved. 2-5 (4)-septate, 27.5-57.5 (35) = 7.5-12.5 (%) um. Conidiophore Produce 1-12 -
oy Dactylelling candida
short branches at the apex bear 1-12 (3-5) conidia ;
Fusiform, clavate, lanceolate, partially curved, 1-13 (6-8)-septate, 28.7-51.5 (40.8) x 3.2-52 (4.2) um. Dectvielling dalienst
Conidiophore unbranched or produce long branches, each branch produce 1-7 short denficles, bear 1-7 conidia. RAIAOIEETIRD
Conidia cluster on conidiophore
Long columnar, lanceolate, apex usually attached a adhesive knob, 5-8-septate, 35-60 x 2.2-3.7 pm Conidiophore Dactvielling h y
Adhesive Have no obvious super cell septa produce a duster of denticles (1-15) near the apex. bear 1-15 conidia. actylellin haptospera
! 7as almast uniformly distributed. - } P
knobs and i Long fusiform, partially curved, 1-9 (7-8)-septate, 25-61.5 (46.5) * 6.5-10 (9) pm. Conidiophore produce long Dachiel e
fnof- . branches in the lower part of the middle, each branch with 1-5 short denticles,bear 1-5 conidia. e BT S
MHMWEEM Clavate, lanceolate, partially curved, 4-10-septate, 28-70.5 (48.6) x 46 (5.1) pm. Conidiophore branched, each Dactyelling fedingensis

branch with a duster of short denticles (5-22), or produce several dlusters by repeated elongation.

Conidia bear on conidiophore
incompactly

Unbranched, bear a single

Fusiform, partially curved, with a super cell, 3-6 (4)-septate, 35-82.5 (53.5) x 7.5-17.5 (13) um.

Dactylelling sichuemensis

conidium at the apex. Fusiform, with a super cell, 3-8 (5)-septate, 25.5-117.5 (66.5) * 5.5-15.2 (14.1) ym. Dactylelling illaqueata
Subfusiform, with a super cell 24 (34)-septate, 27.5-85 (40.7) x 9-17.5 (11) ym. Dactylelling hysipaga
Unbranched, occasionally
produce 1-2 short branches (L ong fusiform, long columnar, lanceolate, clavate, apex usually attached a adhesive knob, without super cell, 4-15-
Dactylelling leptospara

(short denticles),bear 1-3 conidia

septate, 30-92 (64) x 4-6 (4.3) um. Microconidia subfusiform, lanceolate 3-8-septate, 10-35 x 4-5.8 pm.

Figure 10.19 The comprehensive morphological framework of adhesive branches and

non-constricting rings produce species in Dactylellina
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10.4 Discussion

10.4.1 The Phylogenetic Relationships of Trapping Structure in Dactylellina

As a group of fungi capable of forming specialized structures to capture
nematodes, Orbiliomycetes nematode-trapping fungi (NTF) have received extensive
attention as typical representatives of carnivorous fungi due to their unique survival
strategies, diverse morphological structures, rich species diversity, and potential value
in the biological control of harmful nematodes (Zhang & Hyde, 2014; Jiang et al., 2017,
Soliman et al., 2021). One of the most important research directions in the field of NTF
is to explore the evolution of these unique fungi, and the emergence of predation
function is usually considered as the main reason for the wide distribution of this group
fungi. Thus, trapping structures are mainly considered in evolutionary studies, and
understanding the phylogenetic relationships among species that produce different
trapping structures is a key basis for exploring the evolution of NTF. Presently, the
phylogenetic relationships within NTF have been partially resolved, For instance,
species employing constricting rings to capture nematodes form a distinct clade
(Drechslerella), and diverged from other species that trap nematodes with four kinds of
adhesive trapping structures. Among four adhesive trapping structures, species produce
adhesive networks cluster together (Arthrobotrys), and diverged from the remaining
three types of adhesive trapping structures. However, the phylogenetic relationships
among these three adhesive trapping structure, grouped as Dactylellina, remain unclear
(Ahrén et al., 1998; Li et al., 2005; Yang et al., 2007; Yang et al., 2012). The scarcity of
research material is a major factor impeding progress in understanding the phylogenetic
relationships of these three trapping structures within the Dactylellina. Dactylellina
exhibits low diversity in common habitats (such as forest or farmland soil, sediment,
animal waste), with most species being exceedingly rare, particularly those capture
nematodes with adhesive branches (only four species reported globally) and those
producing non-constricting-ring (only nine species reported globally). This study
reports eleven new species employing adhesive knobs to capture nematodes, one
species utilizing non-constricting rings, and three species utilizing adhesive branches,

thus providing additional data for intrageneric taxonomic studies of Dactylellina.
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Furthermore, this study found that all tested species that produce adhesive branches (8
species) formed a stable clade (Clade I, 98% MLBS and 0.95 BYPP support) (Figure
10.2). This result demonstrates the monophyly of species that produce adhesive
branches and partially clarifies the phylogenetic relationships within the genus
Dactylellina. However, the phylogenetic relationships among Dactylellina species that
produce adhesive knobs and non-constricting rings have not yet been fully resolved and

more research is needed.

10.4.2 The Contribution of Wildfire to Microbial Diversity

The history of NTF diversity research can be divided into three periods. Only
five species were discovered in the initial phase of nearly 90 years (from 1839 to 1929).
The rich phase (from 1931 to 2009), nearly 90 species were described over 80 years. In
the recent period over ten years (from 2010 to 2019), only four species were discovered
(http://www.speciesfungorum.org (accessed on 10 January 2024), Zhang et al., 2022a).
This trend might have been indicative that there remain little to be discovered more in
terms of novel species. However, we have investigated NTF in Yunnan Province in
recent years, resulting in the discovery of 36 new species. Among these, 13 new
Arthrobotrys (a dominant genus in most habitats) species and two new Drechslerella
species were found in typical habitats such as forest soil and freshwater sediments
(Zhang et al., 2022a; Zhang et al., 2022c; Yang et al., 2023; Zhang et al., 2023a; Zhang
et al., 2023b). The discovery of these species was on the expected line because of our
large-scale survey, which involved 3,346 samples from across Yunnan Province.
However, what was unexpected is that 21 rare and new NTF species (18 Dactylellina
and 3 Drechslerella species) were isolated from 420 soil samples collected from three
burnt forests in Dali City, Yunnan Province (Zhang et al., 2020b; Zhang et al., 2022b;
Zhang et al., 2023b). The isolation of such a significant number of rare and new NTF
species in such a small area and with such a limited sample size is highly unusual.

We also propose a hypothesis to explain this unusual phenomenon: the majority
of species commonly isolated are dominant taxa within their habitats. In a typical
habitat, Arthrobotrys species are dominant and usually found in resource-rich upper soil
due to their strong saprophytic growth and reproduction ability. In contrast, Dactylellina

and Drechslerella species are rare and usually found in subsoils that lack resources due
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to their weak saprophytic and reproductive ability (Mo et al., 2008; Swe et al., 2009;
Deng et al., 2020; Dackman et al., 2021). When a fire occurs, Arthrobotrys species in
the upper soil become more susceptible to the impact of the fire and are eliminated,
resulting in the formation of habitat gaps in the upper soil. However, the rare species in
the lower layer are protected by the upper soil, allowing them to remain intact. During
the subsequent recovery phase, after the competitive suppression imposed by
Arthrobotrys on rare species is lifted, the surviving Dactylellina and Drechslerella
species can grow abundantly and occupy the habitat gaps in the surface soil, forming
dominant groups in the area and more likely to be isolated. Based on this principle, we
speculate that other microbial groups with vertical distribution differences in the soil
may also exhibit similar patterns and yield many rare species in burned forests (She et
al., 2020; She et al., 2022). Further studies focusing on other groups are currently
underway, and their findings will form the subject for future reports.

The formation and maintenance of biodiversity are central topics in ecological
research (Zhihua et al., 2002; Vandermeer, 2006; Chisholm et al., 2016). With
increasing global climate change and the intensification of human activities in recent
years, forest fires have become more frequent and severe, attracting widespread
attention to their impact on biodiversity (Bowman & Murphy, 2010; He et al., 2019;
Kelly et al., 2020). On one hand, the high temperatures generated by forest fires and
the resulting environmental disturbances can cause devastating damage to vegetation
and animals. On the other hand, our research indicates that fire-affected forests harbour
a more significant number of rare species, and previous studies have also confirmed the
high species diversity and endemism often found in fire-prone areas (Bond & Parr, 2010;
Fernandes et al., 2018; She et al., 2020; She et al., 2022). Based on the hypothesis we
proposed above, we can further speculate that one of the contribution of forest fires to
biodiversity may be in the creation of habitat gaps in the surface soil and the elimination
of competitive suppression exerted by dominant taxa (Arthrobotry species) on rare taxa
(Dactylellina and Drechslerella species). This expands the diversity of previously rare
Dactylellina and Drehslerella species. Further reasoning, if a region has not
experienced a forest fire for an extended period, rare species within the region may be
continuously suppressed by dominant species due to their weaker competitive abilities.

Over time, this competition may lead to a gradual reduction in the population size of
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the rare species and eventually their extinction. Environmental disturbance factors, such
as forest fires, can initiate the reconfiguration of the local biological community and
create opportunities for rare species to thrive. Therefore, we propose that forest fires
may play a critical role in enabling the survival of rare and vulnerable species and serve
as an essential mechanism for maintaining biodiversity in ecosystems. It is unclear at
the moment if any of the isolated species from the lower strata of the soil are pyrophiles.

The role of rare microorganisms in ecosystems has long intrigued ecologists
(Sutherland et al., 2013). This study offers some insights into this matter. Nematodes,
as the most abundant animals in soil ecosystems, directly or indirectly participate in
nearly all soil ecological processes. Therefore, the stability of their populations is
crucial for normal functioning of ecosystems (Bongers & Bongers, 1998; Semprucci et
al., 2012, Mekonen et al., 2017). NTF serve as essential regulators of nematode
populations within the ecosystem (Liu et al., 2009; Zhang et al., 2020c). In undisturbed
habitats, Arthrobotrys species which have high population densities, play a dominant
role in balancing nematode populations. However, when a fire occurs, Arthrobotrys is
eliminated, and the previously rare genera Dactylellina and Drechslerella become more
abundant, thereby replacing Arthrobotrys in performing the ecological function of
regulating nematode populations. Based on above, it can be inferred that one function
of rare microorganisms is to act as alternative members, performing similar ecological
functions when ecosystems undergo severe disturbances that prevent dominant taxa
from fulfilling their ecological roles. These rare microorganisms contribute to the
stability and functioning of ecosystems during periods of disruption. And burned forest

is undoubtedly an ideal habitat for the discovery of new species and rare fungi.
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CONCLUSIONS

11.1 Overall Conclusion

The comprehensive suite of studies presented here has markedly enriched the
field of mycology by illuminating the diversity, ecological significance, and
evolutionary biology of nematode-trapping fungi (NTF), particularly within the diverse
genus Arthrobotrys and its relatives in the Orbiliomycetes. These studies conducted in
the biologically rich province of Yunnan, China, have not only expanded the taxonomic
breadth with the discovery of numerous new fungal species but also highlighted their
nuanced ecological roles and potential applications in bio-control within various
ecosystems.

The identification of these new species, such as Arthrobotrys blastospora,
which shows morphological traits akin to ancient carnivorous fungi, offers a profound
glimpse into the evolutionary dynamics of carnivorous fungi. Such findings have
implications far beyond taxonomy, suggesting mechanisms of ancient survival and
adaptation that could be harnessed in modern agricultural practices.

These studies have utilized cutting-edge multilogues phylogenetic analysis to
establish robust evolutionary relationships between newly discovered fungi and their
more well-known counterparts. This detailed genetic scrutiny has confirmed that the
newly identified species are distinct, clarifying their positions within the complex
phylogenetic tree of the fungal kingdom and revealing how these species have diverged
from common ancestors.

Furthermore, the ecological insights provided by these studies are invaluable.
The fungi’s diverse nematode-trapping mechanisms ranging from adhesive networks to
mechanical constricting rings, illustrate a fascinating array of evolutionary adaptations

that enable these fungi to thrive in competitive environments. This ecological versatility
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underscores the potential of NTF to act as natural bio-control agents, capable of
reducing harmful nematode populations in a way that is both effective and
environmentally sustainable.

Importantly, the research conducted on these fungi has shown their ability to
inhabit and function effectively in diverse environments, from terrestrial to aquatic
systems. This adaptability makes them particularly valuable for developing biological
control strategies in a variety of agricultural settings, offering a promising alternative
to chemical pesticides.

In conclusion, the detailed exploration of these new species has not only
provided critical taxonomic additions to the field of mycology but has also opened new
avenues for research into the ecological applications of NTF. The implications of this
work extend into ecological management, where these fungi could play pivotal roles in
sustainable agriculture, highlighting the importance of preserving fungal biodiversity
as a reservoir of biological tools for enhancing food security and ecosystem health. This
body of research lays a foundational stone for future studies aimed at harnessing the
power of biological processes to foster a more sustainable and resilient agricultural

system globally.

11.2 Research Advantages

11.2.1 Diversity and Novelty: The identification of multiple new species of
NTEF, including those with unique aquatic adaptations, adds valuable entries to the
global fungal taxonomy. This expands our understanding of fungal biodiversity,
especially in less-studied aquatic environments.

11.2.2 Methodological Rigor: Employing multilogues phylogenetic analyses
alongside detailed morphological characterizations ensures robust species
identification and evolutionary insights, setting a high standard for fungal taxonomy
research.

11.2.3 Ecological Insights: The research provides critical insights into the

ecological roles of NTF, demonstrating their potential in biological control and their
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mechanisms of nematode predation, which are crucial for sustainable agricultural
practices.

11.2.4 Geographical and Ecological Range: Focusing on a biodiversity hotspot
like Yunnan allows for the exploration of unique ecological niches, leading to the

discovery of species with potentially unique genetic and ecological traits.

11.3 Future Work

11.3.1 Deeper Ecological Interactions: Future studies should aim to uncover
the detailed mechanisms of interaction between NTF and their nematode hosts,
especially in aquatic environments where extracellular signaling plays a critical role.
Understanding these interactions will enhance the application of NTF in bio-control.

11.3.2 Broader Geographic Sampling: Expanding research to other diverse
regions globally could uncover more species and provide a comparative analysis of
NTF diversity and functionality across different ecological zones.

11.3.3 Long-term Ecological Impact Studies: Investigating the long-term
effects of introducing NTF into new environments is crucial for assessing their impact
on native species and ecosystems. This is particularly important for their application in
biological control.

11.3.4 Technological Integration: Utilizing emerging technologies such as
genomic sequencing and CRISPR-Cas systems could provide deeper insights into the
genetic basis of predation and resistance in NTF, paving the way for genetically
enhanced bio-control agents.

11.3.5 Conservation and Sustainable Use: As new species are discovered,
particularly in regions undergoing rapid environmental changes, there is a pressing need
to understand their roles in ecosystems and how they can be conserved and sustainably
utilized.

By continuing to explore these avenues, we can not only advance our
fundamental understanding of fungal ecology and evolution but also harness the

potential of NTF in addressing agricultural and environmental challenges.
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11.4 Publications

Nine papers as the first author, and three papers as co-author in collaboration,
were published in SCI journals. The first and co-author publications are listed below
and are appended to the thesis.

First author publications

Zhang, F., Zhou, X. J., Monkai, J., Li, F. T., Liu, S. R, Yang, X. Y., ... Hyde, K. D.
(2020). Two new species of nematode-trapping fungi (Dactylellina,
Orbiliaceae) from burned forest in Yunnan, China. Phytotaxa, 452(1), 65-74.
https://doi.org/10.11646/phytotaxa.452.1.6

Zhang, F., Liu, S. R., Zhou, X. J., Monkai, J., Hongsanan, S., Shang, Q. J., . . . Yang,
X. Y. (2020). Fusarium xiangyunensis (Nectriaceae), a remarkable new

species of nematophagous fungi from Yunnan, China. Phytotaxa, 450(3), 273—
284. https://doi.org/10.11646/phytotaxa.450.3.3

Zhang, F., Boonmee, S., Bhat, J. D., Xiao, W., & Yang, X. Y. (2022). New
Arthrobotrys nematode-trapping species (Orbiliaceae) from terrestrial soils
and freshwater sediments in China. Journal of Fungi, 8(7), 671.
https://doi.org/10.3390/j0f8070671

Zhang, F., Boonmee, S., Monkai, J., Yang, X. Y, & Xiao, W. (2022). Drechslerella
daliensis and D. xiaguanensis (Orbiliales, Orbiliaceae), two new nematode-
trapping fungi from Yunnan, China. Biodiversity Data Journal, 2022, 10.
https://doi.org/10.3897/BDJ.10.96642

Zhang, F., Yang, Y. Q., Zhou, F. P, Xiao, W., Boonmee, S., & Yang, X. Y. (2023).
Morphological and Phylogenetic Characterization of Five Novel Nematode-
Trapping Fungi (Orbiliomycetes) from Yunnan, China. Journal of Fungi, 9(7),
735. https://doi.org/10.3390/j0f9070735
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Zhang, F., Boonmee, S., Yang, Y. Q., Zhou, F. P., Xiao, W., & Yang, X. Y. (2023).
Arthrobotrys blastospora sp. nov.(Orbiliomycetes): A living fossil displaying
morphological traits of mesozoic carnivorous fungi. Journal of Fungi, 9(4),

451. https://doi.org/10.3390/j09040451

Zhang, F., Yang, Y. Q., Zhou, F. P, Xiao, W., Boonmee, S., & Yang, X. Y. (2024).
Multilocus Phylogeny and Characterization of Five Undescribed Aquatic
Carnivorous Fungi (Orbiliomycetes). Journal of Fungi, 10(1), 81.
https://doi.org/10.3390/jof10010081

Zhang, F., Huang, S. Y., Yang, Y. Q., Zhou, F. P., Boonmee, S., Yang, X. Y., . . . Xiao,
W. (In press). Urea regulates soil nematode population by enhancing the

insecticidal ability of nematode-trapping fungi. Scientific Reports.

Zhang, F., Zhou, F. P, Yang, Y. Q., Boonmee, S., Yu, Z. F., Bhat, D. J., . . . Xiao, W.
(In press). Burned forests as excellent area for the discovery of new fungal:

Hints from fifteen rare novel carnivorous fungi in Orbiliomycete. Mycosphere.

Co-author publications
Yang, X., Zhang, F., Yang, Y., Zhou, F., Boonmee, S., Xiao, W, . .. Yang, X. (2023).
Conidia Fusion: A Mechanism for Fungal Adaptation to Nutrient-Poor

Habitats. Journal of Fungi, 9(7), 755. ttps://doi.org/10.3390/;09070755

Hyde, K. D., Norphanphoun, C., Ma, J., Yang, H. D., Zhang, J. Y., Du, T. Y., . . . Zhao,
Q. (2023) Mycosphere notes 387—412-novel species of funga taxa from
around the world. Mycosphere, 14(1), 663-744.

Ishara, S. M., Kevin, D. H., Dhanushka, N. W., Samantha, C. K., Milan, C. S.,
Sajeewa S. N. M, . .. Zhang, F. (In prep). Fungal diversity notes 1818-1917:
taxonomic and phylogenetic contributions on genera and species of fungi.

Fungal Diversity.
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APPENDIX A

CHEMICAL REAGENTS AND MEDIA

1. Lactoglycerol used for mounting semi-permanent slides.
Lactic acid 10 ml
Glycerol 10 ml
Distilled water 10 ml
Mix 10 ml lactic acid, 10 ml glycerol, and add 10 ml distilled water.

2. Lactophenol-Cotton Blue used to highlight fungal structures for viewing with the
compound light microscope. Cotton blue is the most popular stain for observing
pseudoparaphyses, septa or ascus walls. This gives excellent clarity and is also suitable
for most fungal groups .

Phenol (crystals) 20 g

Lactic acid 16 ml

Glycerol 31 ml

Dissolve phenol in distilled water, add lactic acid, glycerol and 0.05 g of

Poirrier’s (cotton) blue or acid fuchsin.

3. Corn Meal Agar (CMA) used for fungal culturing

Cornmeal 30 g

Dextrose 20 g

Agar 18 ¢

Boiling 30 g corn meal in 800 ml of distilled water for 20 minutes and filtering
the mixtures through four layers of gauze, supplementing the filtrates to 1000 ml with
distilled water, and adjusting the pH to 7, then adding 18 g of agar. Autoclaving at 121°C
for 20 minutes, pouring the mixtures into 60 mm plates to create CMA plates.
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4. Potato Dextrose Agar (PDA) used for fungal culturing.

Fresh potato 200 g

Dextrose 20 g

Agar 18 ¢

Boiling 200 g fresh potato in 800 ml of distilled water for 20 minutes and
filtering the mixtures through four layers of gauze, supplementing the filtrates to 1000
ml with distilled water, and adjusting the pH to 7, then adding 18 g of agar and 20 g of
dextrose. Autoclaving at 121°C for 20 minutes, pouring the mixtures into 60 mm plates

to create PDA plates.



APPENDIX B

ABSTRACT OF PUBLICATIONS

074 IS5N 117493155 (pnnt edition)

EE Phyforaxa 452 (1): 065=074 = 0 =
hitps J/fwww. mapress. com/y pt/f A - l PHY'1 TAXA P
Copynight © 2020 Magnolia Press + rtlc e 158N ::?‘J—:‘HL"--3\1I1|:I'n::ﬁﬂl:1l1l

https:fdoi.org/ 10. 11646/ phytotaxa 452.1.6

Two new species of nematode-trapping fungi (Dactylellina, Orbiliaceae) from
burned forest in Yunnan, China

FA ZHANGY, XIN-JUAN ZHOUY JUTAMART MONKARS FEI-TENG LI SHUO-RAN LIUW A0 XTAO-
YAN YANG!1#* XTAOQ WEN'#2 & KEVIN D. HYDE>"?

! Institute of Eastern-Himalava Biodiversity Research, Dali University, Dali, Yunnan 671003, P.R. China.

2 Centre of Excellence in Fungal Research, Mae Fah Luang University. Chiang Rat 57100, Thatlard.

i Key Laboratory of Yunnan State Education Department on Er “hai Lake Basin Protection and the Sustainable Development Re search,
Dt University, Dali, Yunnan 671003, PR China.

4 The provincial innovation team of biodiversity conservation and wility of the three parallel rivers fiom Dali University, Dali
University, Dali, Yunman 671003, P.R. Chira.

* School of Public Health, Dali University, Dali, Yunnan 671003, PR China.

¢ 1 shanglieasternhimalayai@gmail com: © htips.: foreid org/0000-0002-3749-2948

71 139189001 8@ qq.com; © hups:Horcid ore/M000-0002-8119-0167

51 mfutamart@ gmalLeom; © hnps:forctdorg/0000-0001-6043-0625

¥ m 83230329541 63.com; O https Worctd org/0000-000.1-7 105-0468

[ 46795859 @gg.com; © hitps:iforcid. ore/M000-0003-3953-9949

< vangxvieastern-himalaya.cn; © hips:Horctd org/0000-0002-9304-308X

2 [ xiaow(@eastern-himalava.cn; © hips:forcid org/000-0002-4951-7524

5 [ kebhyele3@amail.com; ©hups:forcid. org/0000-0002-2191-0762

*Comesponding author

H

Abstract

Two new Dactylelling (nematode-trapping fungi) species, D. yushanensis and D. cangshanensis from the burned forest soil
in Cangshan Mountain, Yunnan Provinee, China are introduced in this paper based on morphology and phy logenetic analysis.
Their descriptions and illustrations are provided. Dactylelling yushanensis 1s characterized by its geniculate branched
conidiophore, two types conidia and fusiform, clavate or drop-shaped microconidia grown in conidiophore or produced by
macroconidia with micro-cycle comdiation pathway. Dactvlellinag cangshanensis 15 charactenized by its fusiform, spindle-
shaped, clavate or drop-shaped conidia with 2-4-septate. Phylogenetic analysis based on combined ITS, EFl-a and RPB2
sequence showed that these two species cluster together with D. elfipsospora with cbvious genetic differentiation.
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Abstract

Fusarium xiangyunensis sp. nov., 1solated from hot-spring waterlogged soil in China, which is an endoparasitic fungus of
nematodes, is described and illustrated. Evidence for the new species is provided by morphology and phylogenetic analyses
of combined ITS, EF-1a and RPB1 sequence data. Phylogenetic analyses showed that F. xiangyunensis clustered with those
species belonging to the F. solani species complex and grouped together with F. wizenhausenense. This species differs from
E witzenhausenense in habitat (parasitic on Hibiscussp.), conidia and chlamydospores. Furthermore, the nematicidal activity
of its microconidia was determined and causes infection and death of nematodes in both sterile water and solid medium.
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Abstract: Arthrobotrys is the most complex genus of Orbiliaceae nematode-trapping fungi. Its
members are widely distributed in various habitats worldwide due to their unique nematode-trapping
survival strategies. During a survey of nematophagous fungi in Yunnan Province, China, twelve taxa
were isolated from terrestrial soil and freshwater sediment habitats and were identified as six new
species in Arthrobotrys based on evidence from morphological and multigene (ITS, TEF, and RPB2)
phylogenetic analyses. These new species ie., Arthrobotrys eryuanensis, A. jinpingensis, A. lanpingensis,
A luquanensis, A. shuifuensis, and A. zhaoyangensis are named in recognition of their places of origin.

check for Moarphological descriptions, illustrations, taxonomic notes, and a multilocus phylogenetic analysis
updates are provided for all new taxa. Inaddition, a key to known species in Arthrobotrys is provided, and the
Citation: Zhang, F; Boonmee, 5, inadequacies in the taxonomic study of nematode-trapping fungi are also discussed.
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Abstract

Background

MNematode-trapping fungl are a highly specialised group in fungl and are essential
regulators of natural nematode populations. At present, more than 130 species have been
discovered in Zygomycota (Zoopagaceae), Basidiomycota (Nematoctonus), and
Ascomycota (Orbiliaceas). Amongst them, nematode-trapping fungi in Orbiliaceas have
become the research focus of carmivorous fungi due to their abundant species. During the
investigation of carnivorous fungi in Yunnan, China, four fungal strains isolated from
burned forest soil were identified as two new nematode-trapping species in Drechslerella
{Orbiliaceas), based on multigene phylogenetic analysis and morphological characters.
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Abstract: Nematode-trapping fungi are widely studied due to their unique morphological structure,
survival strategy, and potential value in the biological control of harmful nematodes. During the
idertification of carnivorous fungi preserved in our laboratory, five novel nematode-frapping fungi
were established and placed in the genera Arthrobotrys and Drehslerella based on morphological and
multigene (ITS, TEF, and RPBZ) phylogenetic analyses. A. hengfiangensis sp. nov. and A. weixiensis sp. nov.
are characterized by producing adhesive networks to catch nematodes. Dr. pengdangensis sp. nov.,
Dr. tianchiensis sp. now,, and Dr: yunlongensis sp. now. are characterized by producing constricting rings.
Meorphological descriptions, illustrations, taxonomic notes, and phylogenetic analysis are provided for all
new taxa; a key for Drechslerdla species is listed; and some deficiencies in the taxonomy and evolution

check for study of nematode-trapping fungi are also discussed herein.
updates
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Abstract: The evolution of carnivorous fungi in deep time is still poorly understood as their fossil
record is scarce. The approximately 100-million-year-old Cretaceous Palacanellus dimorplius is the
earliest fossil of carnivorous fungi ever discovered. However, its accuracy and ancestral position
has been widely questioned because no similar species have been found in modern ecosystems.
During a survey of carnivorous fungi in Yunnan, China, two fungal isolates strongly morphologically
resembling P dimeorphus were discovered and identified as a new species of Arthrobotrys (Orbiliaceae,
Orbiliomycetes), a modem genus of camivorous fungi. Phylogenetically, Arthrobotrys blastospora sp.
check for nov. forms a sister lineage to A. aligaspora. A. blastospora catches nematodes with adhesive networks
updates and produces yeast-like blastospores. This character combination is absent in all other previously
known modem carnivorous fungi but is strikingly similar to the Cretaceous P. dimorphus. In this
paper, we describe A. blastospora in detail and discuss its relationship to P. dimorphus.

Citation: Zhan& E; Boonmes, 5;
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Abstract: The diversity of nematode-trapping fungi (NTF) holds significant theoretical and practical
implications in the study of adaptive evolution and the bio-control of harmful nematodes. However,
compared to terrestrial ecosystems, research on aquatic N'TF is still in its early stages. During a
survey of NTF in six watersheds in Yunnan Province, China, we isolated 10 taxa from freshwater
sediment. Subsequent identification based on morphological and multigene (ITS, TEFI-x, and RPB2)
phylogenetic analyses inferred they belong to five new species within Arthrobotrys. This paper
provides a detailed description of these five novel species (Arthrobotrys cibiensis, A. heihuiensis, A.
jinshaensis, A. yangbiensis, and A. yangjiangensis), contributing novel insights for further research
into the diversity of NTF and providing new material for the biological control of aquatic harmful
chedck for nematodes. Additionally, future research directions concerning aquatic NTF are also discussed.
updates
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Abstract

Understanding the diversitv in a given region is crucial for maintaining ecological stability
and ensuring the sustainable utilization of fungal resources. Where and how undescovered fungi
can be isolated is of concem to mycologists and biodiversity experts. During an investigation of
nematode-trapping fungi (NTF) in three burned forests in Yunnan Province, China, we isolated 21
new species of rare NTF from 368 soil samples (18 Dactylellina and 3 Drechslerella species),
which accounts for nearly 50% of the new species published in recent vears (2010-2023). The
discovery of numerous new and interesting fungal species in confined areas with limited samples is
remarkable. This studv reports 15 unpublished new NTF taxa isolated from burned forests,
providing novel information and materials for application, diversity and evolutionary research of
this group. More importantly, this paper extensively discusses the impact of forest fires on fungal
diversity and further highlights a new pathway for the exploration of new and rare fungal resources.

Keywords — 15 new species — Burned forest — Dactylellina —Fungal diversity — Nematode-trapping
fungi — Orbiliaceae — Pyrodiversity — Rare fungi
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