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Preface

Nematophagous fungi are an important, fascinating group of soil microorganisms 
that can suppress the populations of plant-parasitic nematodes. They have been 
studied over several decades and the beautiful micrographs of these fungi trapping 
nematodes have marveled scientists and students alike. These remarkable fungi are 
also important potential biocontrol agents of nematodes diseases of plants and ani-
mals, they produce a swathe of natural chemicals and are model organisms for gene 
functional studies. The research team of Zhang Ke-Qin and colleagues has been 
working on many aspects of nematode-trapping fungi for more than 20 years. These 
studies have resulted in a wealth of information and it is now considered timely to 
bring all this information together into a book so that everyone who is interested can 
read about the amazing fungi.

The book comprises eight chapters, Chapter  1 is an overview of the data on 
nematode-trapping fungi presented in this book, including their taxonomy, phy-
logeny and evolution. Four general groups of nematophagous fungi are general ac-
cepted and are based on the mechanisms by which they attack nematodes. These 
consist of (1) nematode-trapping fungi using adhesive or mechanical hyphal traps, 
(2) endoparasitic fungi using their spores, (3) egg parasitic fungi invading nema-
tode eggs or females with their hyphal tips, and (4) toxin-producing fungi immo-
bilizing nematodes before invasion. The nematode-trapping fungi with adhesive or 
mechanical hyphal traps are the main focus of this book, while the other types of 
fungi are discussed but in less detail. Chapter 2 deals with the methodology to study 
nematode trapping fungi. Although there has been a huge increase in our knowledge 
of nematophagous fungi, the methodology used to study these organisms are unique 
and have changed little over the years. These methods are detailed in Chapter 2 and 
include techniques for obtaining mixed cultures of the fungi from nature, for isolat-
ing taxa into pure culture, for observing living material and for making permanent 
microscope preparations. Chapter 3 deal with history and taxonomy of orbiliaceous 
nematode-trapping fungi, the filamentous species forming trapping devices to prey 
nematodes. The taxonomic history of predatory orbiliaceous fungi is reviewed and 
the system of using trapping devices as the primary morphological criterion for ge-
neric delimitation is advocated. Following this taxonomic concept, keys for genera 
of Arthrobotrys, Drechslerella and Dactylellina, which include all reported species 
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of predatory orbiliaceous fungi are presented. Totally, 54, 14 and 28 species from 
Arthrobotrys, Drechslerella and Dactylellina respectively, are morphologically de-
scribed and illustrated. Known asexual-sexual connections (14 pairs) of predatory 
orbiliaceous fungi are summarized and their taxonomic descriptions and illustra-
tions presented.

Chapter 4 deals with the ecology of nematode–trapping fungi. These fungi have 
extensively been studied both because of their unique predatory life history and 
because they are potential biocontrol agents of economically important plant- and 
animal- parasitic nematodes. Fundamental knowledge of the ecology of these fungi 
is therefore essential before the value of such biocontrol methods can be assessed. 
Topics dealt with in Chapter 4 include occurrence and habitats, geographical and 
seasonal distribution, quantification of abundance, and effects of soil conditions 
and nematode density on their distribution. Competition between nematodes and 
nematophagous fungi, the effect of fungistasis and extreme ecological factors such 
as heavy metals and salinity on these fungi, and their genetic diversity and specia-
tion are included in this chapter.

In Chapter  5 the use of nematode trapping fungi in biological control is dis-
cussed. Plant-parasitic nematodes cause severe damage to world agriculture each 
year. Environmental and health concerns over the use of chemical pesticides has 
increased the need for alternative measures to control plant-parasitic nematodes. 
Nematophagous fungi, a natural enemy of nematodes, have received most atten-
tion in biological control of plant-parasitic nematodes. This is due to their specific 
ability to capture and kill nematodes. Nematophagous fungi are divided into four 
groups according to their mode of action against nematodes, and several fungi such 
as Pochonia chlamydosporia and Paecilomyces lilacinus have been developed as 
commercial biological nematicides. In Chapter 5, important nematode parasitic and 
antagonistic fungi, and their taxonomy, biology and their mode of action are dis-
cussed. Progress in the study of highly virulent fungal strains for nematode biologi-
cal control, and application of nematode-antagonistic agents are also discussed.

In Chapter  6 we describe the characterization of extracellular enzymes from 
nematophagous fungi, the expression and regulation of serine protease prC in Clo-
nostachys rosea, and the genome and proteomic analyses of the nematode-trapping 
fungus Arthrobotrys oligospora. At present, the detailed molecular pathogenic 
mechanisms against nematodes by nematophagous fungi have not yet been fully 
elucidated. However, increasing evidence show that extracellular hydrolytic en-
zymes including proteases, collagenase, and chitinase may be involved in nema-
tode-cuticle penetration and host-cell digestion. Recently, the crystal structures of 
proteases (Ver112 and PL646) and chitinase CrChi1 from nematophagous fungi 
were resolved, which can help us to identify the active site residues and to elucidate 
the catalytic mechanism of these enzymes involved in infection against hosts. The 
expression and regulation of protease PrC from Clonostachys rosea by different en-
vironmental conditions has also been reported. The genome of Arthrobotrys oligos-
pora has been sequenced, and a model of nematode trap formation in A. oligospora 
suggested; thus the genome data may serve as a roadmap for further investigations 
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into the interaction between nematode-trapping fungi and their host nematodes, pro-
viding broad foundations for research on the biocontrol of pathogenic nematodes.

Nematode-trapping fungi having proven to be a treasure house of novel chemi-
cals. Chapter 7 summarizes more than 200 compounds from fungi that have been 
shown to possess nematicidal activities. These compounds belong to diverse chemi-
cal groups including alkaloid, quinone, isoepoxydon, pyran, furan, peptide, macro-
lide, terpenoid, fatty acid, diketopiperazine, aphthalene and simple aromatics. They 
have mainly been isolated from a variety of ascomycetous and basidiomycetous 
fungal taxa. Their nematicidal activities are described and their potential roles in the 
biocontrol of nematodes are discussed.

Previous studies based on traditional techniques have revealed much about 
nematophagous fungi. Modern techniques however, can now help to elucidate the 
molecular mechanisms underlying infection of nematodes by the nematophagous 
fungi, and help us to understand virulent factors, the role of proteases, chitinases 
and small chemical molecules, and the regulation of trap formation. Further studies 
using modern molecular techniques are needed to better understand these important 
mechanisms and the overall functioning of nematode trapping fungi and the future 
studies needed are addressed in Chapter 8.

It has been a privilege to participate in the compilation of this book on nema-
tode-trapping fungi. Although I have barely studied the nematode-trapping fungi 
through one student, Aung Swe, I believe these fungi to be truly amazing and I have 
enjoyed editing the writings of the various authors of the world experts at the Yun-
nan University nematode-trapping fungi laboratory. A huge amount of work on this 
organisms has come out the laboratories of Zhang Ke-Qin as well as other labora-
tories and it has been an honour to help put this data together in a modern book on 
nematode-trapping fungi. I hope the readers will find as much enjoyment in reading 
the book as I have in editing it.

Chiang Rai � Kevin D. Hyde
September 2013
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Abstract

Nematophagous fungi are an important, fascinating group of soil microorganisms 
that can suppress the populations of plant-parasitic nematodes. They have been 
studied over several decades and the beautiful micrographs of these fungi trapping 
nematodes have marvelled scientists and students alike. This book comprises eight 
chapters providing data on nematode-trapping fungi, particularly those of the Orbili-
aceae whose asexual states produce nematode- trapping devices. Chapter 1 provides 
an overview of nematode-trapping fungi, including their taxonomy, phylogeny and 
evolution. The nematode-trapping fungi with adhesive or mechanical hyphal traps 
are the main focus of this book, while the other types of fungi are discussed but in 
less detail. Chapter 2 deals with the methodology to study nematode trapping fungi. 
These methods include techniques for obtaining mixed cultures of the fungi from 
nature, for isolating taxa into pure culture, for observing living material and for mak-
ing permanent microscope preparations. Chapter 3 deal with history and taxonomy 
of orbiliaceous nematode-trapping fungi, the filamentous species forming trapping 
devices to prey nematodes. The taxonomic history of predatory orbiliaceous fungi 
is reviewed and the system of using trapping devices as the primary morphological 
criterion for generic delimitation is advocated. Following this taxonomic concept, 
keys for genera of Arthrobotrys, Drechslerella and Dactylellina, which include 
all reported species of predatory orbiliaceous fungi are presented. Totally, 54, 14 
and 28 species from Arthrobotrys, Drechslerella and Dactylellina respectively, are 
morphologically described and illustrated. Known asexual-sexual connections (14 
pairs) of predatory orbiliaceous fungi are summarized and their taxonomic descrip-
tions and illustrations presented. Chapter 4 deals with the ecology of nematode–
trapping fungi. Topics dealt with include occurrence and habitats, geographical and 
seasonal distribution, quantification of abundance, and effects of soil conditions and 
nematode density on their distribution. Competition between nematodes and nema-
tophagous fungi, the effect of fungistasis and extreme ecological factors such as 
heavy metals and salinity on these fungi, and their genetic diversity and speciation 
are also. In Chapter 5 the use of nematode trapping fungi in biological control is dis-
cussed. Nematophagous fungi are divided into four groups according to their mode 
of action against nematodes, and several fungi such as Pochonia chlamydosporia 
and Paecilomyces lilacinus have been developed as commercial biological nemati-
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cides. In Chapter 5, important nematode parasitic and antagonistic fungi, and their 
taxonomy, biology and their mode of action are discussed. Progress in the study 
of highly virulent fungal strains for nematode biological control, and application 
of nematode-antagonistic agents are also discussed. In Chapter 6 we describe the 
characterization of extracellular enzymes from nematophagous fungi, the expres-
sion and regulation of serine protease prC in Clonostachys rosea, and the genome 
and proteomic analyses of the nematode-trapping fungus Arthrobotrys oligospora. 
At present, the detailed molecular pathogenic mechanisms against nematodes by 
nematophagous fungi have not yet been fully elucidated. However, increasing evi-
dence show that extracellular hydrolytic enzymes including proteases, collagenase, 
and chitinase may be involved in nematode-cuticle penetration and host-cell diges-
tion. The expression and regulation of protease PrC from Clonostachys rosea by 
different environmental conditions has also been reported. The genome of Arthro-
botrys oligospora has been sequenced, and a model of nematode trap formation in 
A. oligospora suggested; thus the genome data may serve as a roadmap for further 
investigations into the interaction between nematode-trapping fungi and their host 
nematodes, providing broad foundations for research on the biocontrol of patho-
genic nematodes. Nematode-trapping fungi having proven to be a treasure house 
of novel chemicals. Chapter 7 summarizes more than 200 compounds from fungi 
that have been shown to possess nematicidal activities. These compounds belong 
to diverse chemical groups including alkaloid, quinone, isoepoxydon, pyran, furan, 
peptide, macrolide, terpenoid, fatty acid, diketopiperazine, aphthalene and simple 
aromatics. Their nematicidal activities are described and their potential roles in the 
biocontrol of nematodes are discussed. Previous studies based on traditional tech-
niques have revealed much about nematophagous fungi. Modern techniques how-
ever, can now help to elucidate the molecular mechanisms underlying infection of 
nematodes by the nematophagous fungi, and help us to understand virulent factors, 
the role of proteases, chitinases and small chemical molecules, and the regulation 
of trap formation. Further studies using modern molecular techniques are needed 
to better understand these important mechanisms and the overall functioning of 
nematode trapping fungi and the future studies needed are addressed in Chapter 8.
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Abstract  This chapter provides an overview of the data on nematode-trapping 
fungi presented in this book, including their taxonomy, phylogeny and evolu-
tion. Four general groups of nematophagous fungi are general accepted and are 
based on the mechanisms by which they attack nematodes. These consist of (1) 
nematode-trapping fungi using adhesive or mechanical hyphal traps, (2) endopar-
asitic fungi using their spores, (3) egg parasitic fungi invading nematode eggs or 
females with their hyphal tips, and (4) toxin-producing fungi immobilizing nema-
todes before invasion. The nematode-trapping fungi with adhesive or mechanical 
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hyphal traps are the main focus of this book. Fossil nematode-trapping fungi, and 
the biodiversity, ecology and geographical distribution nematode-trapping fungi, 
including factors affecting their distribution are also addressed. Terrestrial, fresh-
water and marine habitats are home to nematode-trapping fungi, but they have 
rarely been reported from extreme environments. Fungal-nematodes interactions 
are also discussed.

Keywords  Ascomycota • Asexual fungi • Biocontrol • Biodiversity • Fossil fungi • 
Nematodes

Introduction

Four general groups of nematophagous fungi are categorized based on the mech-
anisms by which they attack nematodes (Liu et al. 2009); (1) nematode-trapping 
fungi using adhesive or mechanical hyphal traps, (2) endoparasitic fungi using 
their spores, (3) egg parasitic fungi invading nematode eggs or females with their 
hyphal tips, and (4) toxin producing fungi immobilizing nematodes before inva-
sion (Kendrick et al. 2001; Liu et al. 2009). The first nematode-trapping fungus, 
Arthrobotrys superba Corda was described in 1839, but its predatory habit was 
unknown at that time. The predatory habit was first observed 36 years later by 
Zopf (1888) and the link to Orbilia and its nematode-trapping life style con-
firmed by Pfister (1994). Biological control of nematodes by nematode-trapping 
fungi has considerable potential and therefore there have been extensive studies 
and reviews on their taxonomy, phylogeny, biology, and ecology (Cooke 1963; 
Kerry 1987; Sayre and Walter 1991; Sikora 1992; Morton et al. 2004; Dong and 
Zhang 2006). In this chapter, we discuss the taxonomy, phylogeny, diversity, and 
ecology of nematode-trapping fungi and their potential in use in biocontrol of 
nematodes. Each of these topics are introduced and then expanded in the subse-
quent chapters.

Methods to Study Nematode-Trapping Fungi

The methods for studying nematode-trapping fungi are generally distinct from those 
used to study most other fungi. This is because they do not form aggregated mycelial 
structures that can easily be seen and the fact that they develop in living nematodes. 
Techniques, which more or less depart from traditional mycological methods are 
therefore used to study, isolate and characterize nematophagous fungi. The unique 
techniques involve the recovery, isolation and maintenance of nematophagous fungi 
and are detailed in Chapter 2.
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Taxonomy and Phylogeny of Nematode-Trapping Fungi

The discovery of predacious activity in Arthrobotrys oligospora by Zopf (1888), 
and link with Orbilia by Pfister (1994) have resulted in nematode trapping fungi at-
tracting much interest amongst mycologists. Nematode-trapping fungi are a hetero-
geneous group of asexual ascomycetes with species previously defined primarily 
on conidial characteristics such as size, septation, and type of conidiogenous cells 
(Subramanian 1963) and more recently on their type of trapping devices (Scholler 
et al. 1999; Li et al. 2005; Yang and Liu 2006; Yang et al. 2007a). This has resulted 
in considerable changes in classification of these organisms over time. Many ge-
neric names have been given to nematode-trapping fungi, but the basis on which 
species were circumscribed to different genera has been unclear and subjective. We 
therefore provide a account of the history of nematode-trapping fungi in Chapter 3 
to clarify the reasons for the various opinions and name changes.

Arthrobotrys was established by Corda (1839), A. superba Corda as the type 
species. The discovery of predacious activity was first noted for Arthrobotrys oli-
gospora by Zopf (1888), and the link with Orbilia established by Pfister (1994). Ar-
throbotrys characteristics were considered as hyaline conidiophores which produce 
conidia asynchronously on short denticles at swollen conidiogenous heads or clus-
ters of pronounced denticles; conidia being subhyaline, obovoidal or clavate and 
(0–)1(–6)-septate (Pfister 1994). Trapping devices were considered as constricting 
rings, adhesive nets, hyphae or adhesive knobs (Pfister 1994). This wide generic 
concept resulted in considerable confusion, although since 1930, nematode-trap-
ping fungal have been mostly described and classified in Arthrobotrys, Dactylaria, 
and Dactylella, and some other genera.

Morphology-based classification based on conidia was demonstrated to be in-
adequate in reflecting natural relationships among the nematode-trapping fungi. 
The first notable phylogeny study on nematode-trapping fungi was that of Rubner 
(1996). She used molecular data to rationalize the classification of nematode-trap-
ping fungi based on types of trapping devices. Later, phylogenetic studies based 
on rDNA sequence analysis also found that trapping devices are more informative 
than other morphological characters in delimiting genera (Liou and Tzean 1997; 
Pfister 1997; Ahrén et al. 1998; Scholler et al. 1999; Ahrén and Tunlid 2003; Kano 
et al. 2004; Li et al. 2005; Yang and Liu 2006; Yang et al. 2007a; Liu et al. 2009). 
For example, Ahrén et  al. (1998) revealed nematode-trapping fungi grouping in 
three lineages based on different types of trapping devices. Scholler et al. (1999) 
proposed a new genus concept for predatory asexual Orbiliaceae. In this classifica-
tion, phylogenetic significance was given to trapping devices. Scholler et al. (1999) 
classified nematode-trapping fungi into four genera using 18S and ITS rDNA anal-
ysis. Li et al. (2005) re-evaluated the placement of nematode-trapping genera based 
28S, 5.8S and β tubulin analysis and the establishment of Gamsylella proposed 
by Scholler et al. (1999) was criticized and not accepted. Because of this confu-
sion we provide a phylogenetic based classification of the nematode-trapping fungi 
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in Chapter 3 where we placed the fungi into three genera; Arthrobotrys with 53 
species, Drechslerella with 14 species and Dactylellina with 28 species. In 2012, 
the International Code of Nomenclature for Algae, Fungi and Plants was revised 
and no longer allows a single fungal species (or genus) to have two names, with 
the older name taking priority except in exceptional circumstances (Hawksworth 
2012). The above genera are linked with a sexual Orbilia morphs and may need 
to take the Orbilia name, or alternatively the above genera may be maintained. 
Discussions are presently underway by the Orbilomycetes working group of the 
International Commission on the Taxonomy of Fungi (http://www.fungaltaxonomy.
org/subcommissions) to establish which is the best name (or names) to adopt for 
this group(s) of fungi.

Li et al. (2005) and Yang et al. (2007a) have studied the evolution of nematode-
trapping devices. Phylogenetic analysis of nucleotide sequences demonstrated that 
early trapping structures evolved along two lines, yielding two distinct trapping 
mechanisms. One lineage developed into constricting rings and the other into ad-
hesive traps. The adhesive network separated early. The adhesive knob evolved 
through stalk elongation, with a final development of nonconstricting rings (Yang 
et al. 2007a). Li et al (2005), on the other hand, showed a conflicting result. This 
aspect is detailed more in Chapter 3.

Ancient Nematode-Trapping Fungi

The earliest record of a nematode-trapping fungus is that of Palaeoanellus dimor-
phus which lived approximately 100 million years ago in a limnetic-terrestrial mi-
crohabitat (Schmidt et al. 2008; Swe et al. 2011). The fossil with unicellular hyphal 
rings as trapping devices and blastospores which formed from which a yeast stage 
probably represents an asexual ascomycete (Swe et al. 2011). Because predatory 
fungi with yeast stages are not known from modern ecosystems, Schmidt et  al. 
(2008) assumed the fungus was not related to any recent nematode-trapping fungi 
and is probably an extinct lineage. Alternatively, this strange species may yet be 
found in modern settings.

Biodiversity of Nematode-Trapping Fungi

There have been several publications debating estimates of fungal species 
(Hammond 1992; Cannon 1997; Huhndorf and Lodge 1997; Hyde 2001; Hyde 
et al. 2007), however the 1.5 million global species of fungi estimated by Hawk-
sworth (1991) has generally been accepted as a working figure for fungal numbers 
by many mycologists. Nevertheless, however many fungi exist in nature, there are 
few (ca 100,000) that have been described. Most of the undescribed fungi are mi-
crofungi and they probably occur in poorly investigated areas and less explored 
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niches, substrates, hosts and habitats (Hyde 2001). There has been a relatively large 
numbers of studies on fungal diversity, however, there are relatively few diversity 
studies of nematode-trapping fungi (Hao et al. 2005; Mo et al. 2006, 2008; Saxena 
2008). In Chapter 4 of this book we therefore provide an account of the biodiversity 
and ecology of nematode-trapping fungi.

Ecology, Occurrence and Geographical Distribution

Numerous surveys on nematophagous fungi have shown that they are present 
throughout the world and in all types of climate and habitats (Duddington 1951, 
1954; Gray 1987; Sunder and Lysek 1988; Boag and Lopez-Llorca 1989; Saxena 
and Mukerji 1991; Dackman et al. 1992; Liu et al. 1992; Saxena and Lysek 1993; 
Persmark and Jansson 1997; Hao et al. 2005). The sexual state of nematode-trap-
ping fungi, Orbilia, occurs on decaying wood from terrestrial to freshwater habitats 
(Pfister 1994; Webster et  al. 1998; Liu et  al. 2006; Zhang et  al. 2007), and the 
asexual states commonly occur in terrestrial, freshwater and marine habitats (Hao 
et al. 2004; Li et al. 2006; Swe et al. 2008a, b, 2009), but rarely occur in extreme 
environments (Onofri and Tosi 1992). Because of their potential in biological con-
trol, there have been several studies on nematode-trapping fungi, however most of 
these have concentrated on agriculture and animal husbandry or forestry (Kerry and 
Hominick 2002; Ahrén and Tunlid 2003; Jaffee and Strong 2005; Dong and Zhang 
2006; Su et al. 2007) or freshwater environments (Maslen 1982; Hao et al. 2005). 
Numerous fungal-animal associations have been reported from aquatic habitats. 
The first report of marine predacious fungi was three zoophagous forms discovered 
in brackish water (Jones 1958). Currently, more than 50 species of predacious hy-
phomycetes have been recorded from aquatic habitats (Ingold 1944; Peach 1950, 
1952, Johnson and Autery 1961; Anastasiou 1964; Hao et al. 2004, 2005). Arthro-
botrys dactyloides Drechsler was the first species of nematode-trapping fungi to be 
reported from brackish water (Johnson and Autery 1961), while Swe et al. (2008a, 
b, 2009) recorded several species from mangroves.

Factors Affecting the Distribution 
of Nematode-Trapping Fungi

The distribution and occurrence of nematode-trapping species and groups of fungi 
is associated with specific soil variables in particular pH, moisture, nutrients (N, P, 
K), heavy metal and nematode density (Gray 1985; Sánchez Moreno et al. 2008; 
Mo et al. 2008). Gray (1988) revealed that soil nutrients such as N, P and K were 
all positively correlated with nematode density. Species with stalked knobbed trap-
ping devices ( Dactylellina) and those species with constricting rings ( Drechsler-
ella) were isolated more readily from richer soils which contained a greater density 
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of nematodes. However, net-forming species ( Arthrobotrys) are largely indepen-
dent of soil fertility, especially low K (Burges and Raw 1967). Interestingly, Mo 
et al. (2008) found that diversity of nematode-trapping was positively correlated 
with lead concentration. These soil variables are known to vary with depth, as are 
the densities of soil bacteria, fungi and nematodes (Mankau and McKenny 1976; 
McSorley et  al. 2006) and a high level of nematode trapping activity have been 
recorded from the rhizosphere area (Peterson and Katznelson 1964; Persmark and 
Jansson 1997; McSorley et al. 2006). However, there are large variations depending 
on plant and soil types (Jansson and Lopez-Llorca 2001). The species of nematode 
trapping fungi also vary with depth (Gray and Bailey 1985). Peterson and Katznel-
son (1964) revealed that the greatest diversity occurred in the upper 10–30 cm of 
soils, and this was a positive correlation between the population density of nema-
tophagous fungi and root-knot nematodes in peanut fields. Gray and Bailey (1985) 
have examined the vertical distribution of nematophagous fungi in soil cores col-
lected from a deciduous woodland, predators forming constricting rings, adhesive 
branches and adhesive knobs are restricted to the upper litter and humus layer, while 
the net-forming predators and endoparasites were isolated at all depths, although 
they are significantly more abundant in the lower mineral-rich soils. In contrast, 
predators able to form traps spontaneously are restricted to the organic soils of the 
hemiedaphic zone which are rich in nematodes. Nematophagous fungi are small 
enough to be affected by micro-climates within the soil (Gray 1985). Hao et  al. 
(2005) observed that the nematode-trapping were not detected deeper than four me-
ter in a freshwater pond.

The effect of major biotic and abiotic variables such as soil moisture, organic mat-
ter, pH, nematode density, soil nutrients (Gray 1987) and submerged water condition 
on the distribution of nematode-trapping fungi has been extensively studied. The di-
versity was highest at the depth of 20 cm and no nematode trapping fungi were found 
at the depth of 4 m (Hao et al. 2005). Heavy metals concentrations affected distribu-
tion of nematode trapping fungi and was not negatively affected by Pb concentration 
(Mo et al. 2006, 2008). Gray (1987) pointed out that the endoparasitic nematopha-
gous fungi are obligate parasites, and unlike the predatory fungi, they appear to be 
unable to live as saprotrophs in the soil. He also suggested that non-specific method 
of attraction may rely on a greater density of soil nematodes to ensure infection, as 
compared with parasites which produce adhesive conidia (Gray 1987).

Fungal–Nematode Interactions

Host Recognition, Adhesion, Host Specificity 
and Infection Process

Nematophagous fungi are an important group of soil microorganisms that can 
suppress the populations of plant and animal parasitic nematodes. They can be 
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grouped into three categories according to their mode of infestation: nematode-
trapping, endoparasitic, and toxic compound producing (Hertz et al. 2002). The 
pathogenic mechanisms during the infestation process are diverse. They can be 
mechanical through the production of specialized capturing devices, or through 
production of toxins that kill nematodes. During infection, a variety of viru-
lence factors may be involved against nematodes by nematophagous fungi. The 
infection processes and host range of nematophagous fungi have been studied 
using various techniques such as light and low temperature electron microscopy 
and bioassays and have been supported by biochemical, physiological, immuno-
logical and molecular techniques (Thorn and Barron 1984; Murray and Wharton 
1990; Jansson et al. 2000). The ultrastructure of the nematode-trapping devices 
has been extensively studied (Heintz and Pramer 1972; Nordbring-Hertz and 
Stalhammar-Carlemalm 1978; Dijksterhuis et al. 1994). The mode of infection 
by nematophagous fungi has been reviewed by Yang et  al. (2007c). Research 
on attraction of nematodes to fungi has focused on the host-finding behavior of 
fungal-feeding nematodes (Bordallo et al. 2002; Wang et al. 2010). Nematopha-
gous fungi are attracted to plant and animal parasitic nematodes and microbivo-
rous nematodes (Balan and Gerber 1972; Jansson and Nordbring-Hertz 1979, 
1980). Zuckerman and Jansson (1984) review nematode chemotaxis and possible 
mechanisms of host/prey recognition. These topics are updated and reviewed in 
Chapters 6 & 7.

Extracellular Enzymes Involved in Nematode Infestation Process

During the infection process, the cuticle must be penetrated, the nematode is im-
mobilized, and the prey is finally invaded and digested. This sequence of infection 
seems to be present in most nematophagous fungi, but the molecular mechanisms 
are not well-understood (Lopez-Llorca and Duncan 1988; Dackman et al. 1989). 
However, several nematophagous fungi have been reported to produce nematotox-
ins that immobilize or kill nematodes, and ultrastructural and histochemical stud-
ies suggest that the penetration of the nematode cuticle involves the activity of 
hydrolytic enzymes (Schenck et al. 1980). Much data has recently come to light 
concerning the enzymes involved in the infection process and this topic is reviewed 
in detail in Chapter 6.

Biological Control of Nematodes

Nematode-trapping fungi have long been considered promising biological agents 
for control of plant-parasitic nematodes (Duponnois et al. 2001; Sorbo et al. 2003; 
Singh et al. 2007) and animal parasitic nematodes (Paraud et al. 2007, Carvalho 
et al. 2009). This is an important area where basic research is utilized in an applied 
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setting and has important possibilities for the control of nematode disease. For fur-
ther detailed information on this topic see Chapter 7.
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Abstract  There has been a huge increase in our knowledge of nematophagous 
fungi, however, the methodology used to study these organisms are unique and 
have changed little over the years. Nematophagous fungi are easy to find and cul-
tivate, but their peculiar mode of life makes it necessary to use certain techniques 
to bring them under observation. These methods are detailed in this chapter and 
include techniques for obtaining mixed cultures of the fungi from nature, for isolat-
ing taxa into pure culture, for observing living material and for making permanent 
microscope preparations.

Keywords  Baermann funnel • Differential centrifugation • Field collection; Soil 
sprinkling • Soil dilution • Slide preparations

Introduction

Nematophagous fungi are classified as either nematode-trapping fungi, which catch 
nematodes by producing sophisticated mycelial trapping devices, or endoparasitic 
fungi, which infect nematodes by adhesive conidia or modified conidia, which ger-
minate within the host after ingestion. The protocols for studying nematophagous 
fungi differ to those used to study most other fungi, because they do not form aggre-
gated mycelial structures visible to the unaided eye. Therefore, certain techniques 
differ from orthodox mycological methods are used to isolate and characterize 
nematophagous fungi. The techniques related to the recovery, isolation and mainte-
nance of nematophagous fungi involve a number of unusual techniques which are 
unique to the study of this group.

Habitats of Nematophagous Fungi

Ecological surveys of nematophagous fungi suggest that this group has extensive 
worldwide distribution, in all climates and habitats examined (Gray 1987). There-
fore, it can be relatively easy to isolate nematophagous fungi, particularly from soils 
and organic matter.

Gray (1984b) investigated ten different terrestrial habitats for nematophagous 
fungi in Ireland and found that although nematophagous fungi were abundant in all 
the habitats examined, agricultural pasture, coniferous leaf litter and coastal vegeta-
tion had the greatest number of samples with nematophagous fungi. It was also es-
tablished that nematophagous fungi in soil are associated with specific soil variables, 
including soil pH, depth, moisture, nitrogen, phosphorus and potassium amount, and 
the densities of soil bacteria, fungi and nematodes (Gray 1985, 1988). Studies on the 
vertical distribution of nematophagous fungi in deciduous woodland with various 
biotic and abiotic soil factors indicated that this group is restricted to the upper litter 
and humus layers (Gray and Bailey 1985). Mitsui (1985) also found similar results 
indicating that most of nematophagous fungi occur in the top 10–30  cm of soil. 



152  Methodology for Studying Nematophagous Fungi

Persmark and Jansson (1997) investigated the nematophagous fungi in rhizosphere 
soils of barley, pea and white mustard, and found that the densities of nematopha-
gous fungi slightly increased in the rhizosphere as compared to root-free soil. They 
also found that the most common species of nematophagous fungi in these soils was 
Arthrobotrys oligospora. However, Arthrobotrys musiformis, A. robusta and Dac-
tylella lobata are also significantly more abundant than most other species (Jaffee 
et al. 1996; Persmark and Jansson 1997; Jaffee and Strong 2005).

The best source for isolation of nematophagous fungi is rotting vegetable matter, 
preferably on or within soil (Duddington 1955). Nematophagous fungi are abundant 
in forest leaf-mould, and even more so in rotting bark and twigs and in decompos-
ing leaf and stem litter from the forest floor or from a garden compost heaps (Dud-
dington 1955). Therefore, it is preferable to collect soil samples from these habitats 
whenever possible. A high nematode population density is however, no indicator 
of the possible biodiversity, and so should not be used as the sole criterion for site 
selection (Gray 1984b).

Field Collection

The size and quantity of samples is dependent on the subsequent isolation procedure 
adopted in the laboratory. Sampling methodology and subsequent treatment before 
specialized isolation are important factors affecting the success of recovering the 
fungi. The commonest and most efficient sampling system is to use cork borers with 
different specifications (Shepherd 1955; Fowler 1970; Farrell et al. 2006). Shepherd 
(1955) used a 20 mm diameter cork borer to take 225 mm long cores of soil, while 
Fowler (1970) used a 50 mm cork borer, removing 75 mm long cores. A 75 mm 
diameter bulb planter was used to remove large soil cores, some 125–150 mm long, 
along with its associated plant material.

Little or no change is likely to have occurred in the centre of the core if the 
samples are processed within 24 h of collection. After sample collecting, the cores 
are immediately placed in polythene bags and double-sealed to prevent evaporation 
and deterioration. Samples in polythene bags can be stored at room temperature 
for 21 days, or at 4 °C for nine weeks, with no reduction in the isolation efficiency 
(Fowler 1970). Samples are however, preferably processed on the same or subse-
quent days of collection to minimize any changes in biological or soil variables. 
Shepherd (1955) sterilized the cork borer, used to take the soil samples, in 70 % 
alcohol in between sampling to avoid cross-contamination. This was not possible 
using the larger bulb-planter, but as cores were eventually split longitudinally and 
subsamples taken from the centre of each core, it was considered adequate to clean 
the bulb-planter between sampling with fresh moist tissue.

It is not known whether nematophagous fungi are evenly distributed throughout 
the soil or whether they are restricted to particular zones with the nematodes. It is 
better to take subsamples from the nematode layer whenever possible. Where no 
distinct nematode zones exists, then the material is gently mixed with a pestle and 
mortar and subsamples taken randomly from the homogenous sample.
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Culture Medium

There are several culture media (Table 2.1) that have been used for incubation and 
isolation of nematophagous fungi. However, as a general rule, low nutrient media 
should be used for isolation and high nutrient media should be used for incubation. 
Once isolated the most commonly used media for incubation of nematophagous 
fungi are PDA and CMA. However, it should be noted that for nematophagous fun-
gi, if more nutrients are present then they will generally produce less conidiophores.

Baits for Nematophagous Fungi

The addition of nematodes as baits in isolation media can effectively stimulate the 
growth and trap formation of nematophagous fungi, facilitating their accurate quali-
tative and quantitative assessment (Wyborn et al. 1969). Several nematode species 

Table 2.1   Media used for isolating nematodes
Media Recipe Methods Reference
PDA 200 g peeled potato, 20 g agar; 

20 g glucose; 1,000 ml 
water

Boil potatoes for 
30 min, filter through 
cheesecloth

CMA 20 g cornmeal; 20 g agar; 
1,000 ml water

Boil cook cornmeal for 
30 min, filter through 
cheesecloth

Water agar (WA) 20 g agar; 1,000 ml water
Oat meal 

medium
20 g oatmeal; 20 g agar; 

1,000 ml water
Boil oatmeal for 

30 min, filter through 
cheesecloth

Maize meal agar 20 g maize meal (or crushed 
maize grains), 20 g agar; 
1,000 ml water

The maize and water are 
warmed to about 70 °C, 
for 1 h

Duddington 
(1955)

Difco CMA 8.5 g Difco cornmeal;10 g 
agar, 1,000 ml water

Rubner (1996)

Rabbit-dung 
agara

Rabbit pellets; 20 g agar; 
1,000 ml water

Soak rabbit pellets in tap 
water for 2 or 3 days, 
and pour off the super-
natant fluid, filter and 
dilute with tap water 
until a pale straw colour

Duddington 
(1955)

Selective media 1 % water agar or 1 % tryptone 
glucose agar; 1,000 mg/l 
triton, 50 mg/l streptomycin 
sulfate, 50 mg/l rose Bengal

Lopez-Llorca and 
Duncan (1986)

a This media encourages the multiplication of nematodes, but does not support good vegetative 
growth even of predacious fungi, which makes it useful for the study of internal parasites of nema-
todes or for material where, as sometimes happens, mould contamination is severe. A disadvantage 
is that the agar often becomes rather soft, that the nematodes are plentiful and the surface may be 
badly disturbed
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have been used as the target organism in tests involving nematophagous fungi ( e.g., 
Jansson 1994; Zuckerman et  al. 1994; Stirling et  al. 2005) or nematicidal com-
pounds ( e.g., Lambert et al. 1995; Sharma et al. 2003; Schwarz et al. 2004). These 
studies have helped elucidate pathogenicity factors and antagonistic agents of plant-
parasitic nematodes (Dong et al. 2007).

The most common nematode used in studies of nematophagous fungi is a free-
living soil nematode Panagrellus redivivus which is a well known commercially 
produced nematode used as a food source for fish larvae (Gray 1983) and can be 
bought online (http://www.atcc.org/). Panagrellus redivivus does not lay eggs, but 
the juveniles hatch internally. They have a short life cycle which has four larval 
stages before becoming adults. The first larval stage is intrauterine, but the remain-
ing stages are free-living (Stock and Nadler 2006). This nematode is easy to rear in 
large quantities in culture and has a high fecundity. Several methods have been de-
signed to culture P. redivivus, however, oatmeal is the most commonly used medi-
um [10 g oat meal in 23 ml tap water, sterilized by autoclaving at 121 °C for 30 min] 
(Gray 1983; Dong et al. 2007). After 7–10 days of incubation at room temperature, 
P. redivivus can be separated from the oatmeal by using a Baermann-funnel which 
allows active nematodes to pass through a filter (Schindler 1961; Coolen 1979). Ali-
quots (0.01 ml) of the nematode suspension are placed on slides and gently heated 
to immobilize the nematodes which are then counted at 60 × magnification to esti-
mate the population density.

Rhabditis terricola has also extensively been used as a target organism to stimu-
late trap formation in nematode-trapping fungi (Barron 1977). The population den-
sity of these nematodes, however, never reaches the levels as can be achieved with 
Panagrellus redivivus. Barron (1977) developed an improved method for culturing 
this species which was to centrally inoculate a water agar plate with 1 ml of the 
nematode suspension, and then sprinkled the area with 0.5 g of autoclaved Lipton’s 
green pea dried soup (probably any green pea or other dried soup can be tested). 
Plates are inoculated at either 20 or 30 °C to obtain large populations of nematodes 
within a few days (Barron 1977).

Caenorhabditis elegans has extensively been used as a model organism in bio-
logical research (Brenner 1974), and is also extensively used to an invertebrate in-
fection model to screen for virulence factors involving nematophagous fungi (Jans-
son 1994; Zuckerman et al. 1994; Stirling et al. 2005; Vaitkevicius et al. 2006). In 
general, juveniles and adults are used. Dong et al. (2007) has designed a simple, but 
reproducible, cost-effective and efficient way to obtain quantities of eggs in bulk.

This method is follows:

•	 Cultivate Caenorhabditis elegans at room temperature on oat meal medium 
(10 g oat meal in 23 ml tap water, sterilized by autoclaving at 121 °C for 30 min) 
and seeded with Escherichia coli OP50 in an Erlenmeyer flask. Nematode cul-
tures are transferred to fresh medium on a fortnightly basis.

•	 Nematode inoculum is prepared by scraping those individuals wriggling on the 
interface of the medium and the sides of the flask and suspending them in deion-
ised water (DW). A 400 μl suspension containing ca 5,000 worms is inoculated 
onto the Luria-Bertani (LB) medium (tryptone 10 g, yeast extract 5 g, NaCl 5 g, 
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tap water to 1,000 ml, pH adjusted to 7.0 with 5 M NaOH, sterilized by auto-
claving at 121 °C for 30 min) in a Petri-dish (6 cm diam.) and spread evenly by 
repeated rocking.

•	 Following inoculation, the culture is left at room temperature. Cultures are ob-
served microscopically daily.

•	 From the third day (72 h post inoculation), a large quantity of eggs could be seen 
on the surface, whilst the juveniles and adults wriggle through the superficial 
softened medium.

•	 The number of eggs laid, peaks on days 3–4. After day 4 the eggs on the culture 
begin to hatch. For the removal of non-egg developmental stages from the medi-
um, the medium is repeatedly flooded with the M9 buffer (Na2HPO4·12H2O 6 g, 
KH2PO4 3 g, NaCl 0.5 g, NH4Cl 1 g, DW to 1,000 ml, sterilized by autoclaving 
at 121 °C for 30 min) for three cycles of 1 min, until all the juveniles or adults are 
suspended and removed.

•	 These worms are then transferred to fresh LB medium where they continued 
to lay eggs. The eggs from the original flooded medium can be scraped from 
the surface and suspended in the M9 buffer. The eggs are surface sterilized by 
suspending in freshly prepared sodium hypochlorite (0.5 % available chlorine) 
for 5 min and then rinsed with sterile DW for five cycles. A total of ca (1.20–
1.40) × 105 eggs could be obtained from one Petri-dish culture, on day 3.

•	 To test the hatch rate of these harvested eggs, a 400 μl suspension of prepared 
eggs is inoculated onto the LB medium. The cultures are placed at room tem-
perature and microscopically inspected on a daily basis.

•	 Five days later, juveniles from 80–90 % of the eggs hatch. The methods reported 
herein were conducted three times with four replicate plates per trial. The results 
presented are from the final trial. The method provides a reproducible, cost-
effective and efficient way to obtain quantities of eggs in bulk. This method 
could also be used to obtain synchronized juvenile stages. The surface-bound 
eggs are in various stages of development. However, juveniles of the same age 
could be obtained by serially flooding the culture whilst leaving the unhatched 
eggs intact.

Wyborn et al. (1969) found that 1,000 nematodes per plate was below the threshold 
for stimulation of the fungal species studied, whereas at the 10,000 nematodes per 
plate the fungi attained epidemic proportions and swamped the nematode popula-
tion. A level of 5,000 nematodes per plate was demonstrated to be the most ef-
fective level, and this is recommended. Larger inocula of nematodes have been 
found to cause excessive damage to the surface of the agar, making subsequent 
microscopic observation difficult (Gray 1984c). Therefore, it is more effective to 
centrally inoculate plates if the soil samples are either very wet or clay-based, oth-
erwise this material was will be spread thinly over the surface of the medium by 
the nematodes, leaving no clear areas of agar for direct microscopic observation 
(Gray 1984c).

Although trap formation of nematode-trapping fungi can be stimulated by the 
addition of living nematodes (Cooke 1962), a number of other substances, such as 
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nemin, sodium cyanide, sodium azide, colchicine, cytochalasin B, abscisic acid, 
nitric oxide, yeast extract, and valine are also capable of stimulating trap formation 
(Higgins and Pramer 1967; Chen et  al. 2001; Wang and Higgins 2005; Herrera-
Medina et al. 2007; Xu et al. 2011). Nemin, which is a metabolic product of nema-
todes rapidly induces trap formation in culture without the problem of nematode 
contamination (Pramer and Stoll 1959; Feder et al. 1963; Nordbring-Hertz 1972; 
Barron 1977).

Treatment of Samples

Several techniques have been devised to isolate nematophagous fungi, such as the 
soil sprinkling method, the Baermann funnel technique and the differential centrifu-
gation technique (Duddington 1955; Cooke 1961; Barron 1969). These methods 
are efficient and time saving and give an overview of the spectrum of nematopha-
gous fungi infecting living nematodes in soils. Quantitative examinations are also 
possible. The soil sprinkling technique and the soil dilution method are good for 
quantifying nematode-trapping fungi (Dackman et al. 1987; Persmark and Jansson 
1997), while the differential centrifugation technique are good for quantifying en-
doparasitic fungi. The soil sprinkling technique and the soil dilution method employ 
nematodes as baits, enabling microscopic observation of the fungi. Limitations are 
that they do not allow determination of whether the fungi are present in soil as 
spores or hyphae, and that they are time-consuming and labour-intensive (Persson 
et al. 2000). The Baermann funnel technique and differential centrifugation tech-
nique are mainly used to isolate endoparasitic species.

Soil Sprinkling Technique

The soil sprinkling technique was originally devised by Drechsler (1941), and de-
veloped by Duddington (1955), and then further by Eren and Pramer (1965). Dud-
dington (1955) first isolated nematode-trapping fungi by plating out small amounts 
of soil onto nutrient agar. However, the slow growing nematode-trapping fungi were 
overgrown by the faster growing saprobic fungi that rapidly colonized plates. Eren 
and Pramer (1965) changed the nutrient agar to 2 % water agar, with adding nema-
todes to be selective for nematode-trapping fungi. The low nutrient status of this 
agar reduces saprobic fungal growth, and by providing a separate nutrient source in 
the form of nematodes, the method becomes highly selective for nematode-trapping 
fungi. In a later experiment, CMA nutrient adjusted to 15 %, was found to be a more 
effective isolation media (Fowler 1970).

A soil dilution technique combined with the sprinkling plate method gave a high-
er probability of isolating nematode-trapping fungi rather than the sprinkling plate 
method mentioned above, when similar soils were compared (Dackman et al. 1987). 
The soil dilution method is described below.
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The soil sprinkling technique is widely used for the recovery of nematode-trap-
ping fungi (Persson et al. 2000; Park et al. 2002; Farrell et al. 2006). The limitations 
of the soil sprinkling method are that they do not allow determination of whether 
the fungi are present in soil as spores or hyphae, and that they are time-consuming 
and labour-intensive (Persson et al. 2000).

Soil Dilution Method

A similar technique to isolate nematode-trapping fungi is the soil dilution method. 
This method were first proposed by Dackman et al. (1987) who found that the soil 
dilution technique can give approximately 10 times as many fungal species as the 
sprinkle plate method, when similar soils are compared. At present, the soil dilution 
method which was a development of the earlier sprinkling technique have also been 
used to isolate nematode-trapping fungi (Persmark and Jansson 1997).

The soil dilution method is performed in the following manner:

•	 15 g soil is shaken in 15 ml 0.01 % (w/v) sodium hexametaphosphate in a 100-ml 
Erlenmeyer flask for 10 min.

•	 Heavy material is allowed to settle before the soil suspension is decanted into a 
graduated cylinder and the volume adjusted to 15 ml with water.

•	 A dilution series is prepared giving 1, 0.1, 0.01, and 0.001 g soil ml−1.
•	 From each dilution a sample of 0.5 ml is spread on a water agar plate (1.5 % w/v) 

in such a way that a star is formed (Barron 1977), and the plates are left with the 
lid half open to allow excess water to evaporate.

•	 Five replicates are made from each dilution.
•	 On the following day, the plates are baited with approximately 500 nematodes 

per plate.
•	 The plates are incubated in the dark at approximately 22 °C and examined for 

growth of predatory fungi after 2 and 6 weeks.
•	 More frequent examination were found unnecessary. Plates showing growth of 

predatory fungi, manifested in the formation of trapping organs, are recorded as 
positive. The proportions of positive plates in each dilution is used to calculate 
the most probable numbers from an appropriate MPN table.

Baermann Funnel Technique

Living nematodes in soils will normally be colonized by fungal parasites. There-
fore, nematophagous fungi can be isolated by extracting nematodes from soil and 
plating them onto low nutrient agar (Capstick et al. 1957; Giuma and Cooke 1972). 
Although many methods have been described for separating nematodes from the 
soil (Whitehead and Hemming 1965; Southey 1986), the Baermann funnel tech-
nique (Staniland 1954; Giuma and Cooke 1972) has been most extensively used, 
especially for extracting nematodes infected by nematophagous fungi.
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•	 The standard Baermann funnel apparatus is shown in Fig. 2.1a.
•	 Wrap approximately 30 g of fresh soil sample in a double layer of soft tissue 

(Fig. 2.1b).
•	 Placed this in the standard Baermann funnel apparatus with distilled water 

(Fig. 2.1c, d), the water level can be readjusted until it is in contact with the soil.
•	 The nematodes wriggle through the tissue and pass down through the funnel into 

a small collecting tube.
•	 After 24 h the collecting tube is removed and the nematode suspension concen-

trated by centrifugation at 1,000 rpm/min for 3 min.
•	 Supernatants are discarded and the nematode mass is resuspended in 3 ml of 

distilled water and incubated at room temperature (18–22 °C).
•	 Microscopic examination of suspensions should be carried out immediately after 

centrifugation and this may show that very few nematodes have obvious symp-
toms of fungal attack.

•	 After 4 days or more of incubation in distilled water, place samples into glass 
cavity blocks and re-examine. The nematodes which become sluggish or immo-
bile may contain fungi.

•	 Remove the nematodes to a sterile 10 ml centrifuge tube containing 5 ml of ster-
ile distilled water by means of a fine Pasteur pipette and concentrated as before.

•	 Discard the supernatant and resuspend the nematodes in a further 5 ml of sterile 
distilled water and centrifuge again.

Fig. 2.1   Procedure for isolating living nematodes in soil by Baermann funnel technique
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•	 Transfer the wash nematodes to glass cavity blocks in a small amount of distilled 
water.

•	 Transfer those nematodes with emerging hyphae to 2 % cornmeal agar plates, 
and leave the remaining nematodes containing thalli in the cavity blocks

•	 Examine at daily intervals in order to observe the development of the parasites. 
Fertile hyphae usually grow rapidly from the nematodes and can be subsequently 
identified.

•	 When conidia form, transfer them aseptically to fresh media, where they should 
usually germinate. In this way pure cultures of a number of species of nema-
tophagous fungi can be obtained (Giuma and Cooke 1972).

Although some active nematodes may be caught on the sides of the funnel or may 
die from a lack of oxygen in the funnel system, this technique allows reasonably 
rapid isolation of endozoic parasites without the necessity for their maintenance 
on nematode populations or the use of antibiotics in the agar medium employed. A 
comparative investigation has shown the Baermann funnel technique to be signifi-
cantly more effective in isolating endoparasitic nematophagous fungi than the soil 
sprinkling method (Gray 1984a).

However, only nematodes in early stages of infection seem mobile enough to do 
this. The chance of parasites with very rapid rates of development within their hosts 
being isolated using this method might therefore be small (Giuma and Cooke 1972), 
and the Baermann funnel technique is influenced by the indigenous nematode popu-
lation density (Gray 1984a).

Differential Centrifugation Technique (Barron 1969)

Differential centrifugation is a common procedure in microbiology and cytology 
used to separate certain organelles from whole cells for further analysis of specific 
parts of cells (Wilchek and Bayer 1990). This technique has also been modified 
to investigate nematophagous fungi. The principle of differential centrifugation 
technique is to spin down the large predaceous type conidia at low speeds leaving 
the smaller conidia of the endoparasitic fungi in the supernatant. Therefore, this 
method can be used to separate the heavier spores of nematode-trapping fungi from 
the lighter spores of endoparasites. The supernatant is then centrifuged at a higher 
speed and the pellet containing the spores spread on plain agar baited with nema-
todes which subsequently become infected (Barron 1969).

The procedure for this technique is as follows:

•	 Approximately 200 cm3 of the soil sample is added to 250 cm3 of water and 
blended for 30–60 s.

•	 The resultant mixture is passed through a series of screens down to a No. 35 
screen to remove any coarse material.

•	 The soil suspension is poured into 50-ml centrifuge tubes and spun down for 
2 min at 1,000–2,000 rpm to remove heavy soil particles and large spores.
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•	 The supernatant is decanted and retained to be centrifuged again at 4,500 rpm 
for 1 h.

•	 The supernatant is then discarded and the residue saved.
•	 This is broken up and mixed with a few drops of sterile water using a glass rod 

and then spread onto a water agar plate.

The residue is spread over half of the plate and then seeded with a few drops of con-
centrated nematode solution containing 2,000–3,000 nematodes. The centrifugation 
method results in lower efficiency and diversity of nematophagous fungi than the 
Baermann funnel technique. However, this technique can isolate conidia as well as 
the Baermann funnel, making this isolation technique especially useful for studies 
in specificity of infection and on the conidia (Gray 1984a).

Observation and Identification

Observation

The identification of nematophagous fungi is normally established by direct obser-
vation. Nematophagous fungi are observed in culture and conidiophores and trap 
structure characteristics are determined. Conidiophores are often observed on top of 
crumbs of soil or on organic debris, where they are only visible at lower magnifica-
tions. Emergence times for nematophagous fungi vary considerably, and in order 
to recover the majority of species in a particular sample, the soil plates should be 
scanned frequently. Fowler (1970) compared 32 samples of garden soil at weekly 
intervals for 14 weeks, finding that most of nematophagous fungi present had been 
recorded within six weeks. Therefore Barron (1978) advised that plates should be 
examined daily for up to ten days to ensure that all the possible nematophagous 
species were observed. Presently, plates with small amounts of soil on nutrient agar 
are examined as frequently as possible, and at least at weekly intervals, for up to 
ten weeks. In this way even the most slowly developing species are recovered. Less 
frequent observations will result in fewer species being recorded.

Identification of the fungi by direct observation at × 400 magnification using an 
objective lens with a long working distance is highly successful and significantly 
reduces the number of mounted preparations. When fungi are immature, the bot-
tom of the Petri-dish can be marked using a indelible marker pen so that the speci-
men can be relocated and examined at a later date. A thin section of the agar (clear 
water agar) is better as it allows the researcher to focus on infected nematodes. In 
general, plates should be scanned at × 100 magnification for clear observation of 
nematophagous fungi. Lower magnifications such as × 40 or × 60 magnification 
should only be used by experienced workers. Subsequent identification is carried 
out directly at × 100 magnification using an objective with a long working dis-
tance. The entire surface of each plate is scanned in this way using a template fixed 
to a movable stage.
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Electron Microcopy

Electron microscopy is a method which uses a beam of electrons to illuminate 
the specimen and produce a magnified image. This method has a greater resolv-
ing power than a light-powered optical microscope, because electrons have wave-
lengths about 100,000 times shorter than visible light (photons), and can achieve 
better than 50 pm resolution (Erni et al. 2009) and magnifications of up to about 
10,000,000x, whereas ordinary, non-confocal light microscopes are limited by dif-
fraction to about 200 nm resolution and useful magnifications below 2,000x. There 
are two forms of electron microscopy which are commonly used to provide sur-
face information: Secondary Electron Microscopy (SEM), which provides a direct 
image of the topographical nature of the surface from all the emitted secondary 
electrons, and Scanning Auger Microscopy (SAM), which provides compositional 
maps of a surface by forming an image from the Auger electrons emitted by a 
particular element. Both of these techniques employ focusing of the probe beam 
(a beam of high energy electrons, typically 10–50 keV in energy) to obtain spatial 
localization.

Electron microscopy can provide valuable morphological information, as 
well as some remarkable views of nematophagous fungi and have been exten-
sively used to observe species (Nordbring-Hertz 1972; Barron 1979; Saikawa 
and Morikawa 1985; Tunlid et  al. 1991; Bordallo et  al. 2002). Many workers, 
such as Heintz and Pramer (1972), Nordbring-Hertz (1972) and Janssona (Jans-
sona 1982) have provided useful details of the techniques of transmission and 
scanning electron microscopy of nematophagous fungi. For example, Lysek and 
Nordbring-Hertz (1983) used SEM to obtain a clear figure of an adhesive net-
work trap of Arthrobotrys oligospora, while Nordbring-Hertz (1984) used TEM 
to reveal a common feature observed in all traps of trap-forming fungi (Fig. 2.2). 
The presence of numerous cytosolic organelles (dense bodies) are formed di-
rectly on initiation of the trap. Normal vegetative hyphae invariably lack dense 
bodies (Fig. 2.2). The dense bodies develop from specialized regions of the endo-
plasmic reticulum and exhibit catalase and amino acid oxidase activity and thus 

Fig. 2.2   Transmission 
electron micrograph (TEM) 
of vegetative hypha (upper 
panel) and a trap cell. Bar, 
1 mm. Note dense bodies 
only in the trap cell. Figure 
reproduced from Nordbring-
Hertz (1984) with kind 
permission from Cambridge 
University Press
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are peroxisomal in nature. They are supposed to be involved in penetration and 
digestion of the nematode.

Fluorescence Microscopy

With sophisticated equipment and an increasing number of fluorochromes, fluores-
cence techniques have become an effective tool in microscopy to directly observe 
soil dwelling fungi in situ (Jensen and Lysek 1991; Saxena and Lysek 1993; Jensen 
1994). This has been made possible by the use of specific fluorochromes such as 
fluorescein-di-acetate (FDA) and calcofluor white. Fluorescein-di-acetate (FDA) is 
a substance which does not give any fluorescence by itself; but it can be taken up 
by actively metabolizing cells or hyphae, and hydrolyzed enzymatically to yield 
free fluorescein, a true fluorochrome. Thus, only living and actively metabolizing 
microorganisms become visible when stained with FDA (Correa et al. 1986; Sod-
erstrom and Erland 1986; Jensen 1994). Calcofluor white (correct name CaIcofluor 
white M2R new) is an optical brightener with a high affinity to β-1, 4-glucans such 
cellulose or chitin. It is thus specific for hyphal walls, and does not differentiate 
between living and dead tissue. Calcofluor stains many types of fungal structures, 
for example spores or fruiting body initials (Von Sengbusch et al. 1983).

Investigation of fungi in the soil by fluorescence microscopy is now possible. 
Staining of key taxonomic features by fluorochromes, for example developing co-
nidiophores and spores of A. oligospora, make it an ideal tool for the rapid identifi-
cation of species of fungi that grow actively in soil, and which would be extremely 
difficult to observe by conventional microscopy. The technique can also be used 
to study fungal growth in soils over time, which exhibit periodic effects and even 
allows some considerations concerning their ecology (Jensen et al. 1997; 1998). It 
also has been used to study the colonization of soils contaminated with urban pol-
lutants and to study the occurrence of fungi in the ventilation systems of buildings 
(Neumeister et al. 1996). Here, we give examples of using fluorescence microscopy 
to examine the trap formation of nematophagous fungi. Figure 2.3 shows the con-
stricting rings of Arthrobotrys dactyloides which was stained with calcofluor white 
before (a) and after contraction (b) (Jensen et al. 1998). These inflation acts very 
rapidly, triggered when a nematode touches the inside of the ring. The three cells 
enlarge their volume such that the ring is completely filled. The nematode is quickly 
ensnared and cannot escape. Figure 2.3 also shows a recently captured nematode, 
but due to the selectiveness of calcofluor white for glucans, it is stained poorly and 
hence is only visible as a shadow (Jensen et al. 1998).

Figure 2.4 shows an example of double staining of A. oligospora with FDA and 
calcofluor white (Jensen et al. 1998). If the filters are chosen adequately, the stains 
highlight different cellular components: FDA (Fig. 2.4a) stains actively metaboliz-
ing areas such as capture organs, while calcofluor white makes the entire complex 
visible (Fig. 2.4b; Jensen et al. 1998).

When using fluorescence microscopy to investigate nematophagous fungi in soil 
we recommend the use of sterilized (autoclaved) compost, to avoid any effect of soil 
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fungistasis and inoculation of the fungi from pre-cultures on malt extract agar plates. 
Incubation should be done in Petri-dishes at room temperature. In order to preserve 
the exact localization of hyphae, traps, or other specific structures and surrounding 
soil particles, the soil samples need to be treated very carefully. Soil samples are cut 
vertically from the surface to the bottom of the Petri-dish with cover slips to obtain 
a number of soil slides to an average depth of 2.5 mm. Each soil slide is placed on 
one cover slip. Staining and manipulation should be done with much care to avoid 
distortion of the fungal structures. Observation is best through a cover slip using the 
hanging drop technique (Jensen 1994; Jensen and Lysek 1995). When staining by 
fluorochromes, if stain by FDA, a stock solution should be prepared from 500 mg 
FDA dissolved in 100 ml acetone and stored at − 18 °C. A working solution should 
be prepared by diluting 0.1 ml of the stock in 5 ml 60 mM phosphate buffer pH 6.88. 
Since this degrades very rapidly, the working solution should be freshly prepared for 
every observation. It is mixed into the soil and microscopic observation started im-
mediately; images are visible 1 min after preparation. Due to the rapid photofading of 
fluorescein, staining only lasts 20 min. If stain by Calcofluor white, a stock solution 

Fig. 2.3   Constricting rings 
of Arthrobotrys dactyloides 
before (a) and after contrac-
tion (b). In (b) the captured 
nematode captured is just vis-
ible. Staining with calcofluor 
white. Bar = 10 µm. (Figure 
reproduced from Jensen et al. 
(1998) with kind permission 
from Elsevier)
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should be prepared from 50 mg calcofluor dissolved in 5 ml buffer (Tris pH 9.0). The 
working solution consists of 0.1 ml of stock solution in 9.9 ml buffer. Both solutions 
are stable and should be stored in the dark at room temperature. For microscopic 
observations, the working solution should be simply mixed with the soil to be investi-
gated immediately prior to observation. The fluorescence is very stable; for example, 
mounts kept in a wet chamber could be studied for at least 24 h after staining.

Isolation of Pure Culture Species

In order to identify and characterize the morphology of nematophagous fungi, it is 
necessary to obtain pure cultures of species (Gray 1983). The method used to obtain 
pure subcultures of nematophagous fungi is to transfer a small piece of agar which 
contains numerous fungal conidia to a new fresh plate with nutrition medium. This 
method has the disadvantage of picking up surface contamination from the agar, 
which causes unwanted bacterial and mould growth on the plates. Heintz (1978) 
used two techniques for transferring nematophagous fungi from pure cultures onto 
fresh plates, a standard method uses plug inocula and macerated inocula.

Standard method

•	 3 mm diameter disks of agar are cut from the periphery of an actively growing 
culture on nutrient agar using a sterile cork borer

•	 The disks are transferred to new plates.

Fig. 2.4   Hyphae with sticky 
networks of A. oligospora 
between soil particles stained 
with FDA (a) and calcofluor 
white (b). Due to the trig-
gering light and filtering the 
FDA (a) and calcofluor white 
(b) give different images 
of the same structure. Bar 
= 100 µm. (Figure reproduced 
from Jensen et al. (1998) 
with kind permission from 
Elsevier).
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Macerated Inocula Method (Heintz 1978)

•	 A 50–60 mm diameter colony of the fungus is removed from an agar plate with a 
sterile scalpel, removing as little agar as possible and placed in 100 ml of sterile 
distilled water.

•	 The colony is macerated until a homogenous suspension is produced.
•	 0.5 ml aliquots are then spread uniformly over the entire surface of each agar 

plate.

The second technique uses macerated inocula, which allows a more uniform growth 
to be produced on the new plate. Heintz (1978) noted that this method resulted in 
the development of a typical fungal thallus within three days.

Numerous methods have been used to transfer conidia to obtain pure cultures of 
nematophagous species. Shepherd (1955) used a sterile platinum wire while Bar-
ron (1977) used a sterile dissecting needle to remove the conidia. However, Gray 
(1984b) used a single haired sable paint brush to pick off individual conidia. He 
believed that the single hair is extremely fine, short and flexible, and can be easily 
directed to particular conidia under 60 × or 100 × magnification. A popular method 
to transfer conidia is to use a sterile toothpick (Hao et al. 2005; Zhang et al. 2005; 
Li et al. 2006). The single hair is extremely fine, short and flexible, and can be eas-
ily directed to particular conidia under 60 × or 100 × magnification. The collected 
conidia are streaked onto nutrient agar.

In addition, pure cultures of some endoparasites can also be obtained by trans-
ferring nematodes, which are infected but with the fungus not yet sporulating, onto 
nutrient agar supplemented with aureomycin (30 g/l) to reduce bacterial contamina-
tion. Endoparasites are more difficult to transfer and grow in culture. The simplest 
method is to remove the infected nematode with a needle and wash it several times 
in saline to remove any contamination. This is best done by using a series of cavity 
slides and transferring the nematode from slide to slide. The infected nematode is 
then placed on a fresh water agar plate and inoculated with nematodes.

Identification

Identification of nematophagous fungi depends on the morphology and morphome-
try of conidia (shape, septa and size) and conidiophore branching, and modifications 
at the apex (Drechsler 1937; Cooke and Godfrey 1964), but also the trapping struc-
ture, and presence or absence of chlamydospores. Five kinds of trapping devices 
have been recognized, including adhesive networks, adhesive hyphae, constricting 
rings, adhesive knobs and nonconstricting rings (Fig. 2.5). The adhesive hypha is a 
short erect branch of a few swollen cells produced on a hypha with an adhesive layer 
covering its surfaces (Figs. 2.5, 1–4). The adhesive knob is a globose or subglobose 
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cell that is either sessile on the hypha or with an erect stalk (Figs. 2.5, 7–8, 11–12). 
Nonconstricting rings always occur alongside adhesive knobs, and are produced 
when erect lateral branches from vegetative hypha thicken and curve to form a 
generally three-celled ring that then fuses to the supporting stalk (Figs. 2.5, 8). The 
constricting ring contains three ring cells. When a nematode enters a constricting 
ring, the three ring cells are triggered to swell rapidly within 1–2 s (Figs. 2.5, 5–6, 
9–10). The adhesive network is formed by an erect lateral branch growing from a 
vegetative hypha, curving to fuse with the parent hypha and developing more loops 
exterior to the original loop or on the parent hypha (Figs. 2.5, 13–15; Barron 1979; 
Yang et al. 2007).

Fig. 2.5   Morphology on traps of nematode-trapping fungi. 1–4. Adhesive hypha. 5–6, 9–10. Con-
stricting rings. 7, 11–12. Adhesive knobs. 8. Adhesive knobs and nonconstricting rings. 13–15. 
Adhesive networks
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Use of Molecular Techniques in Identifying 
Nematophagous Fungi

Rapidly developing molecular techniques such as the polymerase chain reaction 
(PCR) have revolutionized identification and classification of fungi (White et al. 
1990; Foster et al. 1993). Application of such techniques for identification of nema-
tophagous fungi can be important tools for rapid and accurate identification. For ex-
ample, Hu et al. (2006) has identified Arthrobotrys multisecundaria (YMF1.01821) 
as a new nematode-trapping fungus based on the production of unicellular second-
ary conidia from both distal and basal ends. However, the extracellular serine pro-
tease genes, ITS and β-tubulin fragments which were cloned from Arthrobotrys 
multisecundaria show a high degree of similarity to those from Monacrosporium 
microscaphoides. Therefore, although these two fungi exhibited obvious differences 
in secondary conidia morphology, Li et al. (2008) has considered Arthrobotrys mul-
tisecundaria to be a spontaneous mutant of Monacrosporium microscaphoides. This 
example suggests that there may be several mistakes regarding the identification of 
nematode-trapping fungi when based only on the morphological observations.

Another example indicating the importance of molecular technology concerns 
the taxonomic revisions of nematode-trapping fungi. With molecular technology, 
the systemic classification of nematode-trapping fungi has been redefined because 
there is multitude inconsistencies in the evolutionary relationships as compared to 
the established taxonomy, which was traditionally based on morphology of conid-
ia and conidiophores. Since the pioneering work by Drechsler (Drechsler 1937), 
nematode-trapping fungi have been classified in a number of genera based on mor-
phology of conidia and conidiophores. Based on the phylogenetic analyses of the 
5.8 S rDNA, ITS1 and ITS2 of 28 nematode-trapping fungi, Liou and Tzean (1997) 
found that the 28 nematode-trapping fungi can be separated into four clades, each 
with a unique trapping device, and were first to propose that trapping organs may 
reflect evolutionary relationships, and appear more significant than conidiogenous 
cells and conidia for genus and species delimitation. Pfister (1997) also found that 
trapping devices are more informative than other morphological characters in de-
limiting genera. Subsequently, based on the small subunit (SSU) ribosomal DNA 
(18 S rDNA) from 15 species of nematode-trapping fungi, Ahren et al. (1998) found 
that nematode-tapping fungi clustered into three lineages: species with constricting 
rings, species with various adhesive structures (net, hyphae, knobs and noncon-
stricting rings) and species have no trapping devices. Based on results obtained 
from morphological and molecular characters, Hagedorn and Scholler (1999) and 
Scholler et  al. (1999) classified nematode-trapping fungi into four genera: Dac-
tylellina characterized by stalked adhesive knobs including species characterized 
by nonconstricting rings and stalked adhesive knobs; Gamsylella characterized by 
adhesive branches and unstalked knobs; Arthrobotrys characterized by adhesive 
networks; and Drechslerella characterized by constricting rings. Based on sequence 
analyses of 28 S and 5.8 S rDNA and β-tubulin, Li et al. (2005) proposed an emend-
ed generic concept for nematode-trapping fungi. Arthrobotrys is characterized by 
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adhesive networks, Dactylellina by adhesive knobs, and Drechslerella by constrict-
ing-rings. Phylogenetic placement of taxa characterized by stalked adhesive knobs 
and nonconstricting rings also is confirmed in Dactylellina. Species that produce 
unstalked adhesive knobs that grow out to form loops were transferred from Gam-
sylella to Dactylellina, and those that produce unstalked adhesive knobs that grow 
out to form networks were transferred from Gamsylella to Arthrobotrys. Gamsylella 
as currently circumscribed cannot be treated as a valid genus.

The use of molecular techniques is widespread and has helped to establish rela-
tionships between different organisms. However, these techniques only came into 
use in the previous 15 years and thus much can be learnt from these techniques. 
They can be used not only for the investigation of phylogenetic, taxonomic, and 
diagnostic problems in nematophagous fungi, but also provide the basis for gaining 
deeper insights in their biological research. However, we should not use molecular 
data in isolation to other data such as morphological data because researchers may 
infer wrongly perceived ideas from incorrectly generated phylogenetic trees due to 
the unwise selection of ingroups and outgroups.

In 2012, the International Code of Nomenclature for Algae, Fungi and Plants was 
revised and no longer allows a single fungal species (or genus) to have two names, 
with the older name taking priority except in exceptional circumstances (Hawk-
sworth 2012). The asexual genera of nematode-trapping fungi are linked with a 
sexual Orbilia morphs and may need to take the Orbilia name, or alternatively their 
names may be maintained. Discussions are presently underway by the Orbilomy-
cetes working group of the International Commission on the Taxonomy of Fungi 
(http://www.fungaltaxonomy.org/subcommissions) to establish which is the best 
name (or names) to adopt for this group(s) of fungi.

Preservation and Permanent Slides

Storage

In general, nematophagous fungi lose their viability if maintained for long periods 
in pure culture. The storage methods most suited to each fungal species or genera 
needs to be determined (Ryan et al. 2000). The maintenance of predatory activity 
of the fungal isolates is one of the basic prerequisites to ensure predatory activ-
ity. Several methods have therefore, been devised for preserving fungal cultures 
for prolonged periods and thus retaining the original characteristics of the isolates. 
Methods include preservation in mineral oil, cryopreservation, cold storage at 4 °C 
and preservation of species in silica gel (Duddington 1955). However, all these 
methods can more or less reduce the predatory activity and sporulation capacity.

Barron (1977) developed a soil storage method which can preserve nematopha-
gous fungi for much longer periods without loss of viability. In this method 30-ml 
screw top vials are half filled with moist greenhouse soil and sterilized. Fresh 
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nematodes are added to a plate containing infected nematodes, and softly mixed 
together. The resulting suspension, including bacteria and other contaminants, is 
then used to inoculate the vials. Approximately 0.5 ml of the suspension is added to 
each vial, which is allowed to stand at room temperature for several days to ensure 
infection of the healthy nematodes and is then stored at 5 °C. When required the 
vial is shaken to loosen the soil, and the material plated out as normal using the soil 
sprinkling technique.

Slides

In order to identify the nematode-trapping fungi that grow on the culture medium, 
microscopic slides must be prepared. Fowler (1970) initially used a dissecting mi-
croscope to locate fungi by examining the plates at 60 × magnification. Alterna-
tively where immediate identification was not possible subcultures were prepared. 
Shepherd (1955) used high-power microscopy to identify fungi directly by adding 
a drop of water to the agar, lowering a cover slip over the specimen, and examin-
ing it under oil immersion. Wood (1973) examined his isolates in temporary water 
mounts or in lactophenol acid fuschin, while live nematodes were fixed in 5 % for-
malin containing acid fuschin. It is important to retain the hyphae in situ for sub-
sequent examination and so permanent preparations were made using the method 
originally described by Dixon and Duddington (1951).

Lactophenol cotton blue (LPCB) wet mounts are the most widely used method 
for staining and observing fungi (Leck 1999). A thin section of the agar containing 
the fungus is removed using a scalpel and transferred onto the slide. The agar thick-
ness is reduced by gently warming the slide, and the specimen is stained using cot-
ton blue in lactophenol. A piece of clear adhesive tape can be gently touched on the 
colony and then placed on a drop of stain on the slide to observed intact specimens 
with string of spores or other structures that break up when making agar mounts.

It is difficult to make good permanent preparations of nematophagous fungi and 
these are less satisfactory to study than water mounts of living material. Several 
techniques for making permanent mounts of nematophagous and other fungi have 
been described, including lactophenol mounts with nail varnish sealant (Hawkswell 
2001), Kohlmeyer’s permanent mount method (Volkmann-Kohlmeyer and Kohl-
meyer 1996) and Venetian turpentine method (Duddington and Dixon 1951, 1953).

Semi-permanents Mounts in Lactophenol 
Sealed with Nail Varnish

When examining spores of Russulaceae in Melzer’s reagent under the microscope 
and subsequently mounting them in lactophenol, Hawkswell (2001) found that 
the iodine staining faded, rendering details of the spore ornamentation indistinct. 
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However, by adding a quantity of iodine to lactophenol, he found that the staining 
intensity was enhanced and it did not fade and the details of spore ornamentation 
remained clear (Hawkswell 2001). The routines for staining and mounting are as 
follows:

•	 Take a small piece of fungal tissue or infected nematodes, place it on a micro-
scope slide and add a drop of iodine.

•	 Place a cover glass over the specimen, cover with a strip of filter paper and exert 
firm pressure with a finger to compress the sample.

•	 Pour a few drops of distilled water over the slide, gently remover the cover slip 
and carefully pour off the surplus water.

•	 Give the specimen a second rinse with distilled water, pour off the surplus water 
and blot dry with tissue.

•	 Add a drop of iodine-lactophenol and place a cover slip over the specimen, care-
fully avoiding air bubbles.

•	 Remover the surplus iodine-lactophenol with tissue and seal the cover glass with 
nail varnish.

All specimens mounted in lactophenol must be sealed with nail varnish or a similar 
sealant if it is intended to keep the slide on a permanent basis. Permanent slides 
prepared by this method will be good for at least 18 months Hawkswell (2001) and 
the specimens retain the stain and ornamentations details clearly.

Double Cover-Glass Method

The “double cover-glass method” was introduced by Diehl (1929) who described 
the mounting of the specimen between two cover glasses of different sizes. It was 
revised by Kohlmeyer and Kohlmeyer (1972) and also adapted for fungal cultures 
by Connell and Padgett (1988).

•	 A large square cover glass (25 × 25  mm, No.  1) is attached on a clean slide 
(76 × 26 mm) by means of two droplets of distilled water (Figs. 2.6, 1).

•	 A larger drop of distilled water is placed in the centre of the cover glass, to which 
the specimen is added in the form of whole mounts, squash mounts or sections 
(Figs. 2.6, 2).

•	 The object is then covered with a smaller cover glass (18 × 18  mm, No.  1, 
Figs. 2.6, 3) allowing immediate investigation of the living material with bright-
field, phase contrast or Nomarski interference contrast. The use of immersion 
oil is also possible, although easier in the later stages, since special care must be 
taken when wiping off the oil.

•	 After the necessary observations, measurements, drawings and/or photographs 
have been made, a droplet of concentrated glycerin is added to the water at one 
or two sides of the small cover slip (Figs. 2.6, 4).
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•	 The slide is stored horizontally in a dustproof container for a few days to allow 
the water to evaporate. Excessive glycerin is removed from the edges of the larger 
cover glass easily done with filter paper—or if needed, more glycerin is added.

•	 The mount is then sealed with a thin ring of clear fingernail polish; it is best 
to repeat this step after an hour to be sure the glycerin is perfectly sealed in 
(Figs. 2.6, 5).

•	 When the nail polish is fully dried, the large cover glass is removed from the 
slide with the aid of a needle and a drop of mounting medium is placed on the 
small cover glass (Figs. 2.6, 6).

•	 Then the preparation is turned over (Figs. 2.6, 7) and placed on the slide. The 
drop of mounting medium flattens out (more effectively if one puts a small 
weight e.g., old AA battery on top for a few minutes), surrounding the edges of 
the small cover glass (Figs. 2.6, 8), there by permanently sealing in the small 
cover glass and nail polish.

•	 Any excess medium is squeezed out at the sides and can be taken off with a 
needle. The preparation is now stored horizontally until the medium is hardened, 
but it can be used after a day, should further inspection at the microscope be 
necessary.

•	 The sealing procedures are best done under a hood to avoid breathing the toxic 
fumes of the media. Nearly as important as the sealing technique is the labelling.

For this method, paper labels are not always permanent especially if written in pen-
cil, neither with pencil written on frosted glass. Kohlmeyer and Kohlmeyer (1972) 
recommend to used slides with one frosted end, and the labelling being done with 

Fig. 2.6   Double cover glass method for permanent microscopic mounts. (From Kohlmeyer and 
Kohlmeyer 1972)

 



352  Methodology for Studying Nematophagous Fungi

waterproof ink. Kohlmeyer and Kohlmeyer have slides as old as 30 years that are 
in perfect condition; the fungi being permanently sealed, there is no drying out or 
cracking and the writing is as clear as on the first day. Again, this method is more 
time-consuming than just using fingernail polish, but the results are so much more 
satisfying for anybody who needs to prepare voucher or holotype specimens, and it 
should always be used for preserving type material.

Erythrosin-Glycerine and Venetian Turpentine Methods

Duddington and Dixon (1951) have introduced methods for making rapid prepara-
tions for nematophagous fungi from agar culture. They believed that formalin-ace-
tic acid fixative is excellent for preservation of material. For endoparasitic nema-
tophagous fungi, the Erythrosin-glycerine method is most useful. The procedure of 
this method is as follows:

•	 A small piece of agar containing the specimen is fixed in the following mixture: 
commercial formalin, 10 ml; glacial acetic acid, 5 ml; distilled water, 85 ml for 
not less than 24 h.

•	 The specimen is washed in water until no smell of fixative is detectable.
•	 The material is placed in a saturated aqueous solution of erythrosin for 24 h.
•	 The specimen is transfer to 10 % glycerine and allowed to concentrate until most 

of the water has evaporated.
•	 Addition of 0.5 % of glacial acetic acid is added to improve staining.
•	 The dehydration is completed in a desiccator, and the material can then be 

mounted in glycerine or in glycerine jelly.
•	 Duddington (1955), however, believed that nematode-trapping fungi can be 

mounted satisfactorily using the Venetian turpentine method. The procedures of 
this method are as follows:

•	 Fix agar slices in the formalin-acetic acid for not less than 24 h.
•	 Washed with water until no smell of acetic acid.
•	 Stain in haematoxylin for about 5 min.
•	 ‘blue’ in tap water or ammonia vapour.
•	 Place in 10 % glycerine.
•	 When the concentration of the glycerine is saturated, wash in industrial methyl-

ated spirit until all glycerine is removed.
•	 Dehydrate in absolute alcohol.
•	 Place in a 10 % solution of turpentine in absolute alcohol.
•	 When the dish containing the material is left in the desiccator. Cleared with xylol 

and mounted in Canada balsam.

Please note that the dehydration and clearing must be carried out very gradually. 
For the preservation of material, the formalin-acetic acid fixative is excellent. The 
method causes no noticeable distortion, and the fungi can be left in the gelatin in-
definitely without harm.
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Conclusions

Although many standard experimental techniques, as presented above, have been 
developed for studying nematophagous fungi, they may not be suitable for all stud-
ies. Future studies should develop and adopt more efficient and better methods and 
researchers are encouraged to improve or design novel techniques to facilitate the 
investigation of nematophagous fungi.
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Abstract  Nematode-trapping fungi of Orbiliaceae include those filamentous spe-
cies forming trapping devices to prey on juveniles of nematodes. In this chapter, the 
taxonomic history of predatory orbiliaceous fungi is reviewed and the system of 
using trapping devices as the primary morphological criterion for generic delimita-
tion is advocated. Following this taxonomic concept, keys for genera of Arthrobotrys, 
Drechslerella and Dactylellina, which include all reported species of predatory 
orbiliaceous fungi are presented. Totally, 54, 14 and 28 species from Arthrobotrys, 
Drechslerella and Dactylellina respectively, are morphologically described and 
illustrated. Known asexual-sexual connections (14) of predatory orbiliaceous fungi 
are summarized and their taxonomic descriptions and illustrations presented.
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Introduction

In various natural environments, especially in soil, there are a wide and diverse 
range of microorganisms that function as antagonists of nematodes and include 
fungi, bacteria, viruses and rickettsias (Li et  al. 2000). Nematophagous fungi or 
nematode-destroying fungi are antagonists of nematodes, and comprise a great va-
riety of fungi belonging to widely divergent orders and families. Based on nemati-
cidal mechanisms, these antagonists are assigned to the groups, endoparasitic fungi, 
opportunistic fungi, toxic fungi or nematode-trapping fungi (Li et al. 2000). Endo-
parasitic fungi are regarded as obligate parasites infecting nematodes via special 
spores and mycelia development takes place from spores within the nematode and 
only the reproductive-conidiophores are externalized (Li et al. 2000). Toxic fungi 
refer to those producing metabolites toxic to nematodes. Opportunistic fungi can 
colonize nematode reproductive structures and have the ability to seriously affect 
their reproductive capabilities (Siddiqui and Mahmood 1996).

Nematode-trapping fungi capture nematodes by trapping devices produced from 
the vegetative mycelia. The trap types reported include adhesive networks, adhesive 
knobs, constricting rings, non-constricting rings, adhesive branches, undifferentiated 
or unmodified adhesive hyphae, stephanocysts, spiny balls and acanthocytes (Zhang 
et al. 2001; Tzean and Liou 1993; Luo et al. 2004, 2007). The first five types of trap are 
known only to be produced by the predacious asexual morphs of Orbiliaceae of As-
comycota. Adhesive knobs are however, also formed by Zoophagus species of Zygo-
mycetes (Li et al. 2000) and Nematoctonus species of basidiomycetes (Barron 1977).

Orbiliaceous members represent the majority of nematode-trapping fungi, 
which include 96 species, and are currently assigned in the asexual genera Arthro-
botrys (53 species), Dactylellina (28 species) and Drechslerella (14 species). Traps of 
adhesive hyphae are restricted to the genera Stylopage and Cystopage of Zygomycetes 
(Drechsler 1941), while stephanocysts is restricted to the genus Hyphoderma of ba-
sidiomycetes (Tzean and Liou 1993). Spiny balls and acanthocytes are formed re-
spectively by the macrobasidiomycetes Coprinus comatus (Luo et al. 2004, 2007) 
and Stropharia rugosoannulata (Luo et al. 2006). As mentioned above, the orbili-
aceous nematode-trapping are the most complex and taxonomically unsettled.

In this chapter we focus on the largest group of nematode-trapping fungi in the 
Ascomycota. We discuss their historical classification and the taxonomic system cur-
rently accepted. All species of orbiliaceous nematode-trapping fungi are described 
and illustrated. Keys to the genera Arthrobotrys, Dactylellina and Drechslerella are 
provided in order to facilitate the readers to compare the species features. Further-
more, asexual-sexual state connections of the orbiliaceous nematode-trapping fungi 
are discussed in species descriptions and illustrations.

Systematics of Nematode-Trapping Fungi

Asexual nematode-trapping hyphomycetous fungi belong to a predatory fungal lin-
eage. Distinctive trapping devices such as adhesive hyphae, adhesive knobs, adhe-
sive networks, constricting rings, and non-constricting rings develop from exten-
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sions of the mycelia (Barron 1977). The trapping devices enable capture and cause 
subsequent mortality of nematodes, other small animals, and protozoans and the 
nematode-trapping fungi then obtain nutrients from these prey (Barron 1977). Since 
nematode-trapping fungi play an important role as antagonists of plant-parasitic 
and animal-parasitic nematodes, there is a great interest in using these fungi as 
biological control agents. Information concerning the systematic position of nema-
tode-trapping fungi is therefore essential for understanding and exploiting them in 
biocontrol.

Asexual nematode-trapping hyphomycetous fungi are placed within the family 
Orbiliaceae ( Orbiliales, Orbiliomycetes), based on morphological and molecular 
studies (Pfister 1997; Eriksson et al. 2003; Yu et al. 2011). The family Orbili-
aceae was not known to be nematophagous until Pfister (1994) reported that a 
collection of Orbilia fimicola Jeng & Krug produced an Arthrobotrys asexual 
state named A. superba Corda. Subsequently, more and more connections be-
tween Orbiliaceae and predacious hyphomycetes have been established (Liu 
et al. 2005a; Mo et al. 2005a; Pfister 1995; Yu et al. 2006; Qiao et al. 2012; Li 
et al. 2009; Yu et al. 2009a). Connections between Orbiliaceae and other non-
predacious hyphomycetous genera have also been reported (Liu et al. 2005b; Yu 
et al. 2009b, 2007a, 2007b, 2011; Mo et al. 2005b; Yang and Liu 2005). At least 
nine asexual genera have been linked to sexual Orbiliaceae species (Pfister 1997; 
Yu et al. 2011).

The family Orbiliaceae was shown to be monophyletic in the phylogenetic 
analyses of 18S and ITS rDNA sequences (Pfister 1997). Morphologically, the 
unique nature of the ascospores of this family, especially the inclusion of an 
elaborated spore body makes it distinguishable from other discomycetes. Ac-
cording to phylogenetic analysis of SSU rDNA sequences of 21 taxa, the Orbilio-
mycetes clustered near the base of the tree near the Pezizomycotina. A signature 
of six base pairs was consistently found in every studied species of Orbiliomy-
cetes, which is a further evidence in the isolated position of the class (Eriksson 
et  al. 2003). However, a range of conidial morphology is found in nematode-
predacious and non-predacious asexual morphs in some phylogenetic clades. For 
example, in earlier classification systems, conidiophore characters were used to 
distinguish asexual genera. Within the series Auricolores in the sexual genus 
Orbilia, asexual morphs with a candelabrelloid or more simple type of conidio-
genesis actually cluster, often separately, from those with an arthrobotryoid type. 
However, the arthrobotryoid type occurs scattered in several clades, therefore, 
this character does not permit a split of series Auricolores into two groups. Co-
nidiophore types however, appear to characterize small groups within that series 
(Baral, pers. comm.).

Nematode-trapping fungi were formerly classified into a number of genera based 
on the morphology of conidia (shape, septa and size) and conidiophores (branch-
ing, modifications of the apex), such as Arthrobotrys, Dactylellina, Drechslerella, 
Monacrosporium, Dactylella, Gamsylella, Didymozoophaga, Trichothecium, Dac-
tylaria, Candelabrella, Genicularia, Duddingtonia, Nematophagus, Monacrospori-
ella and Woroninula. This has led to a situation where species with diverse types 
of trapping devices have been assigned to one genus, while others with similar 
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trapping devices can be found in different genera (Glockling and Dick 1994; Liu 
and Zhang 1994, 2003; Zhang et al. 1996a). The genus Arthrobotrys was first estab-
lished for the type species, A. superba (Corda 1839), which is characterized by the 
formation of two-celled conidia on denticles in a whorled arrangement at the apex 
of the nodes of the simple, erect, septate conidiophore. Schenck et al. (1977) ex-
panded the genus to include species with aseptate and multi-celled conidia. Scholler 
et al. (1999) subsequently limited Arthrobotrys to only those species with adhesive 
networks.

Subramanian (1963) erected Drechslerella for D. acrochaeta (Drechsler) Sub-
ram. based on the filiform apical appendage on its conidia. Although Liu and Zhang 
(1994) synonymized Drechslerella with Monacrosporium, detailed molecular anal-
yses (Hagedorn and Scholler 1999) convinced Scholler et al. (1999) to propose new 
generic concepts for orbiliaceous nematode-trapping fungi based on mode of trap-
ping device. We accept these concepts and recognize Drechslerella as characterized 
by forming three-celled constricting ring traps.

The genus Dactylellina was described by Morelet (1968) with Dactylellina lep-
tospora (Drechsler) M. Morelet as type species. Species included in this genus were 
characterized by elongate, fusoid conidia, while microconidia and microconidio-
phores rarely formed. Dactylellina was recognized by Scholler et  al. (1999) for 
species characterized by stalked adhesive knobs and included those species pro-
ducing non-constricting rings. The knob-forming species of the nematode-trapping 
fungi however, have diverse configurations such as sessile knobs, stalked knobs, 
a combination of stalked knobs with non-constricting rings, or stalked knobs with 
proliferated knobs.

Earlier phylogenetic analyses based on ribosomal RNA (rRNA) gene sequences 
suggested that the trapping devices could rationalize the classification of nematode-
trapping fungi (Rubner 1996). Indeed, lineages including species with stalked ad-
hesive knobs, adhesive networks and constricting rings consistently separate from 
each other in molecular phylogenetic analysis. Recently, phylogenetic analyses 
based on ribosomal RNA (rRNA) and protein-coding gene sequences suggested 
that the trapping devices could serve as robust indicators of generic delimitation for 
these asexual fungi (Yang and Liu 2006; Ahrèn et al. 1998; Li et al. 2005; Scholler 
et al. 1999), different trapping devices-forming species were separated into differ-
ent genetic lineages and new generic concepts of the taxonomy of predatory sexual 
Orbiliaceae were proposed.

Ahrén et al. (1998) found that nematode-tapping fungi clustered into three lin-
eages: species with constricting rings, species with various adhesive structures (net, 
hyphae, knobs and non-constricting rings) and species have no trapping device. 
Based on results obtained from morphological and molecular characters, Hage-
dorn and Scholler (1999) and Scholler et al. (1999) classified nematode-trapping 
fungi into four genera: Dactylellina characterized by stalked adhesive knobs in-
cluding species characterised by non-constricting rings and stalked adhesive knobs; 
Gamsylella characterized by adhesive branches and unstalked knobs; Arthrobotrys 
characterized by adhesive networks and Drechslerella characterized by constricting 



453  Taxonomy of Nematode-Trapping Fungi from Orbiliaceae, Ascomycota

rings. Furthermore, the systematic classification of nematode-trapping fungi was 
redefined based on phylogenies inferred from sequence analyses of 28S rDNA, 
5.8S rDNA and ß-tubulin genes and an emended generic concept of nematode-trap-
ping fungi is provided (Li et al. 2005). Arthrobotrys is characterized by adhesive 
networks, Dactylellina by adhesive knobs, and Drechslerella by constricting-rings. 
Phylogenetic placement of taxa characterized by stalked adhesive knobs and non-
constricting rings is also confirmed in Dactylellina. Based on careful morphological 
observation of culture, Li et al. (2005) found that none of these taxa only formed 
unstalked adhesive knobs, which was just one temporary structure formed at the 
first stage in the fungus development. These unstalked knobs could then grow out 
to form branches, which may further change in different species, they proposed that 
unstalked adhesive knobs should not be treated as a unique type of trapping-device 
and this character should not be given taxonomic importance, and the genus Gam-
sylella is invalid. Species which produce unstalked adhesive knobs that grow out 
to form loops were transferred from Gamsylella to Dactylellina, and those which 
produce unstalked adhesive knobs that grow out to form networks were transferred 
from Gamsylella to Arthrobotrys.

Based on the combined phylogenetic analysis of rDNA and protein-coding 
genes and morphological studies, a hypothesis for the evolution of trapping-de-
vices was also presented (Li et al. 2005). Predatory and non-predatory fungi ap-
pear to have been derived from non-predatory members of Orbilia. The adhesive 
knob is considered to be the ancestral type of trapping-device from which con-
stricting rings and networks were derived via two pathways. In the first pathway 
adhesive knobs retained their adhesive material forming simple two-dimension 
networks, eventually forming complex three-dimension networks. In the second 
pathway adhesive knobs lost their adhesive materials, with their ends meeting to 
form non-constricting rings and they in turn formed constricting rings with three 
inflated-cells. Furthermore, using phylogenetic analysis of nucleotide sequences 
of three protein-coding genes (RNA polymerase II subunit gene, rpb2; elongation 
factor 1-α gene, ef1-α; and ß tubulin gene, bt) and ITS rDNA region, Yang et al. 
(2007) described the evolution of nematode-trapping cells of predatory fungi, they 
thought the initial trapping structure evolved along two lineages yielding two dis-
tinct trapping mechanisms: one developed into constricting rings and the other 
developed into adhesive traps. Among adhesive trapping devices, the adhesive net-
work separated from the others early and evolved at a steady and gentle speed. The 
adhesive knob evolved through stalk elongation, with a final development of non 
constricting rings. The derived adhesive traps are indicated as a highly differenti-
ated stage.

The non-predacious genus Dactylella was established by Grove (1884) on the 
basis of one species, D. minuta Grove. The genus is characterized by erect, simple, 
hyaline conidiophores with conidia produced singly at the apex. Conidia are el-
lipsoidal, fusoid or cylindrical, one-celled at first and later having 2 to many septa. 
This genus has been emended several times and both non-predacious and preda-
cious fungi have been included (Subramanian 1963; Schenck et al. 1977; Zhang 



Z.-F. Yu et al.46

et al. 1994). Dactylella includes diverse taxa in morphology and behavior. There are 
considerable differences in conidiophore length and conidial size among species. 
Some species are saprotrophic, while others are oospore or nematode egg parasites 
(Zhang et al. 1994). Rubner (1996) revised the generic concept of Dactylella and 
excluded the nematode-trapping species. However, the classification has not com-
monly been accepted and several predacious species had been described under Dac-
tylella (Liu and Zhang 2003). Chen et al. (2007a, b, c) emended the asexual state 
genus Dactylella complex based on ITS phylogeny, all the tested strains cluster 
into three monophylogenetic clades corresponding to three genera, e.g. Dactylella, 
Vermispora and a distinct group comprising species with very short conidiophores. 
The circumscription of Dactylella and Vermispora were emended and a new genus 
Brachyphoris characterized by very short conidiophores that are scarcely longer 
than conidia was established, which sexual states corresponding to the genus Hya-
lorbilia within Orbiliaceae, and other species separated into genera Dactylella and 
Vermispora, respectively.

Although trapping devices have proven as vital in generic delimitation of nema-
tode-trapping fungi, species in the same genus are mainly delimited from each other 
by morphology of conidia and conidiophores. With more and more connections 
between nematode-trapping fungi and Orbiliaceae being established, phylogenet-
ic analysis including existing asexual species indicated that conidial morphology 
showed only little correlation while the sexual state characters showed a high level 
of correlation. For instance, Arthrobotrys belong to Series Auricolores, which is 
defined by the ability to form adhesive networks and the asexual Trinacrium-type 
belong to species of Hyalorbilia, Orbilia subgenus Hemiorbilia and subgenus Or-
bilia (Baral, pers. comm.). Further studies are needed to set up a natural classifica-
tion system including both asexual and sexual nematode-trapping fungi. In fact this 
is now a requirements of the International Code of Nomenclature for Algae, Fungi 
and Plants as two names can no longer be used for asexual and sexual morphs of 
the same fungus.

Key to Genera of Nematode-Trapping Fungi

1 Trapping-device a constricting ring, which consists of three inflated cells with a 
short, strong stalk..................................................................................Drechslerella
2 Trapping-device not a constricting ring, but various adhesive trapping devices...... 3
3 Trapping device unstalked adhesive knobs which develops into an adhesive net-
work or adhesive networks only............................................................ Arthrobotrys
4 Trapping device stalked adhesive knobs, some with non-constricting rings, 
or unstalked adhesive knobs which grow out to form adhesive branches and 
loops........................................................................................................ Dactylellina
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Arthrobotrys Corda, Pracht-Fl. Eur. Schimmelbild.: 43 (1839)
Type species: Arthrobotrys superba Corda, Pracht-Fl. Eur. Schimmelbild.: 43 (1839)
Synonyms

= Monacrosporium Oudem., Ned. Kruidk. Arch., Ser.2, 4: 250 (1885)
Lectotype species: Monacrosporium elegans Oudem., Ned. Kruidk. Arch., Ser.2, 4: 250 (1885), 

designated by Clements and Shear (1931)
= Didymozoophaga Soprunov & Galiulina, Mikrobiologiya 20: 493 (1951) (invalid; Art.36; 
illegit. Art. 52 ICBN)

Type species: Didymozoophaga superba (Corda) Soprunov & Galiulina, Mikrobiologiya 20: 494 
(1951) (invalid; Art. 36 ICBN).
≡ Arthrobotrys superba Corda, Pracht–Fl. Eur. Schimmelbildung.: 43 (1839)
= Candelabrella Rifai & R.C. Cooke, Trans. Br. mycol. Soc. 49 (1): 160 (1966)

Type species: Candelabrella javanica Rifai & R.C. Cooke, Trans. Br. Mycol. Soc. 49: 160 
(1966).
= Duddingtonia R.C. Cooke (1969), Trans. Br. mycol. Soc. 53 (2): 315 (1969)

Type species: Duddingtonia flagrans (Dudd.) R.C. Cooke, Trans. Br. Mycol. Soc. 53: 315 (1969)
≡ Trichothecium flagrans Dudd., Trans. Br. Mycol. Soc. 32: 287 (1949)
= Genicularia Rifai & R.C. Cooke, Trans. Br. Mycol. Soc. 49: 153 (1966) [non Genicu-
laria Rouss. ex Desv. 1808, non de Bary 1858] (nom. illeg.;. Art. 53 ICBN; replaced by 
Geniculifera)

Type species: Genicularia cystosporia (Dudd.) Rifai & R.C. Cooke, Trans. Br. Mycol. Soc. 49: 
154 (1966)
≡ Trichothecium cystosporium Dudd., Trans. Br. Mycol. Soc. 34: 600 (1951a)
= Nematophagus Mekht., Mikol. Fitopatol. 9 (3): 250 (1975)

Type species: Nematophagus azerbaidzhanicus Mekht., Mikol. Fitopatol. 9: 250 (1975)
= Monacrosporiella Subram., Kavaka 5: 94 (1978) [1977]

Type species: Monacrosporiella megalospora (Drechsler) Subram., Kavaka 7: 94 (1977).
≡ Dactylella megalospora Drechsler, Mycologia 46: 769 (1954)
= Woroninula Mekht., Khishchnye Nematofagovye Griby—Gifomitsety (Baku): 109 (1979)

Type species: Woroninula polycephala (Drechsler) Mekht., Khishchnye nematofagovye Griby—
Gifomitsety: 110 (1979)
 ≡ Dactylaria polycephala Drechsler, Mycologia 29: 530 (1937)

Characteristics:  Mycelium fast growing. Hyphae septate, branching, hyaline. 
Conidiophores simple or branched, apex mainly with short denticles or with genicu-
late, candelabrelloid, or percurrent proliferations, rarely simple without modifica-
tions. Conidia either singly or in clusters at the apex of the conidiophore. Conidia 
holoblastic, hyaline, non-septate to multi-septate, mainly ellipsoidal, spindle-
shaped or ovoid, rarely clavate, cylindrical, pyriform, or turbinate. Microconidia 
and microconidiophores frequently formed. Chlamydospores, when present, inter-
calary or rarely terminal, singly or in chains, thick-walled, sphaerical to ovoid, yel-
low pigmented. Sexual state when know, belonging to Orbilia. Trapping nematodes 
by means of adhesive networks or modified devices, with good saprotrophic capa-
bilities. Formation of traps induced by nematodes in most species.
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Key to Species of Arthrobotrys

1. Conidia produced singly at the apices of conidiophores or on subapical, lateral 
branches�������������������������������������������������������������������������������������������������������������������� 2
1. Conidia not produced singly, often in groups.....................................................16
2. Conidia clavate, with 2–9 septa, mostly 3–7-septate, without equal-sized cells  
............................................................................................................. A. shizishana
2. Conidia other type.................................................................................................3
3. Conidia obovoid, obconical, broad turbinate or subglobose, ratio of length to 
width less than 2�������������������������������������������������������������������������������������������������������� 4
3. Conidia fusiform, ratio of length to width more than 2���������������������������������������� 8
4. Conidia broadly turbinate to napiform, with 1–2 septa, distal cell largest  
....................................................................................................................  A. janus
4. Central or distal cell of conidia largest����������������������������������������������������������������� 5
5. Conidia with 0–2 septa, or 0–3-septate����������������������������������������������������������������� 6
5. Conidia with 1–3 septa, or 2–3-septate����������������������������������������������������������������� 7
6. Conidia ellipsoid to obovoid to broadly turbinate, with 0–2 septa, 17.5–30 
(23.2) × 12.5–20 (14.8)��������������������������������������������������������������������������������� A. indica
6. Conidia globose to obovoid, with 0–3 septa, 20–44 (32) × 17–25 (20.4)  μm 
�����������������������������������������������������������������������������������������������������������  A. sphaeroides
7. Conidia globose to turbinate, with 2–3 septa, 7–47.5 (32.2) × 17.5–27.5 (22) μm 
������������������������������������������������������������������������������������������������������������  A. rutgeriense
7. Conidia subglobose, with 1–3 septa, 23.5–30 (27.6) × 17–25 (20) μm  
������������������������������������������������������������������������������������������������������������������ A. sinensis
8. Conidia with 4–12 septa, conidia longer ���������������������������������������� A. multiformis
8. Conidia with 2–5 septa ����������������������������������������������������������������������������������������� 9
9. Conidial less than 20 μm wide ��������������������������������������������������������������������������� 10
9. Conidial wider than 20 μm �������������������������������������������������������������������������������� 11
10. Conidia fusiform to ellipsoid, with 2–3 septa, 32.5–47.5 (41) × 12.5–17.5 
(15.5) μm ���������������������������������������������������������������������������������������������� A. fusiformis
10. Conidia fusiform to ellipsoid, with 0–4 septa, mostly 3-septate ����������� A. salina
11. Conidia mostly 4-septate ���������������������������������������������������������������������������������� 12
11. Conidia mostly with 2 or 3–4 septa ����������������������������������������������������������������� 13
12. Conidia broadly fusiform, with 2–4 septa, mostly 4-septate, with larger size  
���������������������������������������������������������������������������������������������������������  A. megalospora
12. Conidia fusiform, sometimes with 5 septa, 50–65 × 20–25 μm��������A. reticulata
13. Conidia turbinate, obovoid, fusiform, mostly 2–3-septate, with narrower and 
longer basal cell����������������������������������������������������������������������������A. cookedickinson
13. Conidia fusiform to obpyriform������������������������������������������������������������������������ 14
14. Conidia 2–5-septate, mostly 3–4-septate, 40–90 (54) × 15–27.5 (18) μm  
������������������������������������������������������������������������������������������������������������� A. longiphora
14. Conidia mostly 2–3-septate������������������������������������������������������������������������������� 15
15. Conidia mostly 3-septate, 40–52–65 × 17–20–23 μm������������������� A. oudemansii
15. Conidia 1–4-septate, mostly-2 septate, obpyriform to fusiform�����A. huaxiensis
16. Conidiophores often merged into a bundle ������������������������������������A. dendroides
16. Conidiophores not merged into bundles����������������������������������������������������������� 17
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17. Conidia 0–1-septate������������������������������������������������������������������������������������������ 18
17. Conidia 1- or more than 1-septate��������������������������������������������������������������������� 23
18. Conidia lacking septa���������������������������������������������������������������������������������������� 19
18. Conidia 0–1-septate������������������������������������������������������������������������������������������ 20
19. Conidia obovoid to ellipsoid, 15–31 (23.6) × 10–20 (15.9) μm����A. amerospora
19. Conidia elongate-ellipsoid, 11–16.8 × 5–6.6 μm�����������������������������A. nonseptata
20. Conidia produced from longer sterigmata, conidia occasionally 1-septate, 17.5–
32.5 (22.57) × 2.75–7.5 (5.5) μm �������������������������������������������������������A. yunnanensis
20. Conidia producing from swollen denticles of apex������������������������������������������ 21
21. Conidia broadly ovoid to ellipsoid, 14.8–21.5 × 10.1–16.3 μm��������� A. latispora
21. Conidia other type��������������������������������������������������������������������������������������������� 22
22. Conidia ellipsoid, occasionally 1-septate, 12–28 × 10–15 µm������A. botryospora
22. Conidia cylindrical to clavate��������������������������������������������������������������������������� 23
23.Conidiophores with apical as well as intercalary clusters of conidia, conidia cy-
lindrical, occasionally clavate, minority 1-septate at centre�������������������� A. anomala
23. Conidiophores with apical clusters of conidia only, conidia clavate, septum near 
the base�������������������������������������������������������������������������������������������� A. pseudoclavata
24. Conidia always 1-septate���������������������������������������������������������������������������������� 25
24. Conidia sometimes more than 1-septate����������������������������������������������������������� 39
25. Conidiophores with longer sterigmata at the apex, of the candelabrelloid type
�������������������������������������������������������������������������������������������������������������������������������� 26
25.Conidiogenous loci denticles, or shorter sterigmata������������������������������������������ 27
26. Conidia obovoid to clavate, narrowed at septum��������������������������������A. javanica
26. Conidia elongate-obovoid or ovoid, not narrowed at septum, with narrower and 
slender basal cell, 33.5–57 × 11–15.5 μm������������������������������������������������ A. shahriari
27. Conidiophores geniculation because of repeated elongation, each conidioge-
nous loci with 1–3 conidia�������������������������������������������������������������������������������������� 28
27. Conidiophores erect, not geniculation�������������������������������������������������������������� 30
28.Conidiogenous loci without obvious denticles, conidia narrow pyriform, 
24–40 × 12.5–18.8 μm�������������������������������������������������������������������������� A. paucispora
28. Conidiogenous loci with obvious denticles������������������������������������������������������ 29
29. Conidia broadly pyriform, 25–35 × 18–24 μm, capturing nematodes by adhesive 
networks����������������������������������������������������������������������������������������������� A. cystosporia
29. Conidia obpyriform, 24–32.5 × 12.5–20  μm, capturing nematodes by simple 
hyphae�������������������������������������������������������������������������������������������������������A. perpasta
30. Conidiogenous loci without obvious denticles, capturing nematodes by simple 
hyphae�������������������������������������������������������������������������������������������������������A. flagrans
30. Conidiogenous loci with typical denticles or sterigmata���������������������������������� 31
31. Conidiophores with several groups denticles��������������������������������������������������� 32
31. Conidiophores with apical or occasionally subapical denticles or sterigmata 
�������������������������������������������������������������������������������������������������������������������������������� 34
32. Conidia subellipsoid, not narrowed at septum, 7.5–27.5 (5.8) × 5–10.5 (6.6) μm 
������������������������������������������������������������������������������������������������������������������ A. superba
32. Conidia obovoid to pyriform���������������������������������������������������������������������������� 33
33. Conidia obovoid, not narrowed at septum, 28.5–32 (30) × 18–20.5 (20) μm 
�������������������������������������������������������������������������������������������������������������������A. obovata
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33. Conidia pyriform to obovoid, narrowed at septum, 17–35 (23) × 8.5–16 
(12.1) μm����������������������������������������������������������������������������������������������� A. oligospora
34. Conidiophores unbranched������������������������������������������������������������������������������� 35
34. Conidiophores branched or occasionally branched������������������������������������������ 36
35. Conidia obconical, produced from denticles, 15–37.5 (8.4) × 7.5–14.5 (11.8) μm 
����������������������������������������������������������������������������������������������������������������� A. conoides
35. Conidia ellipsoid, produced from sterigmata, 20–47.5 (30.9) × 7–12.5 (10.3) 
�������������������������������������������������������������������������������������������������������������A. musiformis
36. More than 10 conidia arranged in a close capitate head����������������������������������� 37
36. 1–6 conidia arranged in a loose capitate head�������������������������������������������������� 38
37. Conidia pyriform, occasionally ovoid, 26–40 × 12–23 µm�������� A. apscheronika
37. Conidia ellipsoid to ovoid, 10–20 (17.5) × 5–8 (6.2) µm������������������� A. cladodes
38. Conidia elongate-ovoid, produced from denticles, 22.5–32 × 11–22.5 µm  
����������������������������������������������������������������������������������������������������������������A. chazarica
38. Conidia obovoid, produced from sterigmata, 20–27.5 (24.4) × 7.5–12.5 (10.8) µm
������������������������������������������������������������������������������������������������������������������� A. robusta
39. Conidia with more septa, mostly 2–5-septate, capturing nematodes by simple 
two-dimensional networks�����������������������������������������������������������������A. dianchiensis
39. Conidia less than 4-septate, capturing nematodes by three dimensional networks 
�������������������������������������������������������������������������������������������������������������������������������� 40
40. Conidia sometimes non-septate������������������������������������������������������������������������ 41
40. Conidia at least 1-septate���������������������������������������������������������������������������������� 42
41. Conidia multiform, broadly turbinate to narrow fusiform, ellipsoid, clavate, ob-
ovoid����������������������������������������������������������������������������������������������A. mangrovispora
41. Conidia fusiform, largest cell obvious����������������������������������A. microscaphoides
42. Conidia fusiform or other type�������������������������������������������������������������������������� 43
42. Conidia other type, never fusiform������������������������������������������������������������������� 48
43. Conidia fusiform to other type�������������������������������������������������������������������������� 44
43. Conidia only fusiform��������������������������������������������������������������������������������������� 45
44. Conidia fusiform, obovoid or broadly conical, 3-septate, 37–55 (49) × 17.5–35 
(28) μm��������������������������������������������������������������������������������������������������A. eudermata
44.Conidia pyriform or fusiform, 1–3-septate, mostly 1-septate������A. guizhouensis
45. Conidia mostly 3-septate����������������������������������������������������������������������������������� 46
45. Conidia mostly 4 or 3–4-septate����������������������������������������������������������������������� 47
46. Conidia of two types, macroconidia arranged loosely, 3–4-septate, 30–50 
(45.1) × 8–16.5 (12.2) μm��������������������������������������������������������������������A. polycephala
46. Conidia arranged closely, 1–4-septate, 30–60 (36.2) × 15–30 (20.2) μm 
�������������������������������������������������������������������������������������������������������������� A. thaumasia
47. Conidia sometimes curved, mostly 4-septate, 40–70 × 9–14 μm 
����������������������������������������������������������������������������������������������������������A. gampsospora
47. Conidia mostly 3–4-septate, 46–70 (62.3) × 21–29 (24.7)���������� A. psychrophila
48. Sterigmata or denticles formed from flank of conidiophores��������������������������� 49
48. Conidiophores with apical and at least subapical clusters of conidia��������������� 50
49. Conidia pyriform to broadly clavate,1–3 septa, mostly 2-septate, 25–40 
(17.5) × 7.5–19 μm���������������������������������������������������������������������������������A. clavispora
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49. Conidia elongate-ovoid to ellipsoid, 1–3-septate, mostly 1–2 septa, 28.5–
56 × 11.5–22.5 μm������������������������������������������������������������������������������������ A. tabrizica
50. Conidia mostly 1-septate or with 1–2 septa������������������������������������������������������ 51
50. Conidia mostly 2-septate or with 2–3 septa������������������������������������������������������ 52
51. Conidia obovoid to ellipsoid, mostly 1–2-septate, 18–36 (28.1) × 12–20 (15.3) µm
��������������������������������������������������������������������������������������������������������� A. azerbaijanica
51. Conidia pyriform, 1–2-septate, mostly with 1 septum����������������������A. oviformis
52. Conidia broadly pyriform to subcylindrical, mostly 2–3-septate, occasionally 
1-septate, 20–35 × 10–25 μm����������������������������������������������������������������� A. pyriformis
52. Conidia ellipsoid, obovoid or cymbiform��������������������������������������������������������� 52
53. Conidia of two types, macroconidia ellipsoid or cymbiform,1–3-septate, mostly 
2-septate������������������������������������������������������������������������������������������������A. scaphoides
53. Conidia ellipsoid to obovoid or cymbiform, 2–3-septate���������������� A. vermicola

Accepted Species of Arthrobotrys

1. Arthrobotrys amerospora S. Schenck, W.B. Kendr. & Pramer, Can. J. Bot. 55 (8): 979 (1977) 
[1976]

Characteristics:  Mycelium hyaline, septate, branched. Conidiophores simple, 
erect, septate, unbranched, 75–250 µm long, producing 2–10 conidia singly from ret-
rogressive conidiogenous loci on broad, conspicuous denticles at and near the apex. 
Conidia holoblastic, hyaline, obovoid, one-celled, 15–31 (23.6) × 10–20 (15.9) µm 
with a small truncate protuberance at the base. Germinating from the base, and 
often subsequently also from the apex. Chlamydospores yellowish, smooth-walled, 
sphaerical to elongate-ellipsoidal, 18–50 × 18–23 µm, usually intercalary, single or 
in chains. Capturing nematodes on adhesive hyphal loops.

Distribution:  Canada, China (Guansi), India, USA.

Notes:  The description is based on the protologue. Among Arthrobotrys, there are 
five species with single celled conidia, i.e. A. amerospora (Schenck et al. 1977), A. 
anomala (Barron and Davidson 1972), A. botryospora (Barron 1979), A. yunnanen-
sis (Mo et al. 2005a) and A. nonseptata (Yu et al. 2009b). However, only conidia 
of A. amerospora and A. nonseptata are consistently non-septate, and conidia 
of the other three species are occasionally 1-septate. The obovoid conidia of A. 
amerospora distinguishes it from the elongate-ellipsoidal conidia of A. nonseptata. 
(Fig. 3.1)

Arthrobotrys anomala G.L. Barron & J.G.N. Davidson, Can. J. Bot. 50: 1773 (1972)
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Characteristics:  Conidiophores short, erect or suberect, hyaline, indeterminate, 
20–80 × 4–6 µm; conidia borne in an apical cluster or series of clusters, sometimes 
borne irregularly along the spore-bearing apex; conidia cylindric to long ellip-
soid, occasionally clavate, hyaline, non-septate when attached, frequently form-
ing a septum before germination, produced sympodially on pronounced denticles, 
13–22 × 3–7 µm. Nematodes trapped by means of short, erect adhesive branches or 
more commonly by complex three dimensional adhesive networks.

Distribution:  Canada.

Notes:  The description is based on the protologue. Arthrobotrys anomala is char-
acterized by cylindric to elongate ellipsoidal, 0 (–1)-septate conidia, which distin-
guish it from other species of Arthrobotrys. (Fig. 3.2)

Arthrobotrys apscheronica Mekht., Nov. Sist. Niz. Rast., 10: 174 (1973)

Characteristics:  Conidiophores erect or curved, sometimes branched, occasion-
ally repeated propagated, conidiophore apex expanded irregularly, bearing 12 (–16) 
conidia on denticles of apex; conidia pyriform, seldom ovoid, 1-septate at the centre 

Fig. 3.1   Arthrobotrys amerospora. a conidiophore; b conidia; c adhesive network. Bar = 10 µm
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of conidia, constricted at the septum. Nematodes trapped by three dimensional 
adhesive networks.

Distribution:  Russia.

Notes:  The description is based on the protologue. This species is similar to A. 
conoides in conidial shape, but it differs in having longer conidia (Fig. 3.3).

Arthrobotrys azerbaijanica (Mekht.) Oorschot [as ‘azerbaidzhanica’], Stud. Mycol. 26: 70 (1985)
≡ Nematophagus azerbaijanicus Mekht. [as ‘azerbaidzhanicus’], Mikol. Fitopatol. 9: 250 (1975)

Characteristics:  Conidiophores erect, branched or unbranched, repeatedly propa-
gating at least once, apex expanded, bearing 10–12 conidia on short and slender 
denticles; conidia obovoid to ellipsoidal, 1–4-septate, constricted at septum, some-
times 1–2 cells expanded, 18–36 (28.1) × 12–20 (15.3) µm; Chlamydospores pres-
ent. Nematodes trapped by three dimensional adhesive networks.

Distribution:  Russia.

Notes:  The description is based on the protologue. This species resembles A. pyri-
formis, but has wider conidia (conidia of A. pyriformis 17–38 × 6.5–11.5 μm, mostly 
2–3-septate). (Fig. 3.4)

Arthrobotrys botryospora G. L. Barron, Can. J. Bot. 57: 1371 (1979)

Fig. 3.2   Arthrobotrys 
anomala. a conidiophores; 
b conidia. Bar = 20 µm
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Characteristics:  Colonies on CMA whitish. Mycelium spreading, vegetative 
hyphae hyaline, septate branched. Conidiophores hyaline, erect, septate, 250–
350 µm long, 4.5–6.5 µm wide at the base, gradually tapering upwards to a width 
of 3–5 µm at the apex, simple or sparingly branched in strikingly loose capitate 
arrangement. Conidia 12–28 × 10–15 µm, hyaline, ellipsoid, non-septate or occa-
sionally 1-septate (8 %) just below the centre of the spore and having a narrowly 
truncate protuberance at the base. Capturing nematodes by means of three dimen-
sional adhesive networks.

Distribution:  Canada (Ontario), China (Anhui, Beijing, Guizhou, Hebei)

Material examined:  C9–1, C21–1, isolated from forest soil in Cangshan Moun-
tain, Dali in 1999 by Lu Cao; 01–3, isolated from forest soil in Shigu, Lijiang in 
1999 by Lu Cao.

Fig. 3.3   Arthrobotrys 
apscheronika. a conidio-
phore; b conidia; c adhesive 
network. Bar = 30 µm



553  Taxonomy of Nematode-Trapping Fungi from Orbiliaceae, Ascomycota

Notes:  The only species of Arthrobotrys described with non-septate conidia are 
A. anomala and A. amerospora. Arthrobotrys anomala differs from A. botryospora 
in its cylindrical conidia. In A. amerospora, the conidia are larger than those of A. 
botryospora. The former also produce abundant chlamydospores, while chlamydo-
spores are not produced in A. botryospora. In A. amersospora the conidia form in a 
solitary terminal cluster, produced from a retrogressive conidiogenous locus which 
remains relatively unswollen. In A. botryospora, successive production of conidia 
produces a swollen apex, with the main axis branching or elongating sympodially 
to produce a succession of spore clusters. (Fig. 3.5)

Arthrobotrys chazarica Mekht., Mycol. Res. 102: 683 (1998)

Characteristics:  The fungus forms a delicate, fluffy, pale grey colony in pure 
culture on malt agar with pigments diffusing into the agar. Sporulation is abun-
dant. Conidiophores simple, erect, branched. Conidia obovate to elongate-obovate, 

Fig. 3.4   Arthrobotrys 
azerbaijanica. a conidio-
phore; b conidia; c adhesive 
network. Bar = 30 µm
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1-septate, 22.5–32 × 11–22.5 μm, growing on very closely arranged, thin denticles. 
Capturing nematodes by means of three dimensional adhesive networks.

Distribution:  Azerbaijan (Baku).

Notes:  The description is based on the protologue. This species is similar to A. 
robusta in being 1-septate at the centre of the conidia, but conidia of A. robusta are 
mainly oblong-pyriform, and conidia are smaller. (Fig. 3.6)

Arthrobotrys cladodes Drechsler, Mycologia 29: 463 (1937)
 �≡ Trichothecium cladodes (Drechsler) Soprunov, Predacious fungi—Hyphomycetes and their 
use in the control of pathogenic nematodes: 113 (1958)

Characteristics:  Colonies on CMA whitish, slow growing. Mycelium spreading, 
scanty; vegetative hyphae hyaline, septate, branched. Conidiophores hyaline, erect, 
septate, more or less branched, 68–236 μm long, 2.5–5 μm wide at the base, tapering 
gradually upwards to a width of 2–3 μm below the irregularly expanded, globose 
or somewhat coralloid apex, whereon are borne 10–20 conidia usually in a dense 

Fig. 3.5   Arthrobotrys 
botryospora. a conidiophore; 
b conidia; c adhesive net-
work. Bar = 20 µm
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capitate arrangement. Conidia hyaline, ellipsoid or elongate obovoid, mostly 10–20 
(17.5) × 5–8 (6.2) μm, 1-septate near the centre of the spore. Chlamydospores not 
formed. Capturing nematodes by means of three dimensional adhesive networks.

Distribution:  China (Beijing, Guizhou, Hebei, Taiwan, Xizang, Yunnan), Cuba 
(Prov. Ciudad de La Habana), UK, USA (Wisconsin)

Material examined:  YMF1.00038, isolated from forest soil in Deqin, Yunnan, in 
2002 by Jing Zhang; ①–33, isolated from field soil in Guiyang, Guizhou, in May 
2002 by Ke-Qin Zhang; XZA–3, isolated from field soil in Zhouxian, Xizang in 
August 2002, by Minghe Mo. Permanent slide: H1–33.

Notes:  This species was first isolated from leaf mold of deciduous woods in Vir-
ginia and Maryland, which is similar to A. superba, A. oligospora and A. conoi-
des in conidia shape, but branch mode of conidiophores differ. The apex of the A. 
cladodes conidiophore is irregularly expanded, on which 10–20 conidia form in a 
densely capitate arrangement. (Fig. 3.7)

Arthrobotrys clavispora (R.C. Cooke) S. Schenck, W.B. Kendr. & Pramer, Can. J. Bot. 55: 982 
(1977)
≡ Dactylaria clavispora R.C. Cooke, Trans. Br. Mycol. Soc. 47: 307 (1964)
= Genicularia clavispora (R.C. Cooke) Rifai, Reinwardtia 7 (4): 367 (1968)
= Geniculifera clavispora (R.C. Cooke) Rifai, Mycotaxon 2 (2): 216 (1975)
= Nematophagus clavisporus (R.C. Cooke) Mekht., Khishchnye Nematofagovye Griby—
Gifomitsety (Baku): 107 (1979)

Fig. 3.6   Arthrobotrys 
chazarica. a conidiophore; 
b conidia; c adhesive net-
work. Bar = 25 µm
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Characteristics:  Conidiophores erect, unbranched, septate, 150–350 μm high, at 
the apex of each bearing 3–11 widely spaced conidia, pleurogenous on small ste-
rigmatal branches. A single, terminal conidium is formed at the conidiophore apex, 
which continues to grow for a short distance so that the conidium is displaced later-
ally. A second conidium is then formed at the new apex followed by growth of the 
conidiophore displacing this conidium. This process is repeated giving rise to the 
arrangement of conidia typical of this species. Conidia pyriform to broadly clavate, 
25–40 (17.5) × 7.5–19 μm, rounded distally and tapering proximally to a narrow, 
truncate base. They are 1–2-septate, about twice as many having one septum as two. 
In both forms of conidium the distal cell is usually the larger. Capturing nematodes 
by means of three dimensional adhesive networks.

Distribution:  France.

Notes:  The description based on the protologue. This species is characterized by 
widely spaced conidia borne pleurogenous on small sterigmatal branches. (Fig. 3.8)

Fig. 3.7   Arthrobotrys clad-
odes. a, b conidia; d adhesive 
network; c, e conidiophore. 
Bar = 10 µm
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Arthrobotrys conoides Drechsler, Mycologia 29 (4): 476 (1937)
= Arthrobotrys pravicovii (Soprunov) Sidorova, Gorlenko & Nalepina [as ‘pravicovi’], Bot. 
Zh. SSSR 49: 1598 (1964)
= Arthrobotrys pravicovii (Soprunov) Mekht. [as ‘pravicovi’], Dokl. Akad. Nauk Azerb. SSR 
20 (6): 71 (1964)
= Arthrobotrys tortor Jarow., Acta Mycologica, Warszawa 4: 241 (1968)
= Trichothecium pravicovii Soprunov [as ‘Pravicovi’], Predacious fungi—Hyphomycetes and 
their use in the control of pathogenic nematodes: 117 (1958)

Characteristics:  Colonies on CMA whitish then turned to yellowish; mycelium 
spreading, vegetative hyphae hyaline, septate, branched, except for occasional stor-
age filaments that are densely filled with protoplasm and up to 12 μm wide, measur-
ing mostly 2–8 μm in diameter. Conidiophores hyaline, erect, 5–10-septate, usually 
not branched, mostly 4–7.5 μm wide at the base, tapering gradually upwards to a 
width of 2.5–5 μm in attaining a height of 120–420 μm before bearing on a globose 
or more irregularly expanded apex as many as 30 conidia in dense capitate arrange-
ment; subsequently often, following repeated elongation, giving rise successively to 
additional clusters of conidia. Conidia hyaline, obconical, 15–37.5 (28.4) × 7.5–14.5 
(11.8) μm, somewhat flattened at the base, broadly rounded at the apex, 1-septate, 

Fig. 3.8   Arthrobotrys clavispora. a conidiophores with conidia; b conidia; c adhesive network. 
Bar = 20 μm
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usually perceptibly constricted at the at the septum. Chlamydospores yellowish, glo-
bose or prolate ellipsoidal, 17–24 μm in diameter, or sometimes narrower, oblong-
cylindrical, 30–50 μm long and approximately 15 μm wide. Capturing nematodes 
by means of three dimensional adhesive networks.

Distribution:  China (Guizhou, Hainan, Hubei, Tianjing, Xizang, Yunnan), France, 
Germany (Berlin), Netherlands, Russian, South Africa (North West Province), 
Spain (Chavio verde), USA.

Material examined:  8705, isolated from dunghill in Huaxi, Guizhou in 1988 by 
Ke-Qin Zhang; GZHS–3, isolated from forest soil in Huishui, Guizhou in 1996 by 
Ke-Qin Zhang; J9–1, J11–2, J5–3, isolated from soil in Jianshui, Yunnan in 1999 
by Yanju Bi; TJ–W1Z03, isolated from soil in Wanglanzhuang, Tianjing in 2000 
by Wenpeng Li; XZA–4, isolated from pasture soil in Xizang in August 2000 by 
Minghe Mo; DL1–1, isolated from forest soil in Dali, Yunnan in September 2002 by 
Jing Zhang; YMF1.00009, YMF1.00541, YMF1.00866, J49–1, isolated from field 
soil in Huaxi, Guizhou in 1996 by Ke-Qin Zhang; YMF1.00009, YMF1.00541, iso-
lated from forest soil in Baoshan, Yunnan in June 2002 by Jing Zhang; YMF1.00551, 
YMF1.00866, isolated from forest soil in Lijiang, Yunnan in October 2002 by Jing 
Zhang. Permanent slide: J49–1.

Notes:  A. conoides has an extensive worldwide distribution, and was first isolated 
from delaying leaves from a greenhouse (Drechsler 1937). It resembles A. oligos-
pora and A. superba in most morphological characters, with the exception of conid-
ial shape and the position of septum. In A. conoides, conidia are elongate obconical, 
1-septate in the lower third and constricted at the septum. In A. oligospora, conidia 
are obovoid, 1-septate near the base of the spore, and constricted at the septum. In 
A. superba, conidia are ellipsoidal, and 1-septate at the centre of the conidia.

The characters of examined strains match well with the original description 
(Drechsler 1937). Van Oorschot (1985) rechecked A. tortor deposited in CBS and 
ATCC, and found that A. tortor cannot be distinguished from A. conoides, and 
treated A. tortor as the synonym of A. conoides. (Fig. 3.9)

Arthrobotrys cystosporia (Dudd.) Sidorova, Gorlenko & Nalepina, Bot. Zh. SSR 49: 1598 (1964)
≡ Trichothecium cystosporium Dudd. Trans. Br. Mycol. Soc. 34: 600 (1952)
= Arthrobotrys cystosporia (Dudd) Mekht.[as ‘cystosporium’], Dokl. Akad, Nauk Azerb. SSR 
20 (6): 70 (1964)
= Genicularia cystosporia (Dudd.) Rifai, Mycotaxon 2 (2): 215 (1975)

Characteristics:  The mycelium consist of straight, septate hyphae, 3–6 μm wide, 
sparingly branched. Conidiophores hyaline, erect or geniculate due to repeated 
propagated, usually not branched, attaining a height of 100–400  μm. The loose 
group of spores having the appearance of a panicle thus formed at each conidioge-
nous loci. The conidia hyaline, broadly pyriform, 25–35 × 18–24 μm, 1-septate near 
the base, proximal cell much larger. No chlamydospores were observed. Capturing 
nematodes by means of three dimensional adhesive networks.
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Distribution:  Japan, UK.

Notes:  The description based on the protologue. Conidia of this species are 
arranged loosely, not grown from typical denticles, but from sterigmata. (Fig. 3.10)

Arthrobotrys cookedickinson (Cooke & Dickinson) Z.F. Yu, comb. nov.
≡ Monacrosporium cystosporum Cooke & Dickinson, Trans. Br. Mycol. Soc. 48: 623 (1965)
MB 804791

Characteristics:  Vegetative hyphae hyaline, septate, branched. Conidiophores 
hyaline, erect, simple, 8–11-septate, 60–420 μm long, 5–7.5 μm wide at the base, 
gradually tapering upwards to a width of 3–5 μm at the apex, bearing a single conid-
ium. Conidia hyaline, broadly clavate or broadly turbinate to obovoid, 30–52.5 
(42) × 15–22.5 (17.6) μm, 1–3-septate, mostly 2–3-septate with an almost globose 
terminal cell, distally rounded and tapered to a long tail formed by the two basal 

Fig. 3.9   Arthrobotrys conoi-
des. Drechsler a–e conidia; 
f conidiophore; g adhesive 
network. Bars = 10 µm; 
Strain number: YMF1.00009
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cells, the proximal one being narrowly truncate. Chlamydospores present. Captur-
ing nematodes by means of three dimensional adhesive networks.

Distribution:  China (Anhui, Guizhou, Sichuan, Xizang, Yunnan), Germany (for-
mer FRG)

Material examined:  –1–1, isolated from field soil in Huaxi, Guizhou in 1996 
by Ke-Qin Zhang; XZM–2, isolated from soil in Xizang in August 2000 by Minghe 
Mo; DH4–2, isolated from soil in Ruili, Yunnan in October 2002 by Jing Zhang; 
YMF1.00024, isolated from forest soil in Jiuzhaigou, Sichuan in 2003 by Xuefeng 
Liu. Permanent slide: –1–1

Notes:  This species is transferred to Arthrobotrys from Monacrosporium and 
renamed as A. cookedickinson to avoid confusing with A. cystosporia (Dudd.) 
Mekht. (1964). Cooke & Dickinson indicated A. cookedickinson was closely related 
to A. eudermata, but conidia of the latter were described as being much larger. 
Based on our observation, A. cookedickinson resembles A. sphaeroides in conidial 
shape, but A. cookedickinson is characterised by tail-like basal cell, which is absent 
in A. sphaeroides. (Fig. 3.11)

Arthrobotrys dendroides Kuthub. Muid & J. Webster Trans. Br. mycol. Soc. 84 (3): 564 (1985)

Characteristics:  Colonies on CMA whitish, effuse, with scattered erect hyaline 
synnemata. Mycelium superficial, hyaline, septate, branched, 2.5–4  μm wide. 
Conidiophores simple, septate, erect, solitary or synnematous; mainly synnematous 

Fig. 3.10   Arthrobotrys 
cystosporia. a conidiophore; 
b conidia. Bar = 20 µm
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on natural substrata, synnemata 0.5–1.2 mm wide, 1 cm tall; conidiophores some-
times elongating sympodially to form additional heads of conidia at higher levels; 
when synnematous individual threads slender, septate, smooth, straight except 
near the apex, splaying out to become flexuous near apex, individual conidio-
phores up to 800  μm long and 2–3  μm wide. Conidiogenous cells polyblastic, 
integrated, terminal, raduliform. Conidia 10–20 (14.6) × 2.5–5 (4)  μm, hyaline, 
ovate to oblong, 1-septate. Capturing nematodes by means of three dimensional 
adhesive networks.

Distribution:  China (Yunnan), Malaysia (Kuala Lumpur), USA

Material examined:  YMF1.00010, isolated from forest soil in Shuangbai, Yunnan 
in February 2001 by Xuefeng Liu. Permanent slide: Sb02–4.

Notes:  A. dendroides is different from other species of Arthrobotrys because 
synnematous conidiophores even in cultures. (Fig. 3.12)

Fig. 3.11   Arthrobotrys 
cookedickinson. a conidio-
phore; b conidia; c adhesive 
network. Bar = 30 µm strain 
number: YMF1.00024
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Fig. 3.12   Arthrobotrys dendroides. a, b conidiophore cluster; c–h conidia; i–j conidiophore; 
k adhesive network. Bars = 10 µm; Strain number: YMF1.00010
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Arthrobotrys dianchiensis (Y. Hao & K.Q. Zhang) Z. F. Yu, comb. nov.
≡ Dactylella dianchiensis Y. Hao & K.Q. Zhang, Mycotaxon 82: 236 (2004)
MB 804792

Characteristics:  Colony on PDA initially whitish and turning orange white after 
10 days of incubation, rapidly growing and extending 7 cm in diameter at 28 °C, 
5 cm at 25 °C within 4 days. At the same time the reverse side of the media becomes 
faintly yellow to reddish orange. Colonies on CMA whitish, rapidly growing and 
extending to a diameter of 6 cm at 25 °C within 6 days. Mycelium hyaline, scanty, 
hyphae septate, branched, 2.5–5 μm wide. Conidiophores erect, simple or branched, 
2–4-septate, 245–425  μm long, 5–7.5  μm wide at the base, gradually tapering 
upwards to a width of 2.5–5 μm at the apex, initially a width of 2.5–5 μm at the 
apex, later often producing a few short branches or spurs near the apex, and bear-
ing 2–3 conidia in sympodial arrangement. Conidia hyaline, spindle-shaped or cla-
vate, narrowly round at the distal end, truncate at the base, 37.5–100 (70) × 10–17.5 
(14.3) μm, 1–7-septate, mainly 2–5-septate. The proportion of conidia with 1, 2, 3, 
4, 5, 6 and 7 septa is 10, 17, 14, 24, 22, 9 and 4 %, respectively. Some conidia had 
small tubercles at the both ends and could germinate from these tubercles. Conidia 
could produce secondary conidiophores and secondary conidia. The secondary 
conidia are spindle-shaped, 23.9 × 5  μm and 1-septate. Capturing nematodes by 
means of adhesive two dimensional networks.

Distribution:  China (Yunnan)

Material examined:  YMF1.00471, isolated from fresh water soil in Dianchi, Yun-
nan in 2002 by Yu’e Hao.

Notes:  The description is based on the protologue. A. dianchiensis is similar to A. 
multiformis in primary conidial shape, but it can be distinguished from A. multifor-
mis by the size and septation of primary conidia. (Fig. 3.13)

Arthrobotrys eudermata (Drechsler) M. Scholler, Hagedorn & A. Rubner, Sydowia 51 (1): 102 
(1999)
≡ Dactylella eudermata Drechsler, Mycologia 42 (1): 40 (1950)
= Dactylella eudermata (Drechsler) Seifert & W.B. Kendr., in Seifert, Kendrick & Murase, 
Univ. Waterloo Biol. Ser. 27: 30 (1983)
= Genicularia eudermata (Drechsler) Rifai, Reintiwarda 7 (4): 367 (1968)
= Geniculifera eudermata (Drechsler) Rifai, Mycotaxon 2 (2): 216 (1975)
= Golovinia eudermata (Drechsler) Mekht., Dokl. Akad. Nauk Azerb. SSR 27 (2): 73 (1971)
= Monacrosporium eudermatum (Drechsler) Subram., J. Indian bot. Soc. 42: 293 (1964)[1963]

Characteristics:  Colonies on CMA whitish, rapidly growing. Mycelium spread-
ing, vegetative hyphae hyaline, septate, branched, 1.8–7.5 μm wide. Conidiophores 
hyaline, 2–8-septate, erect, simple, 400–680 μm long, 5–8 μm wide at the base, 
gradually tapering upwards to a width of 2–3  μm at the apex, bearing a single 
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Fig. 3.13   Arthrobotrys dianchiensis. a–e conidiophore; f–h, i–j conidia; k conidiophore grow-
ing from conidia; l–m germinating conidia; n adhesive network. Bars = 10 µm; Strain number: 
YMF1.00571
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conidium or 2–4 additional conidia. Conidia globose to broadly turbinate or broadly 
spindle-shaped, rounded at the distal end and truncate at the base, the central cell the 
largest, 37–55 (49) × 17.5–35 (28) μm, 1–3-septate; microconidia ellipsoid, aseptate, 
rounded at the distal end and truncate at the base, 10–15 × 5–6 μm. Chlamydospores 
present on aged cultures, globose, forming in chain or clusters, smooth-walled, yel-
low. Capturing nematodes by means of three dimensional adhesive networks.

Distribution:  China (Anhui, Beijing, Fujian, Guangxi, Hebei, Huibei, Huinan, 
Shangdong, Xizang, Yunnan, Zhejiang), Burkina Faso, Germany (Berlin-Dahlem), 
Spain (La Palma, Tenerife)

Material examined:  J42–1, J38–2, isolated from soil in Jianshui, Yunnan in 1999 
by Yanju Bi; XZM–4, isolated from forest soil in Xizang in August 2000 by Minghe 
M; YMF1.00120, YMF1.00542, YMF1.00545, isolated from soil in Lijiang, Yun-
nan in September 2002 by Jing Zhang. Permanent slide: LJ3–4.

Notes:  A. eudermata resembles A. psychrophila and A. thaumasia in conidial 
shape, but differs in conidiophores and width of conidia, respectively. Conidia of 
A. eudermata are considerably wider than in A. thaumasia. Moreover, in A. eud-
ermata, conidiophores are simple, bearing a single conidium at the apex, or 2–4 
additional conidia, while in A. thaumasia, conidiophores are usually branched near 
the apex, bearing 3–15, sometimes up to 25 conidia on blunt sterigmata in loose 
capitate arrangement. The difference between A. eudermata and A. psychrophila is 
that conidia of A. psychrophila are longer than in A. eudermata. (Fig. 3.14)

Arthrobotrys flagrans (Dudd.) Sidorova, Gorlenko & Nalepina, Bot. Zh. SSSR: 1598 (1964)
≡ Trichothecium flagrans Dudd. Trans. Br. mycol. Soc. 32 (3–4): 287 (1950)
= Arthrobotrys flagrans (Dudd.) Mekht., Dokl. Akad. Nauk Azerb. SSR 20 (6): 70 (1964)
= Duddingtonia flagrans (Dudd.) R.C. Cooke, Trans. Br. Mycol. Soc. 53 (2): 316 (1969)

Characteristics:  Colonies effused, scanty, with few aerial hyphae. Conidiophores 
erect, straight, unbranched, attaining 150  μm long, bearing 2–6 conidia at the 
apex. Conidia obconical to ellipsoidal, 1-septate, the proximal cell broadly trun-
cate, 25–50 × 10–15 μm. Intercalary chlamydospores present abundantly. Capturing 
nematodes by means of adhesive three dimensional hyphae.

Distribution:  Germany, Soviet, UK.

Notes:  The description is based on the protologue. This species has not typical 
denticles or sterigmata which exist among other species of Arthrobotrys, but it has 
typical adhesive three dimensional hyphae. (Fig. 3.15)

Arthrobotrys fusiformis (R.C. Cooke & C.H. Dickinson) M. Scholler, Hagedorn & A. Rubner, 
Sydowia 51 (1): 102 (1999)
≡ Monacrosporium fusiforme R.C. Cooke & C.H. Dickinson [as ‘fusiformis’], Trans. Br. 
mycol. Soc. 46: 628 (1965)
= Golovinia fusiformis (R.C. Cooke & C.H. Dickinson) Mekht., Khishchnye Nematofagovye 
Griby—Gifomitsety (Baku): 160 (1979)
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Characteristics:  Vegetative hyphae hyaline, septate, branched. Conidiophores 
hyaline, erect, single, 3–7-septate, 250–390 μm long, 5 μm wide at the base, gradu-
ally tapering upwards to a width of 2.5–3 μm at the apex, bearing a single conidium, 
sometimes a second conidium formed on an about 15 μm branch near the conid-
iophore apex. Conidia hyaline, fusiform-ellipsoidal, 32.5–47.5 (41) × 12.5–17.5 
(15.5) μm, 2–3-septate, rounded at the distal end and truncate at the base. Chla-
mydospores not observed. Capturing nematodes by means of three dimensional 
adhesive networks.

Distribution:  China (Anhui, Hebei, Guizhou, Tianjing, Yunnan, Zhejiang), USA

Material examined:  YMF1.00034, isolated from field soil in Balitai, Tianjingin 
2001 by Wenpeng Li. Permanent slide: LT–11–03–3

Notes:  According to Cooke & Dickinson (1965), A. fusiformis is similar to A. psy-
chrophila and A. salina, but the dimensions, the shape and the septation of conidia 
distinguish it from these species. (Fig. 3.16)

Fig. 3.14   Arthrobotrys eud-
ermata. a–e conidia; f conid-
iophore; g adhesive network. 
Bars = 10 µm; Strain number: 
YMF1.00545
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Arthrobotrys gampsospora (Drechsler) S. Schenck, W.B. Kendr. & Pramer, Can. J. Bot. 55 (8): 
982 (1977)
= Dactylaria gampsospora (Drechsler) de Hoog & Oorschot, Stud. Mycol.26: 110 (1985)
≡ Dactylaria gampsospora Drechsler, Sydowia 15 (1–6): 9 (1962)
= Monacrosporium gampsosporum (Drechsler) Xing Z. Liu & K.Q. Zhang, Mycol. Res. 98 
(8): 865 (1994)
= Woroninula gampsospora (Drechsler) Mekht., Khishchnye Nematofagovye Griby- Gifomit-
sety (Baku): 112 (1979)

Characteristics:  Mycelium colourless, branched, septate. Conidiophores 
erect, mostly 150–626 μm high, 5–7 μm wide at the base, tapering to 2–3 μm at 
the apex, bearing several conidia in a loose head on tooth–like projecting often 
3–5 μm long. Conidia hyaline, spindle-shaped, curved, 1–4-septate, mostly 4-sep-
tate, 25–76 × 7–16  μm. Microconidiophores often 1–3-septate, 75–125  μm high, 
4–5 μm wide at the base, tapering to a width of 1.2–2 μm long at the apex, fur-
nished distally with several tooth-like projections 1.5–2 μm long on which bear-
ing microconidia. Microconidia colourless, elongate obovoid, tapering towards the 
base, broadly rounded at the distal end, 10–17 × 4–6  μm. Chlamydospores pres-
ent, 8–21 × 6–17 μm Capturing nematodes by means of three dimensional adhesive 
networks.

Distribution:  Canada, USA.

Fig. 3.15   Arthrobotrys flagrans. a conidiophore; b conidia; c chlamydospores. Bars = 20 µm
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Fig. 3.16   Arthrobotrys fusiformis. a–b conidiophore; c–j conidia; k adhesive network. 
Bars = 10 µm; Strain number: YMF1.00034
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Notes:  The description is based on the protologue. This species is different from 
other species of Arthrobotrys in its curved and more septate conidia. (Fig. 3.17)

Arthrobotrys guizhouensis K.Q. Zhang, Acta Mycol. Sin. 13: 101 (1994)

Characteristics:  Colonies on CMA initially whitish and turned to reddish, rapidly 
growing. Mycelium spreading, dense, vegetative hyphae hyaline, septate, branched, 
mostly 3–9 μm wide. Conidiophores hyaline, erect, branched, 5–10-septate, 120–
370 μm long, 5–7.5 μm wide at the base, tapering upwards to a width of 4–5 μm 
before bearing on irregularly expanded apex whereon form conidia; subsequently 
often, following repeated elongation, giving rise successively to additional clus-
ters of conidia. Two type of conidia appear, macroconidia fusoid to ellipsoidal, 
34–42.5 × 14–17.5 μm, 1–3-septate, proportion of conidia with 1, 2, and 3 is 95, 

Fig. 3.17   Arthrobotrys 
gampsospora. a conidio-
phore; b conidia; c adhesive 
network. Bar = 20 µm
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4  and 1 %, respectively. Microconidia pyriform, 1-septate, 19–30 × 8.4–14  μm. 
Chlamydospores yellowish, globose, 7.5–12.5  μm in diameter. Capturing nema-
todes by means of three dimensional adhesive networks.

Distribution:  China (Guizhou, Yunnan).

Material examined:  8736, isolated from soil in Guiyang, Guizhou in September 
1987 by Ke-Qin Zhang; GZFJ-48, isolated from forest soil in Fanjing Mountain, 
Guizhou in 1996 by Ke-Qin Zhang;YMF1.00014, isolated from field soil in Wen-
shan, Yunnan in April 2002 by Zhiwei Zhao; LJ1–9-2, isolated from soil in Lijiang, 
Yunnan in September by Jun Zhang. Permanent slide: P4. 50–1.

Notes:  A. guizhouensis morphologically resembles A. oviformis and A. vermi-
cola. However, A. guizhouensis differs from A. oviformis in irregularly expanded 
conidiophores at the apex, and larger conidia. It also differs from A. vermicola in 
branched and irregularly expanded conidiophores at the apex, and mostly 1-septate 
conidia. In A. vermicola, conidiophores are unbranched and not expanded at the 
apex, conidia are mostly 2–3-septate. (Fig. 3.18)

Arthrobotrys huaxiensis (K.Q. Zhang, Xing Z. Liu & L. Cao) Z.F. Yu, comb. nov.
≡ Monacrosporium guizhouense K.Q. Zhang, Xing Z. Liu & L. Cao, Mycol. Res. 100: 275, 1996
MB 804790

Characteristics:  Colonies on CMA pink. Hyphae hyaline, thin-walled, septate, 
frequently branched, 1.5–5 μm wide. Conidiophores hyaline, septate, single, sim-
ple, erect, 172–350 μm long, 3.5–6 μm wide at the base, gradually tapering upwards 
to a width of 2–2.5 μm at the apex, bearing a single conidium. Conidia hyaline, 
obpyriform to fusiform, 1–4-septate, mostly 2-septate, 30.5–71.5 (52.7) × 18.5–28.5 
(23.9) μm. Capturing nematodes by means of three dimensional adhesive networks.

Distribution:  China (Guizhou)

Material examined:  GAU1001, isolated from soil in Huaxi, Guizhou in October 
1993 by Ke-Qin Zhang.

Notes:  This species traps nematodes by means of three dimensional adhesive net-
works, which was transferred from Monacrosporium to Arthrobotrys based on the 
present classification and renamed as A. huaxiensis Z.F. Yu to avoid confusing with 
A. guizhouensis K.Q. Zhang (1994). A. huaxiensis resembles A. cookedickinson and 
A. fusiformis in conidial septation, but differs in its fusiform to obpyriform conidia, 
conidial size and also in its unbranched conidiophores. (Fig. 3.19)

Arthrobotrys indica (Chowdhry & Bahl) M. Scholler, Hagedorn & A. Rubner, Sydowia 51 (1): 
102 (1999)
≡ Monacrosporialla indica Chowdhry & Bahl [as ‘indicum’], Curr. Science 51: 895 (1982)
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Fig. 3.18   Arthrobotrys guizhouensis. a conidiophore; b conidia; c adhesive network. Bars = 30 µm
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Fig. 3.19   Arthrobotrys huaxiensis. a conidiophore; b chlamydospore; d–h conidia; i adhesive 
network. Bar = 10 µm; Strain number: YMF1.00014
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Characteristic:  Vegetative hyphae hyaline, septate, branched, 2–3  μm wide. 
Conidiophores hyaline, erect, simple or occasionally branched, 8–20-septate, 150–
350 μm long, 3–6 μm wide at the base, gradually tapering upwards to a width of 
1–2 μm at the apex. Conidia hyaline, elliptic or broadly top–shaped, 0–2-septate, 
rounded at the distal end and truncate at the base, a navel at the base, 17.5–30 
(23.2) × 12.5–20 (14.8)  μm. Chlamydospores present. Capturing nematodes by 
means of three dimensional adhesive networks.

Distribution:  China (Guizhou, Xizang), India (Delhi)

Material examined:  Sjz3.11.1, isolated from field soil in Huaxi, Guizhou in 1996 
by Ke-Qin Zhang; XZM–7, isolated from soil in Xizang in August 2000 by Minghe 
Mo.

Notes:  A. indica resembles A. eudermata and A. cookedickinson in conidial shape, 
but the dimension of conidia in A. eudermata is larger than in A. indica. A. indica 
produces navels at the base of conidia while this character is absent in A. cookedick-
inson. (Fig. 3.20)

Arthrobotrys janus (S.D. Li & Xing Z. Liu) Z.F. Yu, comb. nov.
≡ Monacrosporium janus S.D. Li & X.Z. Liu, Mycol. Res. 107: 890 (2003)
MB 804791

Characteristics:  Colonies growing rapidly on PDA, attaining 8  cm diameter 
within 7 days at 25 °C, producing orange reddish pigment resulting in medium col-
ored. Aerial mycelium fluffy, whitish when young and becoming light yellowish 
when aged. Hyphae hyaline, septate branched. Conidiophores hyaline, simple, slen-
der, erect, 185–250 μm long, 5–6.5 μm wide at the base, tapering to 1.5–2.5 μm 
wide at the apex, bearing a single conidium. Conidia broadly turbinate to napiform, 
1–2-septate but mostly (> 65 %) 1-septate at basal part, 15–26 (22.5) × 17.5–37.5 
(28.5) μm. The distal cell are sphaerical and much bigger than others, proximal cell 
obconic, tapering to a short truncate base, central cell disciform if any. Chlamydo-
spores sphaerical to ellipsoid, intercalary, 7.5–25 (15.5) × 4–11.5 (7.5) μm. Captur-
ing nematodes by means of three dimensional adhesive networks.

Distribution:  China (Shandong)

Material examined:  YMF1.01312, isolated from field soil in Mixian, Shandong in 
September 2000 by Shidong Li.

Notes:  A. janus closely resembles, but differs from, A. indica, A. sphaeroides 
and A. sinensis in conidial morphology. According to the original description 
of these species, the conidia of A. indica are 22–30 × 14–20 μm, and mostly 2-septate 
with distinct basal hila (Chowdhry and Bahl, 1982); those of A. sphaeroides are 
28–42 × 19–29 μm, usually 2-septate with one basal and one terminal septum (46 %) 
or 1-septate with only one basal septum (29 %) (Castaner 1968); and those of A. 
sinensis are 25–30.5 × 15–18  μm with 37 % 3-septate, 42 % 2-septate, and 21 % 
1-septate (Liu and Zhang 1994). While conidia of A. janus are 20–25 × 24.5–32.5 μm 
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with 1–2 transverse septa, mostly (> 65 %) are 1-septate in the basal part. When 
compared morphologically, A. janus can be easily distinguished from A. sinen-
sis by its conidial shape and septation. This fungus also similar in conidial size, 
shape and septation to A. cystosporia (conidia 24–35.5 × 18–25  μm), A. obovata 

Fig. 3.20   Arthrobotrys indica. a conidiophore; b–m conidia; n adhesive network. Bars = 10 µm; 
Strain number: XZM-7
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(28.5–32 × 18–20.5 μm) and A. perpasta (24–32.5 × 12.5–20 μm), but differ in that 
the conidiophores of all the three latter species are geniculately branched (Dudding-
ton 1951a, Rifai and Cooke 1966, Zhang et al. 1996a). (Fig. 3.21)

Arthrobotrys javanica (Rifai & R.C. Cooke) Jarow., Acta Mycologica, Warszawa 6 (2): 373 
(1970)
≡ Candelabrella javanica Rifai & Cooke, Trans. Br. mycol. Soc. 49 (1): 162 (1966)

Characteristics:  Colonies on CMA almost hyaline; mycelium spreading, veg-
etative hyphae hyaline, septate, branched, smooth–walled, 3–7 μm wide. Conidio-
phores erect, straight, subulate, hyaline, smooth, 5–10-septate, 220–400 μm long, 
about 5–7.5 μm wide at the base, gradually tapering to 2.5–5 μm at the apex, enlarged 
slightly as ramification took place and bearing a lax, short, candelabrum-like apical 
branching system. Conidia arose singly as blown-out ends of the conidiophore and 
of the subsequently developed growing points, 20–37.5 (27.9) × 7.5–10 (8.8) μm, 
smooth-walled and hyaline, narrowly obovoid or clavate, 1 septum, slightly con-
stricted at the septum, rounded distally with the obconical basal cell tapering to 
a truncate base. Chlamydospores yellowish, subglobose, 7.5–15 μm in diameter. 
Capturing nematodes by means of three dimensional adhesive networks.

Fig. 3.21   Arthrobotrys janus. a–c. conidiophore; d–e conidia; f adhesive network. Bars: a = 35 µm, 
b–f = 20 µm; Strain number: YMF1.01312
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Distribution:  China (Guizhou, Xizang, Yunnan), France (Limousin), Indonesia 
(Java)

Material examined:  Dian5 (4), isolated from fresh water soil in Dianchi Lake, 
Yunnan in 1996 by Ke-Qin Zhang et al. YMF1.00015, YMF1.00548, isolated from 
field soil in Lincang, Yunnan in April 1999 by Lu Cao; MW17–2, isolated from for-
est soil in Xishuangbanna, Yunnan in 1999 by Yanju Bi; XZA–5, isolated from field 
soil in Xizang in August 2000 by Minghe Mo; DH6–2, isolated from soil in Ruili, 
Yunnan in October 2002 by Jing Zhang. Permanent slide: LL4–1.

Notes:  Rifai and Cooke (1966) established a new genus Candelabrella Rifai and Cooke 
(1966) based on long, distinctive, subcylindrical conidial pegs and the candelabrum-
like branching of the conidiophore. However, this genus was not accepted by most 
scholars, so this species was transferred into Arthrobotrys (Jarowaja, 1970). A. javanica 
resembles A. musiformis in the candelabrum-like branching of the conidiophores, but 
differs in conidia shape. In A. javanica, conidia are 20–37.5 (27.9) × 7.5–10 (8.8) μm, 
narrowly obovoid or clavate, while in A. musiformis, conidia ellipsoid, mostly slightly 
curved, 20–47.5 (30.9) × 7–12.5 (10.3) μm. (Fig. 3.22)

Arthrobotrys latispora Hong Y. Su & X.Y. Yang, in Su, Liu, Li, Cao, Chen & Yang, Mycotaxon 
117: 32 (2011)

Characteristics:  Colonies grew rapidly on CMA medium, attaining 6 cm diameter 
in 8 days at 25 °C. Mycelium spreading, vegetative hyphae hyaline, septate and 
branched, mostly 2–4  μm wide. Conidiophores colourless, erect, simple, septate 
frequently, 60–120 μm high, 2–5 μm wide at the base and 1.8–4 μm at the apex, pro-
ducing 4–12 conidia singly from conidiogenous loci on conspiculus, partly super-
posed nodes at and near the apex. Conidia colourless, broadly ovoid-oval, broadly 
rounded at the apex, rounded truncate at the narrowed base, 1-septate or aseptate at 
the centre, 14.8–21.5 × 10.1–16.3 (average18.3 × 13.5) μm (living state). Approxi-
mately 41 % of the conidia were non-septate and 59 % 1-septate. Chlamydospores 
sphaerical to ellipsoidal. Nematodes are trapped by three dimensional adhesive 
networks.

Distribution:  China (Yunnan)

Material examined:  YMF1.03168, isolated from soil in Yongping, Yunnan in 
October 2009 by Hongyan Su.

Notes:  A. latispora is characterized by its broad, ovoid or slightly oval, partly asep-
tate conidia, which are borne on nodes. Based on conidial shape, A. latispora most 
closely resembles A. amerospora. The conidia of both species are ovoid, but differ 
in conidial size and septation. (Fig. 3.23)

Arthrobotrys longiphora (Xing Z. Liu & B.S. Lu) M. Scholler, Hagedorn & A. Rubner, Sydowia 
51 (1): 102 (1999)
≡ Monacrosporium longiphorum Xing Z. Liu & B.S. Lu, Mycosystema 6: 65 (1993)
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Characteristics:  Colonies on CMA white, growing moderately. Mycelium effuse, 
vegetative hyphae smooth-walled, hyaline, septate. Conidiophores hyaline, erect, 
septate, simple or sparsely branched, up to 200–550 μm long, 5 μm wide at the 
base, gradually tapering upwards to a width of 2–3 μm at the apex, bearing a sin-
gle conidium. Conidia hyaline, fusiform, 2–5-septate, mainly 3–4-septate, conidia 

Fig. 3.22   Arthrobotrys javanica. a–b conidiophore; c–f conidia; g adhesive network. Bars = 10 µm; 
Strain number: YMF1.00015
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Fig. 3.23   A. latispora. a–e conidiophore; f–g conidia; h adhesive network. Bars = 10 µm; strain 
number: YMF1.00538
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holoblastic, 40–90 (54) × 15–27.5 (18) μm. Chlamydospores not observed. Captur-
ing nematodes by means of three dimensional adhesive networks.

Distribution:  China (Hebei, Sichuan, Xigjiang, Yunnan)

Material examined:  YMF1.00538, isolated from soil in Baoshan, Yunnan in Octo-
ber 2002 by Jing Zhang. Permanent slide: BS5–19

Notes:  This taxon most closely resembles A. psychrophila in having 3–4-septate 
conidia and in conidial shape, but the conidia size especially width of the original 
description of A. longiphora (38–65 × 13–22 μm) is less than that of A. psychrophila 
(46–71 × 21–29 μm). The taxon also resembles A. reticulata and A. megalospora in 
spore shape, but differs in that the taxon has 3–4-septate conidia, while A. reticulata 
and A. megalospora have mainly 4-septate conidia. (Fig. 3.24)

Arthrobotrys mangrovispora Swe, Jeewon, Pointing & K.D. Hyde, Bot. Mar. 51 (4): 332 (2008)

Characteristics:  Mycelium spreading, scanty, irregularly projecting, hyaline, sep-
tate, branched. Conidiophores 70–330 μm high, 1.5–5 μm wide at the base, hyaline, 
erect, septate, bearing first a single conidium at the apex, later additional conidia 
from the lateral branches or longer geniculate branches below the apex, commonly 
producing 1–6 conidia; each long denticle or branch bearing a single conidium. 
Conidia 25– (38.9)–50 × 12– (17.3)–24 μm, colourless, variable in shape; broadly 
turbinate to elongate-fusoid, ellipsoidal or fusiform-ellipsoidal, clavate, broadly 
obovoid, elongate–obovoid, 1–3-septate; proportions of conidia with 0, 1, 2 or 3 
septa are 6, 23.5, 50.0 and 20.5 %, respectively. Chlamydospores present. Capturing 
nematodes by means of three dimensional adhesive networks.

Distribution:  China (Hong Kong)

Notes:  The description is based on the protologue. A. mangrovispora closely resem-
bles, but differs from, A. eudermata, A. sphaeroides, A. microscaphoides and A. 
scaphoides in conidial morphology. According to the original descriptions of these 
species, the conidia of A. eudermata are 31–40 × 19–28.5 μm, and mostly 3-septate 
(Chowdhry and Bahl 1982). Those of A. sphaeroides are 28–42 × 19–29 μm, usually 
2-septate with one basal and one terminal septum or 1-septate with only one basal 
septum (Castaner 1968), and those of A. scaphoides are 26–83 × 12–17 μm with 1–3 
septa (Peach 1952). A. microscaphoides has conidia that are 25–50 × 12–24 μm with 
1–3 transverse septa and most (53 %) are 2-septate. Of the above mentioned species, 
A. mangrovispora most closely resembles A. scaphoides, but can be distinguished 
by the following differences: A. scaphoides forms broadly fusiform conidia with 
3 septa: non-septate microconidia and chlamydospores are absent, while A. man-
grovispora possesses broadly turbinate to elongate-fusiform conidia and produces 
chlamydospores. (Fig. 3.25)
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Fig. 3.24   Arthrobotrys longiphora. a–b conidiophore; c–e conidia; f adhesive network. 
Bars = 10 µm. strain number: YMF1.00538
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Arthrobotrys megalospora (Drechsler) M. Scholler, Hagedorn & A. Rubner, Sydowia 51 (1): 103 
(1999)
≡ Dactylella megalospora Drechsler, Mycologia 46: 769 (1954)
= Golovinia megalospora (Drechsler)Mekht., Khishchnye Nematofagovye Griby—Gifomit-
sety (Baku): 155 (1979)
= Monacrosporium megalospora (Drechsler) Subram., Kavaka 5: 94 (1978)[1977]
= Monacrosporium megalospora (Drechsler) Subram., J. Indian bot. Soc.42: 293 (1964) [1963]

Characteristics:  Mycelium spreading; vegetative hyphae colourless, branched, 
septate at moderate intervals, mostly 2–6 μm wide. Conidiophores colourless, erect, 
often containing 1–7 cross walls, commonly 6–8  μm wide at the base, tapering 
gradually upwards to a distal width of 2–3 μm, 350–450 μm high, unbranched and 
bearing a single conidium at the apex. Sometimes 1–5 conidia formed on 10–40 μm 
long branch near the conidiophore apex. Conidia colourless, broadly fusoid or elon-
gate-ellipsoidal or obovoid, mostly 40–75 long and 18–35 wide, commonly divided 

Fig. 3.25   Arthrobotrys 
mangrovispora. a conidia; 
b conidiophore; c adhesive 
network. Bars = 5 µm
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by cross-walls into 3–6 cells one of which greatly exceeds the others in length and 
width; the large cell somewhat variable in position, but occurring most often in 
median position in the especially distinctive large, broadly fusoid, quadriseptate 
conidia, frequently 55–75 μm long, and 23–35 μm wide, that are produced singly 
on nematode-infested substratum. Capturing nematodes by means of three dimen-
sional adhesive networks.

Distribution:  USA (Florida)

Notes:  The description is based on the protologue. This species resembles A. 
psychrophyla in conidiophore and conidial shape, but conidia of the latter mainly 
3–4-septate, conidia of the former are 2–5-septate. (Fig. 3.26)

Fig. 3.26   Arthrobotrys 
megalospora. a conidiophore; 
b conidia; c adhesive net-
work. Bars = 30 µm



853  Taxonomy of Nematode-Trapping Fungi from Orbiliaceae, Ascomycota

Arthrobotrys microscaphoides (Xing Z. Liu & B.S. Lu) M. Scholler, Hagedorn & A. Rubner, 
Sydowia 51 (1): 103 (1999)
≡ Monacrosporium microscaphoides Xing Z. Liu & B.S. Lu, Mycosystema 6: 68 (1993)

Characteristics:  Colonies on CMA hyaline. Mycelium effuse, vegetative hyphae 
smooth-walled, hyaline, septate, and branched. Conidiophores hyaline, erect, 
septate, simple or with several branches normally at the apex, 230–460 μm long, 
3–5 μm wide at the base, gradually tapering upwards to a width of 2–2.5 μm at the 
apex, bearing a single conidium or occasionally several conidia. Conidia hyaline, 
cymbiform, 0–3-septate, mostly 2-septate, 22.5–45 (27.2) × 10–20 (13.9) μm. The 
proportion of conidia with 0, 1, 2, and 3 septa is 4, 27, 55, 7 %, respectively. Chla-
mydospores present in aged cultures, in chain. Capturing nematodes by means of 
three dimensional adhesive networks.

Distribution:  China (Beijing, Hainan, Henan, Sichuan, Yunnan)

Material examined:  YMF1.00028, isolated from soil in Lincang, Yunnan in 1999 
by Lu Cao; JLCB, isolated from forest soil in Changbai Mountain, Jilin in 1999 by 
Ke-Qin Zhang; YMF1.00546, isolated from soil in Yinjiang, Yunnan in October 2002 
by Jing Zhang. Permanent slide: L32–6

Notes:  This fungus most resembles A. scaphoides in its fusiform or boat-like 
shaped spores, but the conidia of A. microscaphoides is smaller than those of A. 
scaphoides. Although the conidia of A. scaphoides are 23–39 × 12–17 μm in Peach’s 
(1952) description covered the range of A. microscaphoides 23–39 × 8–15.5 μm in 
original description (Liu and Lu 1993), but the average length and width of conidia 
of A. scaphoides is much longer than that of A. microscaphoides according to our 
measurement of the conidia of the figure in Peach’s paper. (Fig. 3.27)

Arthrobotrys multiformis (Dowsett J. Reid & Kalkat) M. Scholler, Hagedorn & A. Rubner, 
Sydowia 51 (1): 103 (1999)
≡ Dactylella multiformis Dowsett J. Reid & Kalkat, Mycologia 76: 563 (1984)
= Monacrosporium multiformis (Dowsett J. Reid & Kalkat) A. Rubner, Stud.Mycol.39 84 
(1996)

Characteristics:  Colonies on CMA whitish, rapidly growing and extending to a 
diameter of 7–8 cm at 25 °C within 7 days. Mycelium spreading, scanty, vegetative 
hyphae hyaline, septate, branched. Conidiophores hyaline, simple, erect, septate, 
80–220 μm long, bearing a single conidium at the apex. Conidia elongate-fusiform, 
4–12-septate, 47–198 × 7–20 μm, solitary. Conidia may raise to secondary conidio-
phores up to 50–120 μm long, on apices of which bearing clavate to cylindric-cla-
vate, 0–1 septum, secondary conidia, 15–35 × 2.5–5 μm. Chlamydospores present in 
older cultures. Capturing nematodes by three dimension adhesive networks.

Distribution:  Canada (Manitoba), China (Hebei, Guizhou, Yunnan), Japan
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Material examined:  CBS773.84 ( A. multiformis), IFO32554 ( A. iridis), 89019–1 
( A. iridis), AN–1101 ( A. iridis), provided by Dr. Xingzhong Liu. YMF 1.01477, 
isolated from soil in Xundian, Yunnan in April 2004 by Ye’e Hao. Permanent slide: 
YMF1.01477.

Notes:  A. multiformis resembles Dactylellina leptospora in its rather delicate, 
spreading mycelium and terminally produced, single conidia which are mostly 

Fig. 3.27   Arthrobotrys microscaphoides. a–e conidia; f conidiophore; g nematode trapped by 
adhesive network. Bars = 10 µm; Strain number: YMF1.00546
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straight, elongate-fusiform to cylindrical, and with many septa; both taxa produce 
secondary conidia. However, Da. leptospora traps nematodes by non-constricting 
rings and adhesive knobs, while A. multiformis traps by means of adhesive three-
dimensional networks. Conidia of Da. leptospora are 40–105 × 4–5.8  μm, with 
5–15 septa; those of A. multiformis, 35–90 × 4–7.5 μm with 4–12 septa. Secondary 
conidia of Da. leptospora are somewhat clavate 20–50 × 4–5.8  μm, 3–8-septate; 
those of A. multiformis are cylindric to clavate, 20–25 × 5  μm, 0–1-septate, and 
borne singly or on short sympodially proliferated denticles. A. multiformis, Dac-
tylella ramiformis and Dactylella iridis share most morphological characteristics 
based on our observed strain, so we treat them as conspecific under the name A. 
multiformis. (Fig. 3.28)

Arthrobotrys musiformis Drechsler, Mycologia 29 (4): 481 (1937)
= Candelabrella musiformis (Drechsler), Rifai & R.C. Cooke, Trans. Br. mycol. Soc. 49 (1): 
163 (1966)
= Dactylella musiformis (Drechsler) Matsush., Microfungi of the Solomon Islands and Papua-
New-Guinea (Osaka): 22 (1971)

Characteristics:  Colonies on CMA whitish, rapidly growing. Mycelium spread-
ing, vegetative hyphae, septate, branched, mostly 1–10 μm wide. Conidiophores 
hyaline, septate, erect, not branched blow, 104–640  μm long, 5–7.5  μm wide at 
the base, gradually tapering upwards to a width of 2.5–5 μm near the apex, where 
are borne on divergent, slightly tapering, simple or branched sterigmata, mostly 
1–2.5  μm wide, 3–35  μm long, usually 5–15 conidia in loose capitate arrange-
ment. Conidia hyaline, ellipsoid, straight or slightly curved, broadly rounded at the 
wider distal end, tapering noticeably towards the slightly protruded base, 20–47.5 
(30.9) × 7–12.5 (10.3) μm, 1-septate close to the base of the spore. Chlamydospores 
yellow, globose or less frequently ellipsoidal, mostly 14–22 μm in diameter. Captur-
ing nematodes by means of three dimensional adhesive networks.

Distribution:  Brazil (Sao Paulo), China (Anhui, Beijing, Guangxi, Guizhou, 
Hubei, Shangdong, Sichuan, Taiwan, Xizang, Yunnan), Ecuador (Tungurahua), 
France (Limousin), Netherlands (Den Haag, Meerdink–bos near Winterswijk), 
Nigeria (Ibadan), UK (Scotland), USA (Maryland, Virginia)

Material examined:  Z327, Z377, isolated from soil in Guiyang, Guizhou in 1992 
by Ke-Qin Zhang; H101, H093, isolated from field soil in Kunming, Yunnan in 1991 
by Ke-Qin Zhang; GZFJ–15, AHHS–22, isolated from soil in Fanjing Mountain, 
Guizhou and Huangshan Mountain, Anhui in 1996 by Ke-Qin Zhang; DL2–2, iso-
lated from forest soil in Dali, Yunnan in September 2002 by Jing Zhang; XM43–1, 
isolated from forest soil in Xiangmi, Yunnan in 1999 by Yanju Bi; XZA–6, isolated 
from humus in Xizang in August 2000 by Minghe Mo; YMF1.00581, YMF1.00122, 
YMF1.00575, isolated from forest soil in Ruili and Lijiang, Yunnan in October 
2002 by Jing Zhang. Permanent slide: 187.
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Fig. 3.28   Arthrobotrys multiformis. a–e conidiophore; f–k conidia; l chlamydospore; m adhesive 
network. Bars = 10 µm; Strain number:YMF1.01477
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Notes:  A. musiformis resembles Drechslerella dactyloides in having ellipsoid, 
straight or slightly curved conidia, but differs in trapping-devices. The former cap-
tures nematodes by three dimensional adhesive networks, while the later captures 
nematodes by constricting rings. A. musiformis also resembles A. javanica in can-
delabrum-like branching of the conidiophore and trapping-devices, but differs in 
conidia. In A. musiformis, conidia are ellipsoid, mostly slightly curved, 20–47.5 
(30.9) × 7–12.5 (10.3) μm, while in A. javanica, conidia are 20–37.5 (27.9) × 7.5–10 
(8.8) μm, narrowly obovoid or clavate.

Strain H093 can produce microconidiophores and microconidia from mycelium or 
from conidia. Microconidiophores 40–50 μm long, microconidia oviform, single-
cell, 12–14 × 4.8 µm. These characters were not described in previous references, 
but other characters match A. musiformis. (Fig. 3.29)

Arthrobotrys nonseptata Z.F. Yu, S.F. Li & K.Q. Zhang, Mycotaxon 109: 249 (2009)

Characteristics:  Colonies slow-growing on CMA medium, attaining less than 
35 mm diameter in 10 days at 25 °C. Vegetative hyphae hyaline, septate, 3.5–4 μm 
wide, aerial mycelium sparse, hyaline, septate, branched, 2.5–4 μm wide. Conidio-
phores erect, septate, unbranched, 40–120 μm high, 2–4 μm wide in the lower part, 
1.5–2 μm wide at the apex, producing 3–10 conidia from retrogressive conidiog-
enous loci on conspicuous denticles at and near the apex. Conidia hyaline, aseptate, 
11–16.8 × 5–6.6 μm, elongate ellipsoid, constricted at the base by forming a small 
truncate protuberance. Nematodes are captured by means of three dimensional 
adhesive networks.

Distribution:  China (Yunnan)

Material examined:  YMF1.01852, Yimen, Yunnan, Yimen, in Aug. 2006 by Z.F. 
Yu.

Notes:  There are five known species of Arthrobotrys with aseptate or occasionally 
1-septate conidia. Conidia of A. amerospora (Schenck et al. 1977) are consistently 
non-septate, those of A. anomala (Barron and Davidson 1972), A. botryospora 
(Barron 1979) and A. yunnanensis (Mo et al. 2005) are occasionally 1-septate. A. 
nonseptata differs from other four species in conidial shape and size. Among four 
species, A. nonseptata most resembles A. yunnanensis in regard to conidial shape. 
Both species were anamorph state of Orbilia sp., and conidia vary in shape, but part 
conidia of both species are elongate, ellipsoid. In addition, the denticles of A. yun-
nanensis are longer than those of A. nonseptata. (Fig. 3.30)

Arthrobotrys obovata K.Q. Zhang & Xing Z. Liu, in Zhang, Liu, Cao & Gao, Mycol. Res. 100 
(5): 529 (1996)
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Fig. 3.29   Arthrobotrys musiformis. a–c conidia; d conidiophore; e adhesive network. 
Bars = 10 µm; Strain number: YMF1.00575
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Characteristics:  Colonies on CMA initially whitish and turned to tinged pink 
after about one month, rapidly growing, attaining a diameter of 9  cm within 5 
days at 25 °C. Mycelium hyaline, vegetative hyphae septate, branched. Conidio-
phores single or branched, erect, septate, 200–400 μm long, 5–7.5 μm wide at the 
base, gradually tapering to 2.5–3  μm wide below the first node, branches up to 
8–38 μm long, conidiogenous loci with denticle nodes; conidiophores usually con-
tinue development by repeated elongation and successive production of 2–9 addi-
tional denticle nodes, often containing 5–15 conidia in loose capitate arrangement. 
Conidia hyaline, obovoid, 1-septum in about one third from the basal end, broadly 
rounded at the apex, obconical at the base, not constricted at the septum, 28.5–32 
(30) × 18–20.5 (20) μm. The basal cells are very small, usually 5–6.5 μm long, and 
the distal cells are much larger, usually 20.5–25.5 μm long. Chlamydospores absent. 
Capturing nematodes by means of three dimensional adhesive networks.

Distribution:  China (Guizhou, Yunnan)

Material examined:  CBS618.95. YMF1.00011, isolated from forest soil in 
Fanjing Mountain, Guizhou in June 1994 by Ke-Qin Zhang. Permanent slide: FJ92.

Fig. 3.30  Arthrobotrys nonseptata. a–c conidiophore; d conidia; e adhesive network. Bars: a–b, 
d = 10 µm, c = 50 µm, e = 20 µm
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Notes:  This fungus closely resembles A. cystosporia and A. perpasta in conidial 
shape and size but differs in conidiogenous loci and conidial arrangement. In A. 
cystosporia and A. perpasta, conidiogenous loci are simple denticles, and conidia 
are widely spaced arrangement, while in A. obovata, conidiogenous loci are denticle 
nodes and conidia are loose capitate arrangement. (Fig. 3.31)

Arthrobotrys oligospora Fresen., Beitr. Mykol. 1: 18 (1850)
= Arthrobotrys superba var. oligospora (Fresen.) Coem.
= Didymozoophaga oligospora (Fresen.) Soprunov & Galiulina, Mikrobiol., Reading 20: 493 
(1951)

Characteristics:  Colonies on CMA whitish or reddish, rapidly growing. Myce-
lium spreading, dense, vegetative hyphae hyaline, septate, branched. Conidiophores 
single, erect or curved slightly, septate, 110–440 μm long, 5–10 μm wide at the 
base, gradually tapering upwards to a width of 3.5–5  μm below the first node; 
conidiophores usually continue development by repeated elongation and succes-
sive production of 1–6 additional denticle nodes, where on forming several conidia. 
Conidia hyaline, pyriform or obovoid, 1-septate, constricting at the septum, broadly 
rounded at the apex, 17–35 (23) × 8.5–16 (12) μm. The basal cell is smaller than 
the distal cell. Chlamydospores yellow, globose, thick-walled, coarse, 15–24 μm in 
diameter. Capturing nematodes by means of adhesive three dimensional networks.

Distribution:  cosmopolitan

Material examined:  Z254, isolated from root rubble in Zunyi, Guizhou in 1992 by 
Ke-Qin Zhang et al.; H014, H058, isolated from forest soil in Guiyang, Guizhou in 
1992 by Ke-Qin Zhang et al. ZE102, isolated from Oxford, UK in 1991 by Ke-Qin 
Zhang; GZDF–3, isolated from field soil in Dafang, Guizhou in 1996 by Ke-Qin 
Zhang; BJXS–5, isolated from forest soil in Fragrant Mountain, Beijing in 1996 by 
Ke-Qin Zhang; J8–1, isolated from soil in Jianshui, Yunnan in 1999 by Yanju Bi; 
XZA–7, isolated from pasture soil in Xizang in August 2000 by Minghe Mo; DL1–3, 
isolated from soil in Dali, Yunnan in September 2002 by Jing Zhang; YMF1.00012, 
YMF1.00110, YMF1.00544, YMF1.00051, YMF1.00056, isolated from soil in Dali 
and Deqin, Yunnan in September 2002 by Jing Zhang. Permanent slide: SJt3.10.8.

Notes:  A. oligospora resembles A. conoides and A. superba in most morphologi-
cal characters except conidia shape and the position of septum. In A. oligospora, 
conidia are obovoid, 1-septate near the base of the spore, and constricted at the 
septa. In A. conoides, conidia elongate obconical, 1-septate about one third from 
the basal end, and constricted at the septum. In A. superba, conidia are elliptical, 
1-septate at the centre of the spore, and not constricted at the septum. (Fig. 3.32)

Arthrobotrys oudemansii M. Scholler Hagedorn & A. Rubner, Sydowia 52 (1): 60 (2000)
= Arthrobotrys elegans (Oudem.) M. Scholler, Hagedorn & A. Rubner, Sydowia 51 (1): 102 
(1999)
= Golovinia elegans (Oudem.) Mekht., Khishchnye Nematofagovye Griby—Gifomitsety 
(Baku): 142 (1979)
= Monacrosporium elegans Oudem., Aanwinsten Fl. Mycol. Nederl. 4: 48 (1884)



933  Taxonomy of Nematode-Trapping Fungi from Orbiliaceae, Ascomycota

Fig. 3.31  Arthrobotrys obovata. a–b conidiophore; c–h conidia; i adhesive network. Bars = 10 µm; 
Strain number: YMF1.00011
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Characteristics:  Conidiophores 150–265–400 μm high, bearing a single conidium 
on the apex or some additional conidia on small perpendicular and sometimes lon-
ger, geniculate branches. Conidia top-shaped, 40–52–65 × 17–20–23 μm, commonly 
three-septate, the inequidistantly distributed septa demarcating a small apical cell, a 

Fig. 3.32  Arthrobotrys oligospora. a, e conidiophore; b–d conidia; f adhesive network. 
Bars = 10 µm; Strain number: YMF1.00544
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strongly ventricose and large central cell, a parabasal and a basal cell. Microconidia 
obovoid, protracted at the base, 13–16.5 × 5–6 μm, aseptate. Chlamydospores not 
observed. Trapping nematodes by means of three dimensional networks.

Material examined:  CBS 299.94, from soil of a laurel forest, Las Mercedes, 
Tenerife, coll./isol, G.Lysek,1989. CBS300.94, from moss cushion, Berlin–Dahlem, 
coll./isol.S.Behnke, 1992, by Rubner (1996).

Distribution:  Germany, Netherlands, Sweden.

Notes:  This species is the lectotype species of Monacrosporium. The size of 
conidia of all other isolations are within that of type strain, only some strains have 
branches. (Fig. 3.33)

Arthrobotrys oviformis Soprunov Khishchnye Nematofagovye Griby—Gifomitsety (Baku): 136 
(1958)
= Nematophagus oviformis (Soprunov) Mekht., Khishchnye Nematofagovye Griby—Gifomit-
sety (Baku): 106 (1979)

Characteristics:  Colonies on CMA whitish or yellowish. Mycelium hyaline, veg-
etative hyphae branched, septate. Conidiophores hyaline, 6–9-septate, branched, 
200–600  μm long, 2.5–5  μm wide, conidiogenous loci with denticle nodes; 

Fig. 3.33  Arthrobotrys oude-
mansii. a conidia; b micro-
conidia; c conidiophores. 
Bars: a = 30 µm, b = 10 µm, 
c = 50 µm
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conidiophores usually continue development by repeated elongation and successive 
production of several additional denticle nodes, where on forming 20–39 conidia. 
Conidia pyriform, broadly rounded at the apex, 1–2-septate, mainly 1-septate at 
the centre of the spore, slightly constricted at the septum, 7.5–22.5 (15.8) × 5–10 
(6.6) μm. Capturing nematodes by means of three dimensional adhesive networks.

Distribution:  Burkina Faso (Houet), China (Anhui, Beijing, Guangxi, Guizhou, 
Hebei, Heilongjiang, Hubei, Neimeng, Xizang, Yunnan), Russian.

Material examined:  Z12, isolated from soil in Yushan, Guangxi in 1987 by Ke-Qin 
Zhang; 8739, isolated from field soil in Huaxi, Guiyang in 1988 by Ke-Qin Zhang; 
BJHD–3, isolated from soil in Haidian, Beijing, in 1996 by Ke-Qin Zhang; XbL15, 
isolated from forest soil in Kunming, Yunnan in April 1999 by Lu Cao; XZA–8, 
isolated from pasture soil in Xizhang in August 2000 by Minghe Mo; YMF1.00121, 
DL1–3, isolated from forest soil in Dali, Yunnan in September 2002 by Jing Zhang. 
Permanent slide: XbL15–3.

Notes:  A. oviformis resembles A. oligospora in almost all morphological charac-
ters except branched conidiophores. Basically the conidia of A. oviformis are not 
easy to distinquish from those of A. oligospora. However, A. oviformis has 2-septate 
conidia, in A. oligospora conidia are consistently 1-septate. (Fig. 3.34)

Arthrobotrys paucispora (R.C. Cooke) Jarow., Acta Mycologica, Warszawa 6 (2): 381 (1970)
≡ Genicularia paucispora R.C. Cooke, in Rifai & R.C. Cooke, Trans. Br. Mycol. Soc. 49: 157 
(1966)
= Genicularia paucispora (R.C. Cooke) Rifai, Mycotaxon 2 (2): 215 (1975)

Characteristics:  Conidiophores simple, erect, septate, straight at first but some-
times becoming geniculate through repeated subapical proliferation, 300 μm long 
and 4  μm wide, bearing widely spaced conidia. Conidia narrowly obpyriform, 
smooth, thin-walled, 1-septate, 24–40 × 12.5–18.8 μm, with a distinct constriction 
at the septum, distally rounded and tapered below to an obconical truncate base, In 
pure culture on cornmeal agar they were smaller, 25–33.8 × 12.5–16.3 μm and were 
sometimes curved or asymmetrical. capturing nematodes by means of three dimen-
sional adhesive networks.

Distribution:  UK.

Notes:  The description is based on the protologue. This species has not typical 
denticles, conidia of which borne from small sterigmata of conidiogenous loci. 
(Fig. 3.35)

Arthrobotrys perpasta (R.C. Cooke) Jarow., Acta Mycologica, Warszawa 6 (2): 381 (1970)
≡ Genicularia perpasta R.C. Cooke, in Rifai & R.C. Cooke, Trans. Br. Mycol. Soc. 49: 156 
(1966)
 = Genicularia perpasta (R.C. Cooke) Rifai, Mycotaxon 2 (2): 216 (1975)
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Characteristics:  Conidiophores erect, straight, septate, hyaline and typically 
unbranched, up to 400 μm long, later became geniculate or sinuous, bearing widely 
spaced conidia. Conidia plump, obpyriform, 24–32.5 × 12.5–20  μm, smooth and 
thin-walled, hyaline or subhyaline, 1-septate, sometimes constricted at the septum. 
In pure culture on cornmeal agar conidia were smaller, 21.5–30 × 12.5–19 μm. Cap-
turing nematodes by simple, branched adhesive hyphae.

Fig. 3.34  Arthrobotrys oviformis. a–c conidia; d–e conidiophore; f adhesive network. Bars = 10 µm; 
Strain number: YMF1.00121
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Distribution:  UK.

Notes:  The description is based on the protologue. This species resembles A. cysto-
sporia in conidiogenous structure and conidial shape, but differs from the latter by 
trapping device and the size of conidia. (Fig. 3.36)

Arthrobotrys polycephala (Drechsler) Rifai, Reinwardtia 7 (4): 371 (1968)
≡ Dactylaria polycephala Drechsler, Mycologia 29: 530 (1937)
= Woroninula polycephala (Drechsler) Mekht, Khishchnye Nematofagovye Griby—Gifomit-
sety (Baku): 110 (1979)

Characteristics:  Colonies on CMA whitish, rapidly growing and extending to a 
diameter of 10 cm at 25 °C within one week. Mycelium spreading, scanty, vegeta-
tive hyphae hyaline, septate, branched, mostly 1.8–4.5  μm wide. Conidiophores 
hyaline, septate, at first erect, later often more or less procumbent, 90–270 μm long, 
4–5 μm wide at the base, gradually tapering upwards to a width of 2.5–3 μm below 
the first denticle node producing 1–5 conidia, then following repeated elongation 
often giving rise successively to additional conidial clusters. Initially forming ellip-
soidal-shaped conidia, hyaline, rounded at the distal end, somewhat acute at the 
base,1–3-septate, 12.5–25 (20) × 3–5 (4.5) μm; then forming fusoid-shaped conidia, 
2–4-septate, occasionally 2-septate, often 4-septate, most often 3-septate, some-
times slightly constricted at the septa, 30–50 (45.1) × 8–16.5 (12.2) μm; proportion 
of conidia with 2, 3 and 4 septa is 3, 79 and 18, respectively. Capturing nematodes 
by means of three dimensional adhesive networks.

Fig. 3.35  Arthrobotrys pau-
cispora (R.C. Cooke) Jarow 
a geniculate conidiophore 
with conidia; b conidiophores 
and terminal conidium. 
Bar = 20 µm
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Distribution:  China (Hubei, Xizang, Yunnan), Cuba, Germany (Berlin), USA 
(Maryland)

Material examined:  W7230–3–06, isolated from field soil in Wuhan, Hubei in 
February 2001 by Xuefeng Liu et al; XZA–9, isolated from forest soil in Xizang, 
in August 2000 by Minghe Mo; YMF1.00035, YMF1.00600, isolated from for-
est soil in Jiuzhaigou, Xichuan in April 2004 by Xuefeng Liu. Permanent slide: 
W7230–3–06.

Notes:  The conidia of A. polycephala slightly resemble those of A. musiformis in 
general shape, but differ in having larger and more abundant septate. The fungus 
was initially assigned to Dactylaria based on the plural septation of its conidia 
(Drechsler 1937). However, it was then transferred to Arthrobotrys based on trap-
ping devices, nodose and repeatedly capitate forms of conidiophores (Rifai 1968). 
(Fig. 3.37)

Arthrobotrys pseudoclavata (Z.Q. Miao & Xing Z. Liu) J. Chen, L.L. Xu, B. Liu & Xing Z. Liu, 
Fungal Diversity 26 (1): 123 (2007)
≡ Dactylella pseudoclavata Z.Q. Miao & Xing Z. Liu, Can. J. Bot. 81: 453 (2003)

Fig. 3.36  Arthrobotrys 
perpasta. a conidiophore; 
b conidium. Bar = 20 µm
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Fig. 3.37  Arthrobotrys polycephala. a–c conidiophore; e–m conidia; d chlamydospores; n adhe-
sive network. Bars = 10 µm; Strain number: YMF1.00035
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Characteristics:  Colonies on CMA, slightly brown on top and light brown to yel-
lowish below, effuse extending to a diameter of 7.5  cm at 25 °C within 7 days. 
Mycelium spreading, vegetative hyphae hyaline, septate, branched, prostrate, 
2.5–7  μm wide. Conidiophores erect, simple or occasionally branched, hyaline, 
septate, 150–300 μm long, 6–7.5 μm wide at the base, gradually tapering upwards 
to a width of 4–5.5 μm at the apex. The conidiogenous cell produced 1–4 conidia 
holoblastically. Conidia 30–45 × 8–11 μm, obclavate, round to blunt at distal end, 
constricted into bottleneck shape at the base, with zero or one septum, which was 
generally at lower centre or at the septum. Some conidia broke into two parts at 
the septum. Chlamydospores were abundant in aged culture on PDA, intercalary 
or catenulate, yellowish to brown, globate or subglobate. Capturing nematodes by 
means of three dimensional adhesive networks.

Distribution  China (Beijing)

Material examined:  HMAS 84442, isolated from field soil in Haiding, Beijing in 
February 1998 by Zuoqing Miao.

Notes:  A. pseudoclavata is characterized by obclavate, 0–1-septate conidia with 
round distal end and bottleneck-shaped base, simple conidiophores bearing 1–4 
conidia at apex, and adhesive networks as the nematode-trapping device. These 
characters can distinguish it from other Arthrobotrys species. (Fig. 3.38)

Arthrobotrys psychrophila (Drechsler) M. Scholler, Hagedorn & A. Rubner, Sydowia 51 (1): 104 
(1999)
≡ Dactylaria psychrophila Drechsler, Mycologia 36 (2): 161 (1944)
= Genicularia psychrophila (Drechsler) Rifai, Reinwardtia 7 (4): 367 (1968)
= Geniculifera psychrophila (Drechsler) Rifai, Mycotaxon 2: 216 (1975)
= Golovinia psychrophila (Drechsler) Mekht., Khishchnye Nematofagovye Griby—Gifomit-
sety (Baku): 151 (1979)
= Monacrosporium psychrophilum (Drechsler) R.C. Cooke & C.H. Dickinson, Trans. Br. 
mycol. Soc. 48: 622 (1965)

Characteristics:  Mycelium spreading; vegetative hyphae hyaline, septate, mostly 
2–6  μm wide. Conidiophores hyaline, erect, septate, mostly 150–500  μm high, 
5–9 μm wide at the base, 2.5–4.5 μm wide at the apex, sometimes simple and some-
times bearing near the apex a branch (occasionally 2 branches) up to 35 μm long, 
often on giving rise terminally to 1–2 conidia elongating once or twice to produce 1 
or 2 additional conidia, and thus frequently coming to bear 3 or 4 conidia in a loose 
head. Conidia hyaline, ellipsoidal or fusoid-ellipsoidal, rounded at the distal end, 
somewhat truncate at the proximal end, when developed under favorable conditions 
measuring mostly 46 to 70 μm (average 62.3 μm) in length and 21–29 μm (average 
24.7 μm) in greatest width, containing from 1–5 cross-walls but mostly divided by 
3 or cross-walls into 4–5 cells whereof one, as a rule– the penultimate cell usually in 
triseptate specimens and the median cell usually in quadriseptate specimens- greatly 
exceeds the others in size. Capturing nematodes by means of three dimensional 
adhesive networks.
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Fig. 3.38  Arthrobotrys pseudoclavata. a–p conidia; q–s conidiophore; t–u conidiophore without 
protoplasm; v conidia with breakpoint at septum; w chlamydospore; x adhesive network; y nema-
tode trapped by adhesive network. Bars = 20 µm



1033  Taxonomy of Nematode-Trapping Fungi from Orbiliaceae, Ascomycota

Sexual state:  Orbilia auricolor (Bloxam ex Berk) Sacc., Syll. Fung., 8: 625,1889

Distribution:  USA.

Notes:  The description is based on the protologue. This species resembles A. oude-
mansii, but differs from the latter by mainly 3–4-septate conidia, while conidia of 
A. oudemansii are mainly 3-septate. (Fig. 3.39)

Arthrobotrys pyriformis (Juniper) Schenk, W.B. Kendr. & Pramer, Can. J. Bot. 55 (8): 984 (1977)
≡ Dactylaria pyriformis Juniper, Trans. Br. Mycol. Soc. 37: 437 (1954)
= Dactylariopsis pyriformis (Juniper) Mekht., Khishchnye Nematofagovye Griby—Gifomit-
sety (Baku): 119 (1979)

Characteristics:  Colonies on CMA whitish. Mycelium spreading, vegetative 
hyphae hyaline, septate, branched, 2–5 μm wide. Conidiophores erect, hyaline, sep-
tate, 150–550 μm long, 4–8 μm wide at the base, tapering upwards to a width of 
2.5–4 μm at the apex with denticle nodes; conidiophores usually continue develop-
ment by repeated elongation and successive production of 2–3 additional denticle 

Fig. 3.39  Arthrobotrys 
psychrophila. a conidiophore; 
b conidium; c adhesive net-
work. Bar = 50 µm
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nodes, often containing 4–5 conidia. Conidia hyaline, elongate-pyriform, broadly 
rounded at the distal end, 17–38 × 6.5–11.5 μm, mostly 2–3-septate, occasionally 
1-septate. Chlamydospores thick-walled, globose or ellipsoidal, 20–35 10–2 μm, 
yellowish with dense globuliferous content. Capturing nematodes by three dimen-
sional adhesive networks.

Distribution:  China (Yunnan), Canada (Quebec), Ecuador (Baños), Germany 
(Berlin), Netherlands (Noordoostpolder), UK (England)

Material examined:  YMF1.00018, isolated from forest soil in Shennongngjia, 
Hubei in 2003 by Wei Zhou; Z125, isolated from forest soil in Xishuangbanna, 
Yunnan in 1994 by Ke-Qin Zhang. Permanent slide: LH31.

Notes:  The specific epithet of A. pyriformis is based on the pyriform-shaped 
conidia. It resembles Dr. brochopaga in having 2–3-septate conidia, but differs 
in trapping devices and conidial shape. A. pyriformis produces elongate-oviform 
conidia and three dimensional adhesive networks while Dr. brochopaga produces 
cylindrical or elongate ellipsoidal conidia and constricting rings. Oorshot (1985) 
restudied the holotype (CBS204.83), and observed conidiophore branching, less 
expanded at the conidiogenous loci, and smaller conidia than in the original descrip-
tion (15–25 × 5–8 μm). The characters of our strain YMF1.00018 match well with 
the original description. (Fig. 3.40)

Arthrobotrys reticulata (Peach) M. Scholler, Hagedorn & A. Rubner, Sydowia 51 (1): 104 (1999)
≡ Dactylella reticulata Peach, Trans. Br. Mycol. Soc. 33 (1–2): 148 (1950)
= Golovinia reticulata (Peach) Mekht., Khishchnye Nematofagovye Griby-Gifomisety (Baku): 
143 (1979)
= Monacrosporium reticulatum (Peach) R.C. Cooke & C.H. Dickinson, Trans. Br. Mycol. Soc. 
48: 622 (1965)

Characteristics:  Colonies on CMA whitish. Mycelium spreading, scanty, vegeta-
tive hyphae hyaline, septate, branched, 4–5 μm. Conidiophores hyaline, erect, sep-
tate, simple, only infrequently branched at the base, 250 μm long, bearing a single 
conidium on the apex. Conidia hyaline, ellipsoid, with one of the central cells being 
largest, 50–65 × 20–25 μm, mostly 4-septate, sometimes 5-septate. Chlamydospores 
present in aged cultures, in chains or clusters, globose to subglobose. Capturing 
nematodes by means of three dimensional adhesive networks.

Distribution:  China (Anhui, Guizhou, Hebei, Shanxi), UK (near Harpenden 
Common)

Material isolated:  FJ46, isolated from forest soil in Fanjing Mountain, Guizhou in 
1994 by Ke-Qin Zhang;

Notes:  Our isolate matches the original description (Peach, 1950). This species 
can be distinguished from similar species by its fusiform and 5-septate conidia. 
(Fig. 3.41)



1053  Taxonomy of Nematode-Trapping Fungi from Orbiliaceae, Ascomycota

Fig. 3.40  Arthrobotrys pyriformis. a–c conidiophore; d–i conidia; j adhesive network. 
Bars = 10 µm; Strain number: YMF1.00018
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Arthrobotrys robusta Dudd., Trans. Br. mycol. Soc. 34 (4): 598 (1952) [1951]

Characteristics:  Colonies on CMA whitish, rapidly growing and extending to 
a diameter of 7.5 cm at 25 °C within one week. Mycelium spreading, vegetative 
hyphae hyaline, septate, branched, mostly 2–7 μm wide. Conidiophores erect, sep-
tate, branched, 200–300  μm long, 2–2.5  μm wide at the base, tapering upwards 
to a width of 1–2 μm at the slightly expanded apex, where on forming a compact 
of conidia (up to 6). Conidia oblong-pyriform, hyaline, 20–27.5 (24.4) × 7.5–12.5 
(10.8) μm, 1-septate at the centre of spore. Chlamydospores not observed. Captur-
ing nematodes by means of three dimensional adhesive networks.

Distribution:  China (Anhui, Beijing, Guizhou, Hebei, Heilongjiang, Jilin, Lia-
oning, Neimeng, Shanxi, Yunnan), Canada (Quebec), Ecuador (Baños), Germany 
(Berlin), Netherlands (Noordoostpolder), UK (England).

Material examined:  Z241, ZX41, isolated from forest soil in Guizhou and Shanxi 
in 1991 by Ke-Qin Zhang; ZS–3–2, isolated from forest soil in Xishan, Yunnan 
in June 1999 by Lu Cao; DQ4–8–2, isolated from soil in Xundian, Yunnan in 
September 2002 by Jing Zhang. Permanent slide: XS–3–2.

Fig. 3.41  Arthrobotrys retic-
ulata. a conidia. Bar = 30 µm
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Notes:  A. robusta resembles A. superba and A. oligospora in conidia, but differs 
in the freely branched conidiophores and in the absence of nodal development of 
conidia in whorls down the conidiophores. A. robusta also resembles A. cladodes in 
its general habit, differing from the former in both size of conidia and the absence 
of enlarged storage hyphae. (Fig. 3.42)

Fig. 3.42  Arthrobotrys robusta. a–b conidiophore; c adhesive network; d–g conidia. Bars = 10 µm; 
Strain number: DQ4-8-2
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Arthrobotrys rutgeriense (R.C. Cooke & Pramer) Z.F. Yu, comb.nov
≡ Monacrosporium rutgeriense R.C. Cooke & Pramer, [as ‘rutgeriensis’] Phytopathology 58: 
544, 1968
MB 804793

Characteristics:  Colonies on CMA white. Vegetative hyphae hyaline, septate, 
branched. Conidiophores hyaline, erect, simple, septate, 67.5–350 μm long, 3–8 μm 
wide at the base, gradually tapering upwards to a width of 2–3 μm at the apex, 
bearing a single conidium. Sometimes conidiophores branched at the apex and 
two conidia were each borne singly and terminally on these branches, which up to 
15 μm long. Conidia hyaline, globose to broadly turbinate, 27–47.5 (32.2) × 17.5–
27.5 (22) μm, rounded at the distal end and tapered proximally to a narrow, truncate 
at the base, 2–3-septate. Capturing nematodes by means of three dimensional adhe-
sive networks.

Distribution:  China (Guizhou, Xizang, Yunnan), USA

Material examined:  ⑨–13, isolated from field soil in Huaxi, Guizhou in 1996 by 
Ke-Qin Zhang; XZM–9, isolated from soil in Xizang in August 2000 by Minghe 
Mo; YMF1.00040, isolated from soil in Baoshan, Yunnan in October 2002 by Jing 
Zhang. Permanent slide: ⑨–13

Notes:  A. rutgeriense resembles A. eudermata in conidial shape and septation, but 
differs markedly from it in conidial size, although there is a slight overlap between 
the two species. A. rutgeriense can be distinguished from A. cookedickinson in hav-
ing predominantly 2–3-septate conidia in contrast to mainly 2-septate conidia in the 
latter species. (Fig. 3.43)

Arthrobotrys salina (R.C. Cooke & C.H. Dickinson) M. Scholler, Hagedorn & A. Rubner, 
Sydowia 51 (1): 104 (1999)
≡ Monacrosporium salinum R.C. Cooke & C.H. Dickinson, Trans. Br. Mycol. Soc. 48: 626 
(1965)
= Golovinia salinum (R.C. Cooke & C.H. Dickinson)Mekht., Khishchnye Nematofagovye 
Griby—Gifomitsety (Baku): 145 (1979)

Characteristics:  Single conidium produce from apex of conidiophores; conidia 
fusiform to ellipsoid, 32.5–52.5 × 12.5–17.5  μm, 0–4-septate, mainly 3-septate; 
chlamydospores not observed; capturing nematodes by means of three dimensional 
adhesive networks.

Distribution:  UK.

Notes:  The description is based on the protologue. This species varies in shape, 
septa and size of conidia, which result in difficulty of species identification. 
(Fig. 3.44)
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Fig. 3.43  Arthrobotrys rutgeriense. a–j conidia; k germinating conidia; l–m conidiophore; 
n adhesive network. Bars = 10 µm; Strain number: YMF1.00040
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Arthrobotrys scaphoides (Peach) S. Schenck, W.B. Kendr. & Pramer, Can. J. Bot. 55 (8): 984 
(1977)
≡ Dactylaria scaphoides Peach, Trans. Br. Mycol. Soc.35 (1): 19 (1952)
= Monacrosporium scaphoides (Peach) Xing Z. Liu & K.Q. Zhang, Mycol. Res. 98 (8): 865 
(1994)
= Woroninula scaphoides (Peach) Mekht, Khishchnye Nematofagovye Griby-Gifomitsety 
(Baku): 113 (1979)

Characteristics:  Mycelium spreading, growing slowly, reaching 30 mm in diam-
eter at 28 °C after 12 days. Vegetative hyphae hyaline, septate, 4–6  μm wide. 
Conidiophores erect, hyaline and septate, unbranched, 4.5–5.6  μm wide at base 
and tapering to a width of 4–4.5 μm, at a distance of 80–200 μm from the base 
producing 1–6 conidia, occasionally up to 10 conidia, in a loose capitate arrange-
ment, then following repeated elongation often giving successively rise to up to 3 
additional conidial clusters by branching at or just below slightly swollen warted 
nodules, producing more or less geniculate conidiophores up to 365–430 μm long. 
Conidia hyaline, 36.6–79.3 (57) × 11–17.5 (14)  μm (Chinese strain), (50–)60–80 
(–86) × (13–)14–15 (–16) μm (Dutch strain, both vital state in water), fusiform, not 
or slightly curved, 1–6-septate, mainly 2–3-septate, the proportion of conidia with 
1, 2, 3, 4, 5 and 6 septa is 1.3, 48.8, 37.5, 10, 1.3 and 1.3 % respectively (Chinese 
strain), 2–3 (–4)-septate (Dutch strain), central cell mostly distinctly longer and 
wider than other cells. Three dimensional adhesive networks observed when nema-
todes added. Chlamydospores not observed in cultures.

Distribution:  China, Netherlands

Fig. 3.44  Arthrobotrys 
salina. a conidia. 
Bar = 30 µm
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Material examined:  YMF1.01895: Gansu Province, Jiuquan City, alt. 2450  m, 
from soil, under Malus asiatica Nakai ( Rosaceae), from a private plantation. 
VIII.2006, YMF 1.01895, permanent slide culture (YMF 1.01895); H.B. 6972: The 
Netherlands: Zeeland, old harbor facing the Hertoginpolder, Verdronken Land van 
Saeftinghe, most eastern part, alt. 0 m, on previous year’s leaves of Scirpus mari-
timus L. ( Cyperaceae), 23.III.2001,G. Van Ryckegem (H.B. 6972b, dry specimen, 
associated with A. oudemansii M. Scholler et al. and its sexual state).

Notes:  Within A. scaphoides, the Chinese strain shows a closer relationship to 
strain H.B. 6972: the ITS rDNA sequence analysis demonstrates that there is 99.6 % 
similarity between them (2 nucleotide variance in ITS1-5.8s-ITS2 region), but 
98.7 % between the Chinese strain and CBS 226.52 (type strain, 7 nucleotide vari-
ances), and 99 % between the strain from Scirpus and the type strain from Typha (5 
nucleotide variance). Between the Chinese strain of A. scaphoides and other mor-
phologically close species, the similarity is 84.2 % to A. microscaphoides Xing Z. 
Liu & B.S. Lu, 84.9 % to A. thaumasia (Drechsler) S. Schenck et al., (CBS 322.94), 
and 85.7 % to A. gampsospora. (Fig. 3.45)

Arthrobotrys shahriari (Mekht.) M. Scholler, Hagedorn & A. Rubner, Sydowia 51 (1): 104 
(1999)
≡ Candelabrella shahriari Mekht, Mycol. Res. 101: 334 (1997)

Characteristics:  Colony growing rapidly, aerial mycelium initially white, becom-
ing pale cream. Conidiophores erect, simple or branched and the apex candelabrum-
like with 3–9 branches each bearing a conidium at the apex. The conidiophores 
rarely recommenced growth after the group of conidia had been produced and a sec-
ond head was then formed above the first. Conidia elongate-obovoid or elongate-
ellipsoidal, straight or sometimes curved, rounded distally and tapering proximally 
to a truncate base, 1-septate, 33.5–57 × 11–15.5 μm. Globose terminal chlamydo-
spores also formed and adhesive traps formed rarely in pure culture. Capturing 
nematodes by means of three dimensional adhesive networks.

Distribution:  Azerbaijan (Tabriz)

Notes:  The description is based on the protologue. This species can be distin-
guished from other similar species by the candelabrum-like apex of the conidio-
phores and 1-septate, elongate-obovoid or elongate-ellipsoidal conidia. (Fig. 3.46)

Arthrobotrys shizishanna (X.F. Liu & K.Q. Zhang) J. Chen, L.L. Xu, B. Liu, Fungal Diversity 26 
(1): 124 (2007)
≡ Dactylella shizishanna X.F. Liu & K.Q. Zhang, Fungal Diversity 14: 104 (2003)

Characteristics:  Colonies on CMA whitish, slow growing and extending to a 
diameter of 3.5 cm within 15 days at 25°C. Aerial hyphae scant, hyaline, septate, 
branching, commonly 2.5–3.7 μm wide. Conidiophores growing from mycelium on 
the substratum, single, erect, rarely branched, 35–200 μm long, 1.5–2.5 μm wide at 
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the base, tapering upwards gradually to a distal width of 0.5–1 μm, bearing a single 
conidium. Conidia hyaline, clavate, gradually narrowing at the basal end, obtuse at 
the distal end, straight or sometimes slightly curved, sometimes constricted at the 
septa, 2–9-septate, mostly 3–7-septate, 22.5–73.8 (50.6) × 5–10 (6.6) μm. The pro-
portion of conidia with 3, 4, 5, 6 and 7 septa is 10, 30, 33, 18 and 6 %, respectively. 
Chlamydospores present in aged cultures. Capturing nematodes by means of three 
dimensional adhesive networks.

Distribution:  China (Hubei)

Fig. 3.45  Arthrobotrys scaphoides. a conidiophores; b conidiophores with conidia; c adhesive 
network; d conidia. Bars: a, d = 10 µm, b, c = 50 µm. Strain number:YMF1.01895
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Material examined:  YMF1.00022, isolated from field soil in Shizishan, Hubei in 
February 2001 by Xuefeng Liu.

Notes:  A. shizishanna is easily distinguished other Arthrobotrys species because 
having the most septate conidia. (Fig. 3.47)

Arthrobotrys sinensis (Xing Z. Liu & K.Q. Zhang) M. Scholler, Hagedorn & A. Rubner, Sydowia 
51 (1): 104 (1999)
≡ Monacrosporium sinense Xing Z. Liu & K.Q. Zhang, Mycol. Res. 98: 863 (1994)

Characteristics:  Colonies growing on CMA rapidly, attaining a diameter of 6 cm 
within 7 days at 25 °C, with sparse aerial hyphae. Vegetative hyphae hyaline, sep-
tate, branched, mostly 2.5–9.5 μm wide. Conidiophores hyaline, simple, erect, sep-
tate, occasionally branched, mostly 200–500 μm long, 4.5–5.5 μm wide at the base, 
tapering to 2.5–3 μm wide at the apex, bearing a single conidium. Conidia hyaline, 
subsphaerical to obovoid, 1–3-septate, 37 % of conidia 3-septate, 42 % 2-septate 
and 21 % 1-septate, 23.5–30 (27.6) × 17–25 (20) μm. Chlamydospores sphaerical to 
ellipsoidal, terminal to intercalary in chains, mostly 20–24 × 17–25 μm. Capturing 
nematodes by means of three dimensional adhesive networks.

Distribution:  China (Anhui, Jiangxi, Xizang, Yunnan)

Fig. 3.46  Arthrobotrys 
shahriari. a conidiophore; 
b conidia; c adhesive 
network. Bar = 40 µm
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Fig. 3.47  Arthrobotrys shizishana. a–b conidiophore; c chlamydospore; d–k conidia; l adhesive 
network. Bars = 10 µm; Strain number: YMF1.00022
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Material examined:  YMF1.00025, isolated from field soil in Huaxi, Guizhou in 
1996 by Ke-Qin Zhang; XZM–10, isolated from soil in Xizang in August 2000 by 
Minghe Mo. Permanent slide: CK9–1

Notes:  This fungus closely resembles A. cookedickinson and A. indica in its rela-
tively small conidia and conidial shape, but differs in size of conidia. In A. cookedick-
inson, conidia are 32.5–50 × 14–23 μm, in A. indica conidia are 22–30 × 14–20 μm, 
while in A. sinense, conidia are 25–30.5 × 15–18 μm. (Fig. 3.48)

Arthrobotrys sphaeroides (Castaner) Z.F. Yu, comb. nov.
≡ Monacrosporium sphaeroides Castaner, Am. Midl. Nat. 80: 282 (1968)
MB804795

Characteristics:  Colonies on CMA white, growing rapidly. Mycelium spreading, 
scanty, vegetative hyphae hyaline, septate, branched, mostly 2–5 μm wide. Conid-
iophores hyaline, erect, simple, septate, 200–460 μm long, 5–8 μm wide at the base, 
gradually tapering upwards to a width of 2.5–3 μm at the apex, bearing a single 
conidium. Conidia hyaline, sphaeroid to obovoid, 20–44 (32) × 17–25 (20.4) μm, 
0–3-septate. Chlamydospores in chains or clusters. Capturing nematodes by means 
of three dimensional adhesive networks.

Distribution:  China (Guizhou, Xizang, Yunnan), USA

Material examined:  YMF1.00030, isolated from field soil in Huaxi, Guizhou in 
1996 by Ke-Qin Zhang; YMF1.00539, isolated from soil in Baoshan, Yunnan in 
September by Jing Zhang. Permanent slide: ④–5–1.

Notes:  This fungus mostly resembles A. cookedickinson. In A. cookedickinson, 
conidiophores are simple or branched, and conidia are clavate to turbinate and 32.5–
50 × 14–23  μm. In A. sphaeroides conidiophores are always simple, conidia are 
sphaeroid to obovoid and 28–42 × 19–29 μm. Comparisons between A. cookedick-
inson and A. sphaeroides indicate that the latter is sufficiently different to be con-
sidered a distinct species. (Fig. 3.49)

Arthrobotrys superba Corda, Pracht-Fl. Eur. Schimmelbild.: 43 (1839)
≡ Didymozoophaga superba (Corda) Soprunov & Galiulina, Mikobiology, Reading 20: 493 
(1951)

Characteristics:  Colonies on CMA whitish to reddish, rapidly growing. Myce-
lium dense, spreading, vegetative hyphae hyaline branched, septate. Conidiophores 
hyaline, smooth, 6–9-septate, rarely branched, erect, 180–600 μm long, 2.5–7.5 μm 
wide, apex swelling, bearing 20–39 conidia. Conidia elliptical, 1-septate at the cen-
tre of spore, slightly constricted at the septum, broadly rounded at the distal end, 
7.5–27.5 (15.8) × 5–10.5 (6.6) μm. Capturing nematodes by means of three dimen-
sional adhesive networks.

Distribution:  China (Anhui, Guizhou, Hainan, Hubei, Jilin, Tianjing, Xizang, 
Yunnan), cosmopolitan.



Z.-F. Yu et al.116

Fig. 3.48  Arthrobotrys sinensis. a–b conidiophore; c–l conidia; m adhesive network. Bars = 10 µm; 
Strain number: YMF1.00025
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Fig. 3.49  Arthrobotrys sphaeroides. a–g conidia; h conidiophores with conidia; i–j chlamydo-
spore; k adhesive network. Bars = 10 µm; Strain number: YMF1.00030
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Material examined:  Z19, isolated from field soil in Huaxi, Guizhou in 1996 by 
Ke-Qin Zhang; JLCB–1, isolated from forest soil in Changbai Mountain, Jilin in 
1996 by Ke-Qin Zhang; LT–10, isolated from soil in Huaguoshan, Lincang in 1999 
by Yanju Bi; J–1qz07, isolated from soil in Liqizhuang, Tianjing in 2000 by Wen-
peng Li; XZA–10, isolated from pasture soil in Xizang in August 2000 by Minghe 
Mo; YMF1.00016, DQ4–2, isolated from forest soil in Xundian, Yunnan in Septem-
ber 2002 by Jing Zhang. Permanent slide: ⑨–19.

Notes:  Arthrobotrys superba was established as the type species of Arthrobotrys 
(Corda 1839), which is the asexual state of Orbilia fimicola (Pfister 1994). Arthro-
botrys superba resembles A. conoides and A. oligospora in most morphological 
characters except in conidia shape and the position of septum. In A. superba conidia 
are elliptical and 1-septate at the centre. In A. conoides conidia are elongate obconi-
cal, 1-septate about one third from the basal end, constricted at the septum. In A. 
oligospora conidia are obovoid, 1-septate near the base of the spore, and constricted 
at the septum. (Fig. 3.50)

Arthrobotrys tabrizica (Mekht.) M. Scholler, Hagedorn & A. Rubner, Sydowia 51 (1): 104 (1999)
≡ Nematophagus tabrizicus Mekht, Mycol.Res.102: 683 (1998)

Characteristics:  Colony growing rapidly, velvety, initially white, chang-
ing through pale pink to intensive pink after 2 wk. Conidiophores simple, erect, 
branched, curved, with several swollen to distinctly denticulate conidiogenous 
regions forming close conidial heads; these proliferating to form additional conidi-
ogenous regions. Conidia elongate-ovate to elongate-doliform or ellipsoidal, 1–2 
(–3)-septate, 28.5–56 × 11.5–22.5 μm, with a pronounced protuberant base. Ellip-
soidal to cylindrical intercalary chlamydospores present. Capturing nematodes by 
means of three dimensional adhesive networks.

Distribution:  Azeraijan (Tabriz)

Notes:  The description is based on the protologue. This species produces simple 
or branched conidiophores with several conidial clusters. Conidia are 1–3-septate; 
2-septate conidia are more dominant in the original isolation plate than when the 
fungus was grown on malt agar. (Fig. 3.51)

Arthrobotrys thaumasia (Drechsler) S. Schenck, W.B. Kendr. & Pramer, Can. J. Bot. 55 (8): 984 
(1977)
≡ Dactylaria thaumasia Drechsler, Mycologia 29 (4): 522 (1937)
= Candelabrella thaumasia (Drechsler)Rifai, Reinwardtia 7 (4): 369 (1968)
= Golovinia thaumasia (Drechsler) Mekht., Mikol. Fitopatol. 1: 276 (1967)
= Monacrosporium thaumasium (Drechsler) de Hoog & van Oorschot [as ‘thaumasia’], Stud. 
Mycol. 26: 120 (1985)

Characteristics:  Colonies on CMA white to reddish. Mycelium spreading, vegeta-
tive hyphae hyaline, septate, branched, 2–8 μm wide. Conidiophores hyaline, erect, 
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septate, 195–460 μm long, 4–8 μm wide at the base, gradually tapering upwards to 
a width of 2–4 μm at the apex, simple or often somewhat branched near the apex, 
and there borne on blunt sterigmata, mostly 2–10 μm long and 2–3 μm wide, usu-
ally 3–15, rarely up to 25 conidia in loose capitate arrangement. Conidia hyaline, 
top-shaped, rounded at the apex, tapering towards the frequently somewhat protrud-
ing truncate base, 30–60 (36.2) × 15–30 (20.2) μm, 1–4-septate, mostly 3-septate. 
Chlamydospores yellow, globose or ellipsoidal. Capturing nematodes by means of 
three dimensional adhesive networks.

Fig. 3.50  Arthrobotrys superba. a conidiophore; b–f conidia; g adhesive network. Bars = 10 µm; 
Strain number:YMF1.00016
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Distribution:  China (Anhui, Beijing, Guangdong, Guizhou, Hebei, HuBei, Hunan, 
Jiangsu, Xizang, Yunnan, Zhejiang), Baukina Faso (Houet), Germany (Berlin–
Dahlem), Netherlands (Schipborg), Thailand, UK (England), USA (Norfolk)

Material examined:  L3–5, isolated from soil in Licang, Yunnan in 1999 by 
Yanju Bi; XZM–11, isolated from soil in Xizang in August 2000 by Minghe Mo; 
YMF1.00026, YMF1.00547, YMF1.00586, isolated from soil in Baoshan, Yunnan 
in October 2002 by Jing Zhang; Sjz3.11.20, isolated from soil in Huaxi, Guiyang in 
1996 by Ke-Qin Zhang. Permanent slide: Sjz3.11.20

Notes:  Arthrobotrys thaumasia resembles A. elegans in conidial shape and number 
of septa, but differs in conidiophores and conidial length. The conidia of A. thauma-
sia are longer than those of A. elegans. Moreover, in A. thaumasia, conidiophores 
branch near the apex, bearing blunt sterigmata with 3–15 conidia in a loose capitate 
arrangement, while in A. elegans conidiophores bear a single conidium at the apex, 
or occasionally form a branch near the apex with a conidium. (Fig. 3.52)

Arthrobotrys vermicola (R.C. Cooke & Satchuth.) Rifai, Reinwardtia 7 (4): 371 (1968)
≡ Dactylaria vermicola R.C. Cooke & Satchuth., Trans. Br. Mycol. Soc. 49: 27 (1966)
= Nematophagus vermicola (R.C. Cooke & Satchuth.) Mekht., Khishchnye Nematofagovye 
Griby—Gifomitsety (Baku): 105 (1979)

Fig. 3.51  Arthrobotrys 
tabrizica. a conidiophore; 
b conidia; c adhesive 
network. Bar = 25 µm
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Characteristics:  Colonies on CMA whitish. Mycelium spreading, vegetative 
hyphae hyaline, septate, branched. Conidiophores erect, unbranched, septate, 140–
470 μm long, forming 3–6 conidia in a loose capitate arrangement. Each conidium 
is formed on a small protuberance. The conidiophores often recommence growth 

Fig. 3.52  Arthrobotrys thaumasia. a conidiophore; b–e conidia; f chlamydospore; g adhesive net-
work. Bars = 10 µm; Strain number: YMF1.00547
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after the first group of conidia had been produced, and a second head is then formed 
about 75 μm above the first. This process is repeated so that three to four groups 
of conidia are produced on each conidiophore, the latter then becoming somewhat 
geniculate. Conidia elongate-ellipsoidal to broadly fusiform, hyaline, 25–50 × 17.5–
25 μm, bluntly rounded distally and tapering proximally to a narrow truncate base, 
1–3-septate; proportion of conidia with 1, 2 and 3 septa is 4, 64 and 32 %, respec-
tively. In 2-septate conidia the median cell, and in 3-septate conidia the penulti-
mate cell, is usually larger than the others. Very rarely a 4-septate conidium was 
observed. Capturing nematodes by means of three dimensional adhesive networks.

Distribution:  Cosmopolitan

Material examined:  Z296, Z290, Z279–1, isolated from soil in Beijing, and Gui-
yang, Guizhou during 1991–1992 by Ke-Qin Zhang; YNBN–2, isolated from forest 
soil in Xishuangbanna, Yunnan in 1996 by Ke-Qin Zhang; J31–1, isolated from soil 
in Jianshui, Yunnan in 1999 by Yanju Bi; BS3–35, isolated from soil in Baoshan, 
Yunnan in October 2002 by Jing Zhang; YMF1.00533, YMF1.00534, YMF1.00554, 
from soil in Dehong, Yunnan in July 2003 by Hong Luo. Permanent slide: BS3–35.

Notes:  Arthrobotrys vermicola resembles A. guizhouensis (Zhang 1994) in the 
conidial shape and trapping devices, but differs in conidia septa and conidiophore 
form. In A. vermicola, conidia are mostly 2–3-septate, produced along the conid-
iophores, with 3–6 conidia being located at each denticle node of the unbranched 
conidiophores in a loose capitate arrangement. In A. guizhouensis, conidia are 
mostly 1-septate, produced at the irregular expanded apex of the branched conidio-
phores. (Fig. 3.53)

Arthrobotrys yunnanensis M.H. Mo & K.Q. Zhang, Fungal Diversity 18: 109 (2005)

Characteristics:   Colonies growing rapidly on CMA and attaining 6 cm diameter 
in 5 days at 28ºC and mycelia spreading at the rate of 0.5 cm per 24 h, conidio-
phores and conidia are produced after 4 days. Mycelium scanty, spreading, vegeta-
tive hyphae hyaline, septate and branched, mostly 2–4  µm wide. Conidiophores 
hyaline, erect, septate, simple, frequently 60–200  µm long, 2–5  µm wide at the 
base and 1.5–2.4  µm at the apex, producing 1–5 conidia singly from conidiog-
enous loci on conspicuous denticles at and near the apex. Conidia hyaline, elongate 
ellipsoid-cylindrical or slightly clavate, broadly rounded at the apex, rounded to 
truncate at the narrowed base, sometimes constricted gradually at the distal part 
of conidia, usually aseptate, occasional 1-septate (< 5 %) at the centre, 17.5–32.5 
(22.6) × 2.75–7.5 (5.5) µm. Chlamydospores sphaerical to ellipsoidal, intercalary. 
Capturing nematodes by means of three dimensional adhesive networks.

Distribution:  China (Yunnan)

Material examined:  MF1.00593, isolated from soil in Yuliang, Yunnan in August 
2003 by Minghe Mo.
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Notes:  Arthrobotrys yunnanensis differs from the three species of Arthrobotrys 
which form aseptate, or occasionally 1-septate conidia, A. anomala, A. amerospora 
and A. botryospora. Arthrobotrys yunnanensis is characterized by predominantly 
elongate ellipsoid-cylindrical or slightly clavate, non-septate conidia which are 
borne on distinct and long denticles. Arthrobotrys yunnanensis and A. anomala have 
similar conidial shapes, but differ in the size of conidia. The conidia of A. anomala 
form one septum only when detached, while in the former species they are aseptate 
when detached. Arthrobotrys yunnanensis is easy to distinguish from A. botryos-

Fig. 3.53  Arthrobotrys vermicola. a conidiophore; b conidia; c adhesive network. Bars = 10 µm; 
Strain number: YMF1.00534
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pora and A. amerospora by their different conidia and conidiophores (modification 
at apex). Furthermore, unlike A. botryospora, A. yunnanensis does not capture nem-
atodes by adhesive hyphae, and unlike A. amerospora, which only produces asep-
tate conidia, A. yunnanensis occasionally produces 1-septate conidia. (Fig. 3.54)

Fig. 3.54  Arthrobotrys yunnanensis. a–c conidiophore; d–f conidia; g–h adhesive network; i–j 
chlamydospore. Bars = 10 µm; Strain number: YMF1.00593
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Species of the genus Dactylellina

Dactylellina M. Morelet, emend. M. Scholler, Hagedorn & A. Rubner
Type species: Dactylellina leptospora (Drechsler) M. Morelet-Bull. Soc. Sci. Nat. Archéol. 

Toulon Var 178: 6 (1968)
≡ Dactylella leptospora Drechsler, Mycologia 29: 507 (1937)
= Dactylosporium Mekht. (1967) [non Harz 1871] (nom. illeg., Art. 53 ICBN)

Type species: Dactylosporium leptosporum (Drechsler) Mekht., Mikol. Fitopatol. 1: 278 (1967)
≡ Dactylella leptospora Drechsler, Mycologia 29: 507 (1937).
= Kafiaddinia Mekht. (1978)

Type species: Kafiaddinia fusarispora Mekht., Mikol. Fitopatol.12: 8 (1978).
= Laridospora Nawawi (1976)

Type species: Laridospora appendiculata (Anastasiou) Nawawi—Trans. Br. Mycol. Soc. 66: 344 
(1976)
≡ Dactylella appendiculata Anastasiou—Pacif. Sci. 18: 202 (1964)

Characteristics:  Mycelium slow-growing. Hyphae septate, branching, hyaline. 
Saprotrophic or predatory by trapping nematodes or other animals by means of 
stalked adhesive knobs, sometimes in combination with stalked three-celled non-
constricting rings. Traps generally spontaneously formed. Conidiophores mostly 
simple; branches, when present, often near the apex, apex mostly simple without 
modifications or sometimes with short denticles. Conidia either formed singly or 
in clusters on the apex of the conidiophore, holoblastic, hyaline, 1–7 (15) septate, 
mostly cylindrical, ellipsoidal, fusiform or spindle-shaped, rarely clavate or obconi-
cal. Microconidia and microconidiophores very rarely formed. Chlamydospores 
absent. Sexual state belonging to the genus Orbilia Fr. ( Helotiales).

Key to Species of Dactylellina

1. Trapping organs adhesive knobs or knobs and non-constricting rings����������������� 5
1. Trapping organs others������������������������������������������������������������������������������������������ 2
2. Trapping organs simple two-dimension networks������������������������D. gephyropaga
2. Trapping organs adhesive branches, verruca, adhesive knobs and networks������� 3
3. Trapping organs adhesive branches�������������������������������������������������� D. cionopaga
3. Trapping organs adhesive verruca, knobs and networks�������������������������������������� 4
4. Trapping organs adhesive verruca������������������������������������������������������D. robustum
4. Trapping organs knobs and networks����������������������������������������������������D. arcuata
5. Trapping organs adhesive knobs and non-constricting rings�������������������������������� 6
5. Trapping organs adhesive knobs������������������������������������������������������������������������� 10
6. Near apex of conidiophores producing short branches, with conidia in strikingly 
loose capitate arrangement���������������������������������������������������������������������D. candidum
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6. Conidia singly grows at apices of conidiophores, or at apices of subapical lateral 
branches�������������������������������������������������������������������������������������������������������������������� 7
7. Conidia elongate-fusiform to cylindrical, with 5-15 septa��������������� D. leptospora
7. Conidia fusiform, mostly 4 or 5-septate��������������������������������������������������������������� 8
8. Conidia 3–6-septate, mostly 4 septate, largest cell not obvious 
����������������������������������������������������������������������������������������������������������D. sichuanensis
8. Conidia with largest cell��������������������������������������������������������������������������������������� 9
9. Conidia 2–4-septate, mostly 4-septate��������������������������������������������������D. lysipaga
9. Conidia 3–8-septate, mostly 5-septate�����������������������������������������������D. illaqueata
10.Adhesive unstalked, growing out to form branches, conidia with mostly 3-4 
septa������������������������������������������������������������������������������������������������� D. phymatopaga
10. Adhesive stalked or with short stalk����������������������������������������������������������������� 11
11.Conidiophores with apical cluster of conidia or as well as intercalary cluster, 
conidia arranged into capitate heads����������������������������������������������������������������������� 12
11. Conidiophores unbranched, or occasionally with very short subapical lateral 
branches, conidia singly arranged��������������������������������������������������������������������������� 18
12. Conidiophores with apical cluster of conidia as well as intercalary cluster
����������������������������������������������������������������������������������������������������������� D. entomopaga
12. Conidiophores with apical cluster of conidia���������������������������������������������������� 15
13. Conidiophores branched, which apex with denticles or sterigmata������������������ 14
13. Conidiophores unbranched������������������������������������������������������������������������������� 18
14. Conidia obovoid to elongate-cylindrical, 0–4-septate, mostly 3-septate
����������������������������������������������������������������������������������������������������������������D. hertziana
14. Conidia ovoid to clavate, 1-septate����������������������������������������������������������D. ferox
15.Conidiophore of the candelabrelloid type�������������������������������������� D. huisuniana
15. Apex of conidiophores with sterigmata, without intercalary cluster of conidia
�������������������������������������������������������������������������������������������������������������������������������� 16
16. Conidia cylindrical�������������������������������������������������������������������������D. haptospora
16. Conidia not cylindrical�������������������������������������������������������������������������������������� 17
17. Conidia fusiform, mostly 3-septate, adhesive knobs joined together to form 
loops������������������������������������������������������������������������������������������������������������� D. lobata
17. Conidia elongate-fusiform or clavate, straight or curve, mostly 6–8-septa 
�����������������������������������������������������������������������������������������������������������������D. daliensis
18. Conidia typically fusiform�������������������������������������������������������������������������������� 21
18. Conidia fusiform to other type�������������������������������������������������������������������������� 19
19. Distally end of conidia bluntly rounded������������������������������������������������������������ 20
19. Conidia fusiform to cylindrical, mostly 4–7-septate�����������������������D. formosana
20. Conidia obconical to clavate, distally end bluntly rounded, 3-septate
���������������������������������������������������������������������������������������������������������� D. asthenopaga
20. Conidia ellipsoid to fusiform, 2-4-septate������������������������������������D. mammillata
21. Conidia 1–3-septate, often with thorn-like appendage�������������D. appendiculata
21.Conidia with more than 2 septa������������������������������������������������������������������������� 22
22. Shape of conidia varies on CMA, with multiform conidia���������������D. mutabilis
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22. Conidia mostly fusiform����������������������������������������������������������������������������������� 23
23. Conidia 4–9-septate, mainly 6–7-septate����������������������������������D. multiseptatum
23. Conidia mostly 4–septate or 2–3-septate���������������������������������������������������������� 24
24. Conidia mostly 2–-septate��������������������������������������������������������������������������������� 25
24. Conidia mostly 4–septate���������������������������������������������������������������������������������� 26
25. Conidia 3–4-septate, mostly 2–3-septate, 29.5-48.7 × 10.7-15.4 μm  
���������������������������������������������������������������������������������������������������������������D. drechsleri
25. Conidia 3–5-septa, mostly with 3 septa, with shorter stalk adhesive knobs
������������������������������������������������������������������������������������������������������������������ D. quercus
26. Conidia relatively long, conidia 1–6-septate, mostly 4-septate, 56-97 × 8.5-16
����������������������������������������������������������������������������������������������������������������D. copepodii
26. Conidia about 50 μm long��������������������������������������������������������������������������������� 27
27. Conidia 3–5-septate, mostly 4-septate, 33-50 (43.7) × 7.4-13.3 (10.7) 
���������������������������������������������������������������������������������������������������������������D. parvicolla
27. Conidia 2–4-septate, mostly 4 septate, 37.5-62 × 8.7-19.3�����������D. ellipspspora

Accepted Species of Dactylellina

Dactylellina appendiculata (Anastasiou) M. Scholler, Hagedorn & A. Rubner, Sydowia 51 (1): 
110 (1999)
≡ Dactylella appendiculata Anastasiou, Pacif. Sci. 18: 202 (1964)
= Monacrosporium tentaculatum A. Rubner &W. Gams, Stud. Mycol.39: 97 (1996)
= Laridospora appendiculata (Anastasiou) Nawawi, Trans. Br. Mycol. Soc. 66 (2): 344 (1976)

Characteristics:  Conidia fusiform, often with thorn on it, 20–59  μm long, 
10–24 μm wide, 1–3-septate. Capturing nematodes by adhesive hyphae.

Distribution:  Russia

Notes:  This species has not been reported from other regions since it was first 
reported from Russia. The type strain cannot be located, but we still treat it as an 
accepted species. (Fig. 3.55)

Dactylellina arcuata (Scheuer & J. Webster) Ying Yang & Xing Z. Liu, Mycotaxon 97: 158 
(2006)
≡ Dactylella arcuata Scheuer & J. Webster, Mycol. Res. 94: 720 (1990)
= Arthrobotrys arcuata (Scheuer & J. Webster) Yan Li, in Li, Hyde, Jeewon, Cai, Vijaykrishna 
& Zhang, Mycologia 97 (5): 1042 (2005)
= Gamsylella arcuata (Scheuer & J. Webster) M. Scholler, Hagedorn & A. Rubner, Sydowia 
51 (1): 108 (1999)
= Monacrosporium arcuata (Scheuer & J. Webster) A. Rubner, Stud. Mycol.39: 49 (1996)
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Characteristics:  Mycelium colourless, growing rapidly on 0.1 % malt extract 
agar. Conidiophores colourless, single, septate, erect, bearing only one conidium 
at the apex or a bundle of 2–8 conidia on denticles or short branches. Occasion-
ally an additional ‘whorl’ of conidia formed around the central of conidiophores. 
Conidia colourless, usually 3-septate, fusiform, widest below the centre (30–)35–
54 × 4–6 μm; end cells longer than central cells. Occasionally 2 septa conidia with 
cells of about equal length were found. Capturing nematodes by adhesive anasto-
motic branches.

Distribution:  UK.

Notes:  The description is based on the protologue. This species differs from other 
species of Dactylellina by its special trapping device. (Fig. 3.56)

Dactylellina asthenopaga (Drechsler) M. Scholler, Hagedorn & A. Rubner, Sydowia 51 (1): 110 
(1999)
≡ Dactylella asthenopaga Drechsler, Mycologia 29: 498 (1937)
= Dactylariopsis asthenopaga (Drechsler) Mekht., Mikol Fitopatol, 1: 279 (1967)
= Monacrosporium asthenopaga (Drechsler) A. Rubner, Stud. Mycol. 39: 50 (1996)

Characteristic:  Conidiophores hyaline, septate, erect, 100–200 μm, mostly 125–
175 μm high, 2.5–4 μm wide at the base, tapering gradually upwards to a width of 
approximately 1.5 μm, mostly unbranched and terminating in a single conidium, 
but occasionally giving off one or two branches some distance below the apex, and 
then bearing two or three conidia. Conidia hyaline, obconical or clavate, truncate 
at the narrow proximal end, broadly rounded at the distal end, 20–46 μm, mostly 
26–36 μm (average 31.5 μm) long, 6.5–9.5 μm (average 8.2 μm)wide, containing 

Fig. 3.55  Dactylellina 
appendiculata. a adhesive 
hyphae; b conidia. 
Bar = 30 µm
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1–5-septa, but most often and most typically containing 3 septa, the basal of the 4 
cells then delimited averaging about 8 μm in length, the antepenultimate cell about 
7.5 μm, the penultimate cell about 9.8 μm, and the apical cell about 6.2 μm. Captur-
ing nematodes by adhesive knobs.

Distribution:  Australia, Netherlands, UK.

Notes:  The description is based on the protologue. Within Dactylellina spe-
cies which have adhesive knobs as trapping device, Da. asthenopaga is charac-
terized by rarely unbranched conidiophores, and obconical or clavate conidia. 
(Fig. 3.57)

Fig. 3.56  Dactylellina arcu-
ata. a conidia; b adhesive 
branches; c conidiophore. 
Bar = 20 µm
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Dactylellina candidum (Nees) Yan Li, in Li, Hyde, Jeewon, Cai, Vijaykrishna & Zhang, Mycolo-
gia 97 (5): 1042 (2005)
≡ Dactylium candidum Nees, Syst Pilze Schw 58, 1816: Fries Syst. mycol. 3: 44, 829
= Arthrobotrys candida (Nees) S. Schenck, W.B. Kendr. & Pramer. Can. J. Bot. 55 (8): 982 (1977)
= Candelabrella candida (Nees) Rifai, Reinwardtia 7 (4): 369 (1968)
= Dactylaria candida (Nees) de Hoog, Stud. Mycol. 26: 102 (1886)
= Dactylaria candida Nees, Syst. Pilze (Würzburg): 58 (1816) [1816–17]
= Monacrosporium candidum (Nees) Xing Z. Liu & K.Q. Zhang, Mycol. Res. 98 (8): 864 (1996)
= Dactylaria haptotyla Drechsler, Mycologia 42: 48, 1950
= Monacrosporium yunnanense K.Q. Zhang, Xing Z. Liu & L. Cao, Mycol Res 100: 275 (1996)
≡ Dactylellina yunnanensis (K.Q. Zhang, Xing Z. Liu & L. Cao) M. Scholler, Sydowia 51: 
108 (1999)
= Monacrosporium chiuanum Xing Z. Liu & K.Q. Zhang, Mycol. Res. 98: 863, 1994

Characteristics:  Colonies hyaline initially and turned whitish or faintly pink 
after 15 days of incubation on CMA and extending a diameter of 4 cm at 25 °C 
within 10 days. Mycelium hyaline, scanty, vegetative hyphae septate and branched. 

Fig. 3.57  Dactylellina 
asthenopaga. a conidia; 
b germinating conidia with 
adhesive knobs; c conidio-
phore. Bars = 50 µm
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Conidiophores hyaline, erect, 5–7-septate, branched, 100–335 μm long, 2–3.7 μm 
wide at the base, gradually tapering upwards to a distal width of 1–2 μm, initially 
bearing a single terminal conidium, later often forming 2–12 (mostly 3–5) short 
branches near the apex with conidia in strikingly loose capitate arrangement. 
Conidia hyaline, narrow spindle-shaped or fusoid, gradually narrowing at the basal 
end, truncate at the base, 2–5-septate, mainly 4-septate, 27.5–57.5 (35) × 7.5–12.5 
(9) μm. The proportion of conidia with 2, 3, 4 and 5 septa is 2, 10, 81 and 7 %, 
respectively. Chlamydospores not observed in cultures. The fungus produces two 
types of trapping organ: non-constricting ring and adhesive knobs.

Distribution:  worldwide.

Material examined:  D9-1, D12-1, isolated from soil in Wuding, Yunnan in 1999 
by Yanju Bi; YMF1.00543, isolated from forest foil in Lijiang, Yunnan in Octo-
ber 2002 by Jing Zhang; YMF1.00036, isolated from soil in Zhongdian, Yunnan 
in 1999 by Lu Cao; YMF1.000579, isolated from forest soil in E’ mei Mountain, 
Sichuan in 2002 by Jinshi Deng. Permanent slide: DH5-5.

Notes:  Rubner (1996) treated Monacrosporium candidum, M. haptotylum and M. 
sclerohyphum as conspecific under the name M. haptotylum. M. yunnanense K.Q. 
Zhang, X.Z. Liu & L. Cao is similar to M. candidum in having spindle-shaped, 
mostly 4-septate conidia, and branched conidiophores, bearing 3–10 conidia in a 
loose capitate arrangement. The only difference being that M. candidum and M. 
yunnanense form both stalked adhesive knobs and non-constricting rings, while 
M. haptotylum and M. sclerohyphum form only stalked adhesive knobs. These 
four taxa are phylogenetically closely related receiving high support, based on the 
rDNA, β-tubulin and combined datasets and this grouping agrees well with the mor-
phological characters of the taxa (Li et al. 2005). These four taxa can therefore be 
considered as conspecific and should be named Da. candidum based on our results.

No material of M. chiuanum could be obtained to study the relationship with other 
related species based on molecular analyses. Comparing the morphological charac-
ters of M. chiuanum from original description with M. candidum, M. yunnanense, 
M. haptotylum and M. sclerohyphum, the difference among them is only in the 4–5 
septa and occasionally branched conidiophores, which were not the crucial distinc-
tive features to definite a new species. M. chiuanum was also regarded as a syn-
onym of M. haptotylum by Rubner (1996). Based on the discussion above, we treat 
it as a synonym of Da. candidum.

(Fig. 3.58)

Dactylellina cionopaga (Drechsler) Ying Yang & Xing Z. Liu, Mycotaxon 97: 158 (2006)
≡ Dactylella cionopaga Drechsler, Mycologia 42: 30 (1950)

Characteristics:  Mycelium sparse, hyphae, septate, 2–5 µm wide; Conidiophores 
hyaline, erect, 2–11 septate, 170–330 µm high, 5–7 µm wide at the base, gradually 
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tapering upwards, 3 µm at the apex, sometimes branching and bearing a conidium 
at the apex of each branch. Conidia were broad fusoid, rounded at the apex, truncate 
at the base, 2–6-septate, mainly 3–4-septate, 35–60 × 13–21 µm. Chlamydospores 
not observed. Capturing nematode by adhesive branches.

Distribution:  China (Yunnan, Sichuan), USA.

Material examined:  TJ-1qz08, isolated from soil in Liqizhuang, Tianjing in 2000 
by Wenpeng Li; YMF1.00569, isolated from soil in Deqin, Yunnan in September 
2002 by Jing Zhang;YMF1.00580, isolated from forest soil in Jiuzhaigou, Sichuan 
in 2002 by Jingshi Deng;Hn2-1-3, isolated from field soil in Hainan in 2002 by 
Ke-Qin Zhang.

Fig. 3.58  Dactylellina candidum. a conidia; b adhesive knobs and non-constricting ring; c conid-
iophore. Bar = 20 µm
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Notes:  Among the species of nematode-trapping fungi, only Da. cionopaga and 
Da. gephyrophaga form both unstalked adhesive knobs and simple two-dimension 
networks. Drechsler distinguished Da. cionopaga from Da. gephyrophaga by 
unstalked adhesive knobs, which seldom link to a scalariform network, while they 
commonly fuse in the latter. Conidiophores were found to be generally shorter, 
conidia noticeably longer in Da. cionopaga than in Da. gephyrophaga. Conidia of 
Da. cionopaga show a conspicuous vacuole and vary in their septation more than in 
Da. gephyrophaga. (Fig. 3.59)

Fig. 3.59  Dactylellina 
cionopaga. a conidia; b 
adhesive branches; c conidio-
phore. Bar = 30 µm
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Dactylellina copepodii (G.L. Barron) M. Scholler, Hagedorn & A. Rubner, Sydowia 51 (1): 110 
(1999)
≡ Dactylella copepodii G. L. Barron, Can. J. Bot. 68: 692 (1990)
= Monacrosporium copepodii (G. L. Barron) A. Rubner, Stud. Mycol. 39: 54 (1996)

Characteristics:  Conidiophores erect, slender, hyaline, septate, unbranched, and 
160–360 μm tall, 2–2.5 μm wide for most of their length and somewhat wider 3.5 
(4)  μm at the base; Each conidiophore bears a solitary, terminal conidium at its 
apex. Conidia fusiform, broadest in the central region, and tapering to a narrow con-
nective tissue at the base and an acutely rounded apex at the distal end, 1–6-septate, 
mainly 4 septate, 56–97 × 8.5–16  μm. Capturing nematode by adhesive terminal 
cells growing on branches.

Distribution:  New Zealand

Notes:  The description is based on the protologue. Among species of Dactylellina, 
only D. copepodii can trap copepods and is characterized by long branches with 
adhesive knobs at the apex. (Fig. 3.60)

Dactylellina daliensis H.Y. Su, Mycotaxon 105: 314 (2008)

Characteristics:  Colonies white on CMA, growing rapidly, obtaining a diam-
eter of 6  cm at 25 °C within 7 days. Mycelium sparse, hyphae hyaline, septate, 
branched, 2–4-septate, 21–101 µm high, 1.8–2.5 µm wide at the base, gradually 
tapering upwards to a width of 1.5–1.7 µm at the apex where forming 1–7 apical 
conidia. Conidia hyaline, elongate-fusoid or clavate, straight or somewhat curved, 
round at the distal end, truncate at the base, 1–13 (mainly 6–8) septate, 28.7–51.5 
(40.8) × 3.2–5.2 (4.2) µm. Chlamydospores not observed in culture. Trapping nema-
todes by stalked adhesive knobs and non-constricting rings.

Distribution:  China (Yunnan)

Notes:  The description is based on the protologue. This species resembles 
only  two other species in the Dactylellina genus: Da. leptospora, Da. haptos-
pora. Both Da. daliensis and Da. leptospora produce elongate-fusoid conidia and 
capture  nematodes by the same kinds of trapping devices. However, unlike Da. 
daliensis, which forms terminal cluster of conidia, Da. leptospora mainly bears 
a single terminal conidium, occasionally producing an additional conidium on a 
short branch attached to the main axis near the conidiophores apex. Furthermore, 
the conidial of Da. daliensis are shorter than those of Da. leptospora. Both Da. 
daliensis and Da. haptospora can bear terminal conidial clusters and form stalked 
adhesive knobs as trapping devices. However, Da. daliensis differs from Da. hap-
tospora by producing an additional type of trapping device, in non-constricting 
rings. (Fig. 3.61)



1353  Taxonomy of Nematode-Trapping Fungi from Orbiliaceae, Ascomycota

Dactylellina drechsleri (Tarjan) M. Scholler, Hagedorn & A. Rubner, Sydowia 51 (1): 110 (1999)
≡ Dactylella drechsleri Tarjan, Mycopathologia 14: 143 (1961)
= Monacrosporium drechsleri (Tarjan) R.C. Cooke & C.H. Dickinson, Trans. Br. Mycol. Soc. 
48 (4): 623 (1965)
= Golovinia drechsleri (Tarjan) Mekht., Mikol. Fitopatol. 1: 276 (1967)

Characteristics:  Mycelium usually profuse, hyaline, slowly spreading; vegeta-
tive hyphae septate, 4 μm (3.2–5.3 μm) wide. Conidiophores hyaline, erect, spar-
ingly septate, 145 μm (93–184 μm) long, each terminating in single conidium but 
often forming one or two branches, well below apex, also bearing solitary conidia. 
Conidia hyaline, somewhat fusiform, usually tapering conical with finely truncate 
base, but broadly obtuse to bluntly rounded at distal end, 29.5–48.7 (39.6) × 10.7–
15.4 (13.1), 2–4-septate, mainly 3-septate. Capturing nematodes by stalked adhe-
sive knobs, knobs 8–10 (9) × 7.2–9.6 (8.3) μm.

Fig. 3.60  Dactylellina cope-
podii. a conidia; b adhesive 
knobs; c conidiophore. 
Bar = 25 µm
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Fig. 3.61  Dactylellina daliensis. a–i conidiophores; j–p conidia; q adhesive knobs; r non-
constricting rings. Bars: a = 50 µm; b = 25 µm; c, e = 12.5 µm; d, f–r = 5 µm
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Distribution:  USA.

Notes:  The description is based on the protologue. Among Dactylellina species 
with adhesive knobs as trapping devices, Da. drechsleri can be recognized by its 3 
septate conidia, while others are usually 4 septate. (Fig. 3.62)

Fig. 3.62  Dactylellina drechsleri. a–b, e–h conidia; c–d conidiophore; i adhesive knobs. 
Bars = 10 µm; Strain number:YMF1.00573
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Dactylellina ellipsospora (Preuss) M. Scholler, Hagedorn & A. Rubner, Sydowia 51 (1): 110 
(1999)
= Dactylella ellipsospora (Preuss) Grove, J. Bot. Lond. 24: 200 (1886)
≡ Menispora ellipsospora Preuss in Sturm, Deutschl. Fl. Abt. 3:H.8:T.47 (1848)
= Monacrosporium ellipsosporum (Preuss) R.C. Cooke & C.H. Dickinson, Trans. Brit. Mycol. 
Soc., 48: 623 (1965)

Characteristics:  Colonies on CMA white to reddish, slow growing. Mycelium 
spreading, scanty, vegetative hyphae hyaline, septate, branched, mostly 2–3  μm 
wide. Conidiophores hyaline, erect, septate, unbranched, 100–330  μm long, 
3–4.5 μm at the base, gradually tapering upwards to a width of 2–2.4 μm at the 
apex, bearing a single conidium. Conidia broadly spindle-shaped, hyaline, 40–57.5 
(48.3) × 10–17.5 (13) μm, 2–4-septate, mostly 4-septate, the central cell being the 
largest, rounded on the apex. Chlamydospores not observed. Capturing nematodes 
by means of adhesive knobs.

Distribution:  Cosmopolitan.

Material examined:  Z29, isolated from forest soil in Tianzhu, Guizhou in 1988 
by Zhang Ke-Qin ZJHZ-1, isolated from field soil in Hangzhou, Zhejiang in 1999 
by Ke-Qin Zhang; XZM-3, isolated from forest soil in Xizang in August 2000 by 
Minghe Mo; YMF1.00032, isolated from soil in Ruili, Yunnan in October 2002 by 
Jing Zhang; 5102-1, isolated from field soil in Wuhan, Hubei in February 2001 by 
Xuefeng Liu.

Notes:  Da. ellipsospora resembles Da. lysipaga in conidial characters, but differs 
from the latter in trapping devices. Da. ellipsospora produces adhesive knobs, while 
Da. lysipaga produces both adhesive knobs and non-constricting rings. The mate-
rial examined almost matches the original description. (Fig. 3.63)

Dactylellina entomopaga (Drechsler) M. Scholler, Hagedorn & A. Rubner, Sydowia 51 (1): 110 
(1999)
≡ Arthrobotrys entomopaga Drechsler, Mycologia 36: 392 (1944)
= Arthrobotrys pauca J. S. McCulloch, Trans. Br. Mycol. Soc. 68: 176 (1977)
= Dactylariopsis entomopaga (Drechsler) Mekht., Khishchnye Nematofagovye Griby—
Gifomitsety (Baku): 122 (1979)

Characteristics:  Mycelium spreading, colourless, septate, 2–3 μm wide. Conid-
iophores erect, colourless, meagerly septate, 75–175 μm tall, 3–4.5 μm wide at 
the base, about 2.5 μm wide farther upwards, often somewhat inflated at the top 
from which given off 3–8 simple or branched sterigmata of 2–7 μm long, whereon 
borne collectively 3–10 conidia in loose capitate arrangement; additional conidial 
clusters often being produced following renewed axial elongation. Conidia colour-
less, cylindrical or somewhat clavate, 15–28 × 4.5–5.5 μm, broadly rounded at the 
apex, often minutely pedicellate below, 1-septate, the 2 cells not pronouncedly 
unequal as a rule, even though the lower cell is often slightly longer than the 
upper one. Capturing nematodes by stalks ellipsoidal adhesive knobs measuring 
8–13 × 4.5–8 μm.
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Distribution:  Australia, USA.

Notes:  The description is based on the protologue. Among Dactylellina species 
with adhesive knobs as trapping devices, this species is characterized by loose capi-
tate arranged conidia and repeated extended conidiophores. (Fig. 3.64)

Dactylellina ferox (Onofri & S. Tosi) M. Scholler, Hagedorn & A. Rubner, Sydowia 51 (1): 110 
(1999)
≡ Arthrobotrys ferox Onofri & S. Tosi, Mycotaxon 44: 446 (1992)

Fig. 3.63  Dactylellina ellipsospora. a conidia; b–c conidiophore; d adhesive knobs. Bars = 10 µm; 
Strain number: YMF1.00032
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Characteristics:  Colonies on Czapek yeast white to pale pink-orange, mycelium 
hyaline; repent and aerial hyphae, 4.5–6.5 μm wide, septate at intervals of 22–35 
(–45)  μm. Conidiophores macronematous, mononematous, erect, septate, often 
branched, (33.5)44–144 (–466) μm long, 5–7 μm wide at the base and 3–4 μm far-
ther upwards, producing (2–)4 (–10)conidia on 2–4.5 μm long denticles. Conidia 
hyaline, obovoidal to clavate, 1-septate, slightly constricted at the septum which 
is usually in the centre, (13–)15–18 (24.5) × (5–)6–8 (–9) μm. Predatory on spring-
tails ( Gressittacantha terranova) by stalks adhesive knobs measuring (18–)20–25 
(–31) × (16.5–)17–21 (–21.5) μm.

Distribution:  Italy

Notes:  The description is based on the protologue. The trapping device of this spe-
cies is hard to induce in pure culture. Its adhesive knobs are 3–4 times larger than 
other species. Because living cultures are not available, the species may be doubt-
ful. (Fig. 3.65)

Dactylellina formosana (J.Y. Liou, G.Y. Liou & Tzean) M. Scholler, Hagedorn & A. Rubner, 
Sydowia 51 (1): 110 (1999)
≡ Dactylella formosana J. Y. Liou, G. Y. Liou & Tzean. Mycol. Res. 99: 751 (1995)

Characteristics:  Colonies thin, white to orange white, 3.5–4.2  cm diameter in 
1 wk. Mycelium hyaline, septate, branched, 2–4  μm wide. Conidiophores erect, 

Fig. 3.64  Dactylellina 
entomopaga. a. conidia; 
b. adhesive knobs; c. conidio-
phores. Bar = 30 µm
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unbranched, short, septate, hyaline, 17–90 μm long, 2.5–4.5 μm wide at the base, 
tapering to subterminal denticle. Conidia hyaline, fusoid, cylindrical, straight or 
slightly curved, (2)4–7 (8)-septate, 30–70 × 5–7.5 μm, tapering towards both ends. 
Chlamydospores absent. Capturing nematodes on adhesive knobs.

Distribution:  China (Taiwan)

Notes:  The description is based on the protologue. Morphologically Da. formo-
sana resembles Da. copepodii and Da. leptospora. They share common features 
such as the ability to capture micro fauna, producing fusoid, cylindrical, multisep-
tate, solitary apical conidia on unbranched conidiophores. However, in contrast 
to Da. formosana, Da. leptospora has thinner, longer, more frequently septate 

Fig. 3.65.  Dactylellina 
ferox. a. conidia; b. adhesive 
knobs; c. conidiophores. 
Bars = 20 µm
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conidia, which produce secondary conidia when germinating, and trap nematodes 
by adhesive knobs and also by non-constricting rings (Drechsler 1937). Although 
both Da. copepodii and Da. formosana prey micro fauna by adhesive knobs, the 
former traps copepods as compared to nematodes. Da. copepodii also has conidia 
with larger intercalary cells and secondary adhesive knobs which arise from germi-
nated conidia. These characteristics readily separate it from Da. formosana (Barron 
1990). (Fig. 3.66)

Dactylellina gephyropaga (Drechsler) Ying Yang & Xing Z. Liu, Mycotaxon 97: 158 (2006)
≡ Dactylella gephyropaga Drechsler, Mycologia 29: 512 (1937)
= Arthrobotrys gephyropaga (Drechsler) Yan Li, in Li, Hyde, Jeewon, Cai, Vijaykrishna & 
Zhang, Mycologia 97 (5): 1042 (2005)
= Gamsylella gephyropaga (Drechsler) M. Scholler, Hagedorn & A. Rubner, Sydowia 51 (1): 
110 (1999)
= Golovinia gephyropaga (Drechsler) Mekht., Mikol Fitopatol.1: 276 (1967)
= Monacrosporium gephyropaga (Drechsler) Subram., [as ‘gephyropagum’] J. Indian bot. 
Soc.42: 293 (1964) [1963]

Characteristics:  Colonies on CMA whitish, slow growing and extending to a 
diameter of 4 cm at 25 °C within ten days. Mycelium scanty, spreading, vegetative 
hyphae hyaline, septate, branched, mostly 2–5 μm wide. Conidiophores hyaline, 
erect, commonly unbranched, 2–11-septate, 75–360 μm long, 5–7 μm wide at the 

Fig. 3.66  Dactylellina for-
mosana. a. adhesive knobs on 
hypha trapping nematodes; 
b. conidia; c. conidiophore. 
Bars = 30 µm
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base, gradually tapering upwards to a width of 3 μm wide at the apex, bearing a 
single conidium, sometimes after repeated elongation forming one or two additional 
conidia. Conidia hyaline, mostly broadly spindle-shaped or somewhat clavate, 
broadly rounded at the distal end, but at the narrower proximal end tapering towards 
the bluntly truncate base, commonly 30–67.5 (45) × 10–23.5 (16) μm, 2–6-septate, 
mostly 3–4-septate. Chlamydospores not observed. Two types of trapping devices 
observed in culture: adhesive branches and simple two dimension networks.

Distribution:  China (Anhui, Beijing, Guizhou, Hainan, Hebei, Taiwan, Tian-
jing, Yunnan), Portugal (Quinta de Sao Pedro), Netherlands (Valthernond), Spain 
(Tenerife)

Material examined:  TJ-1qz08, isolated from soil in Liqizhuang, Tianjing in 2000 
by Wenpeng Li; YMF1.00569, isolated from soil in Deqin, Yunnan in September 
2002 by Jing Zhang; YMF1.00580, isolated from forest soil in Jiuzhaigou, Sichuan 
in 2002 by Jingshi Deng; Hn2-1-3, isolated from field soil in Hainan in 2002 by 
Ke-Qin Zhang. Permanent slide: Hn2-1-3.

Notes:  Among the species of Dactylellina, only Da. cionopaga and Da. gephy-
rophaga form adhesive branches and simple two-dimension networks, but Da. 
cionopaga seldom form simple two dimension networks. For other differences 
between both species refer to Da. cionopaga. (Fig. 3.67)

Dactylellina haptospora (Drechsler) M. Scholler, Hagedorn & A. Rubner, Sydowia 51 (1): 110 
(1999)
≡ Dactylaria haptospora Drechsler, Mycologia 32: 459 (1940)

Characteristics:  Mycelium spreading; the vegetative hyphae hyaline, septate, 1.3–
4.5 μm wide. Conidiophores hyaline, erect, septate, 50–150 μm high, 1.7–2.7 μm 
wide at the base, very gradually tapering upwards to a width of about 1.5 μm, then 
terminating often in a slightly branched more or less geniculate part formed by 
repeated elongation following successive apical production of conidia up to 15 
in number in loosely capitate arrangement. Conidia hyaline, elongate-cylindrical, 
35–60 × 2.2–3.7 μm, more rarely containing 5–8 cross-walls. Capturing nematodes 
by unicellular adhesive knobs and non-constricting rings. Adhesive subsphaerical 
or prolate ellipsoidal, 6–10 × 5–8.5 μm.

Distribution:  China (Guizhou, Yunnan), USA.

Notes:  The description is based on the protologue. This species differed from other 
Dactylellina species by elongate cylindrical and very narrow conidia. (Fig. 3.68)

Dactylellina hertziana (M. Scholler & A. Rubner) M. Scholler, Hagedorn & A. Rubner, Sydowia 
51 (1): 111 (1999)
≡ Arthrobotrys hertziana, M. Scholler & A. Rubner, Mycol.Res.103: 764 (1999)
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Characteristics:  Colonies and reverse whitish to pink, slow-growing, attaining 
less than 8 cm diameter in 17 days at 25 °C, producing aerial mycelium in concen-
tric rings only on nutrient-rich media. Odor lacking. Morphological characteristics 
on CMA/2; Hyphae 3–5 μm wide, hyaline, septate, branched, often anastomosing. 
Conidiophores (150)–170–400 (–440)  μm high, 3–5  μm wide in the lower part, 
erect, septate, mostly branched near the apex or at the bottom, branches slightly 
bent upwards near the branch base, then clearly erect. Fertile tips with weakly swol-
len nodes forming up to seven conidia on denticles of 1.5–2.5 (–4) μm long. Conidia 
hyaline, obovoid to ellipsoid-cylindrical, equi- or mostly inequidistantly (0–)3 (–4) 
septa, (16–)16.5–22–27.5 (–28.5) × (7.5–)7.5–9.5–11.5 (–12)  μm, l/w ratio = 2.5. 
Nematodes are trapped by stalked or unstalked adhesive knobs. Chlamydospores 
not seen.

Distribution:  Spain

Fig. 3.67  Dactylellina gephy-
ropaga. a. conidia; b. adhe-
sive branches; c. adhesive 
network; d. conidiophore. 
Bars = 40 µm
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Fig. 3.68  Dactylellina haptospora. a–d conidiophore; e–h conidia; i adhesive knobs; j chlamydo-
spores. Bars = 10 µm; Strain number: YMF1.00560
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Notes:  The description is based on the protologue. This species is characterized 
by branched conidiophores and obovoid to ellipsoid-cylindrical conidia of loose 
capitate arrangement. (Fig. 3.69)

Dactylellina huisuniana (J.L. Chen, T.L. Huang & Tzean) M. Scholler, Hagedorn & A. Rubner, 
Sydowia 51 (1): 111 (1999)
≡ Dactylella huisuniana J.L. Chen, T.L. Huang & Tzen, Mycol. Res. 102: 1269 (1998)

Characteristics:  Colonies on oat meal agar (OMA) 35–40 mm in 17 d at 25 °C, 
effuse, velvety, very pale orange; reverse very pale orange white to pale orange. 
Mycelium mostly immersed, branched, septate, smooth, subhyaline to pale orange 
in mass, 1–4.5 μm wide;. Conidiogenous cells terminal or subterminal, lateral, with 
denticles up to 9 μm long, 1.5 μm wide, with sympodial proliferations, scattered and 
often branched, elongate, candelabrelloid at the apex in age, bearing 1–6 conidia. 
Conidia predominantly fusiform, 3-septate, occasionally clavate-fusoid and 2-sep-
tate or 4-septate, smooth, hyaline, 29.5–41 × 4.5–7.5 μm, the distal second cell the 
widest, base attenuated, truncated, 1–1.5 μm wide. Trapping nematodes by ovoid to 
subglobose adhesive knobs of 5–7 μm diameter.

Distribution:  China (Taiwan)

Notes:  The description is based on the protologue. This species is characterized by 
sympodial proliferations conidiophores with candelabrelloid apex. (Fig. 3.70)

Fig. 3.69  Dactylellina hertziana. a. conidia; b. adhesive knobs; c. conidiophores. Bar = 15 µm
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Dactylellina illaqueata D.S. Yang & M.H. Mo, in Yang, Chen, Huang, Mo & Zhang, Mycotaxon 
94: 215 (2005)

Characteristics:  Mycelium scanty, spreading, vegetative mycelium colourless, 
septate, mostly 1.5–2.5  µm wide. Conidiophores colourless, erect, unbranched, 

Fig. 3.70  Dactylellina huisuniana. a–g conidia; h–i conidiophore; j adhesive knobs. Bars = 10 µm; 
Strain number: YMF1.00574
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often 95–250 µm high, 2.2–2.6 µm wide at base, and gradually tapering upwards 
to a width of 1.8–2.1 µm at the apex, bearing a single conidium on the apex, occa-
sionally two conidia. Conidia colourless, elongate fusiform, narrowly obtuse at 
the distal end, truncate at the base, the central cell swelling obviously, 25.5–117.5 
(66.5) × 5.5–15.2 (14.1)  μm, 3–8-septate, mainly 5-septate. The proportion of 
conidia with 3,4,5,6,7, and 8 septa accounts for 9.1, 15.2, 63.6, 6.1, 3 and 3 %, 
respectively. When induced with nematodes, the fungus produced non-constrict-
ing rings and stalked adhesive knobs. Chlamydospores sphaerical to ellipsoidal, 
intercalary.

Distribution:  China (Yunnan)

Notes:  Da. illaqueata is mainly characterized by its 5-septate conidia singly borne 
on the unbranched conidiophores and this species resembles Da. yunnanensis and 
Da. lysipaga in conidial shape. However, Da. yunnanensis usually forms short den-
ticles at the apex of conidiophores and bears 2–5 conidia, and Da. lysipaga pro-
duces the conidia mainly with 2–4-septate. In comparison with Da. leptospora, the 
conidia of Da. illaqueata usually have a wider central cell (average 14.1 μm) than 
that of Da. leptospora (4–5.8 μm). In addition, conidia of Da. leptospora have more 
septa (5–15) than those of Da. illaqueata (3–8, mainly 5 septa). (Fig. 3.71)

Dactylellina leptospora (Drechsler) M. Morelet, Bull. Soc. Sci. nat. Arch. Toulon & du Var 178: 
6 (1968)
≡ Dactylella leptospora Drechsler, Mycologia 29: 507 (1937)
= Dactylosporium leptospora (Drechsler) Mekht., Mikol. Fitopatol. 1: 277 (1967)
= Monacrosporium leptosporum (Drechsler) A. Rubner, Stud. Mycol. 39: 79 (1996)

Characteristics:  Colonies on CMA whitish, rapidly growing. Mycelium spread-
ing, scanty, vegetative hyphae hyaline, septate, mostly 1.2–3 μm, rarely up to 4 μm 
wide. Conidiophores hyaline, erect, septate, 75–250 μm long, 2.5–5 μm wide at the 
base, tapering upwards very slightly, 1–2 μm wide at the apex, mostly simple and 
bearing a single terminal conidium, but occasionally bearing an additional conid-
ium on a short branch attached to the main axis near its apex. Conidia hyaline, 
mostly straight, elongate fusoid or cylindrical, 30–92 (64) × 4–6 (4.5) μm, 4–15-
septa, after falling off, often giving rise individually to 1 or 2 globose knobs mostly 
on scarcely modified distal prolongations, more rarely on lateral stalks; often too, 
producing on slightly branched conidiophores, 50–125 μm long, 2–3 μm wide at the 
base and 1.3–1.8 μm wide at the apex, secondary conidia mostly 10–35 × 4–5.8 μm, 
3–8-septate. Two types of trapping devices were observed in culture: stalked adhe-
sive knobs and non-constricting rings.

Distribution:  China (Beijing, Guizhou, Hubei, Xizang, Yunnan), India, Russian, 
USA

Material examined:  SJt3.9.68, isolated from field soil in Huaxi, Guizhou in 1996 
by Ke-Qin Zhang; XZD-2, XZD-3, isolated from soil in Xizang in August 2000 by 
Minghe Mo; DL1-1-1, isolated from forest soil in Dali, Yunnan in September 2002 
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Fig. 3.71  Dactylellina illaqueata. a–c conidiophore; d–l conidia; m–n adhesive knobs and non-
constricting rings; o. chlamydospore. Bars = 10 µm
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by Jing Zhang; YMF1.00114, isolated from soil in Kunming, Yunnan in 2002 by Lu 
Cao; J34-1, J34-2, isolated from forest soil in Jianshui, Yunnan in 1999 by Yanju Bi; 
YMF1.00115, YMF1.00117, YMF1.00042, YMF1.00562, isolated form soil in Dali 
and Lijiang, Yunnan in September 2002 by Jing Zhang. Permanent slide: STt3.9.68.

Notes:  The fungus is easy to distinguish from other species because of its elongate-
fusiform to cylindrical and greater number of conidial septa. Dactylaria dasguptaii 
and Kafiaddinia fusariispora were treated as synonym of Dactylaria leptospora 
because of similar trapping devices and conidial characteristics (Rubner, 1996). All 
the characteristics of examined material matched well with original distribution of 
Da. leptospora. (Fig. 3.72)

Dactylellina lobata (Dudd.) Yan Li, in Li, Hyde, Jeewon, Cai, Vijaykrishna & Zhang, Mycologia 
97 (5): 1042 (2005)
≡ Dactylella lobata Dudd., Trans. Br. mycol. Soc. 34 (4): 489 (1951)
= Gamsylella lobata (Dudd.), M. Scholler, Hagedorn & A. Rubner, Sydowia 51 (1): 108 (1999)
= Monacrosporium lobata (Dudd.) A. Rubner, Stud. Mycol.39: 80 (1996)

Characteristics:  Mycelium septate, occasionally branched, 2–5  µm wide. 
Conidiophores erect, single, 250 μm high. Conidia fusiform, mainly with 3 septa, 
32–54 × 8–12 μm, each at the apex of an erect conidiophore. Trapping nematodes by 
adhesive unstalked knobs, which sometimes joined together to form loops.

Distribution:  UK.

Notes:  The description is based on the protologue. In this species, knobs often form 
a string, which resemble adhesive branches of Da. cionopaga, but the adhesive 
cell of the latter is rectangle. In addition, conidia of the two species are different. 
(Fig. 3.73)

Dactylellina lysipaga (Drechsler) M. Scholler, Hagedorn & A. Rubner, Sydowia 51 (1): 111 
(1999)
≡ Dactylella lysipaga Drechsler, Mycologia 29: 503 (1937)
= Golovinia lysipaga (Drechsler) Mekht., Mikol. Fitopatol.1: 277 (1967)
= Monacrosporium lysipagum (Drechsler) Subram., J. Indian Bot. Soc. 42: 293 (1963)

Characteristics:  Colonies on CMA whitish. Mycelium spreading, scanty, vegeta-
tive hyphae hyaline, septate, branched, mostly 1.5–3.5  μm wide. Conidiophores 
hyaline, septate, erect, simple, 125–760 μm long, 3–5 μm wide at the base, gradually 
tapering upwards to a width of 1–2 μm, bearing a single conidium, but occasion-
ally producing a second conidium on a short branch attached to the main axis some 
distance below the apex. Conidia hyaline, sometimes obovoid-fusoid, but much 
more frequently and more typically rather symmetrically fusoid, somewhat acutely 
rounded at the apex, truncate at the narrow base, 2–4-septate, mostly with 3–4 septa, 
27.5–85 (40.7) × 9–17.5 (11) μm. Capturing nematodes by means of adhesive knobs 
and non-constricting rings.
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Distribution:  China (Beijing, Guizhou, Hebei, Yunnan), Portugal (Azores)

Material examined:  Z23, isolated from field soil in Tianzhu, Guizhou in 1988 by 
Ke-Qin Zhang; YMF1.00535, isolated from soil in Baoshan, Yunnan in October 
2002 by Jing Zhang; P7.1.1, isolated from forest soil in Wenshan, Yunnan in July 
2002 by Zhiwei Zhao. Permanent slide: P7.1.1

Fig. 3.72  Dactylellina leptospora. a–c, f conidia; d–e conidiophore; g adhesive knobs; h non-
constricting rings. Bars = 10 µm; Strain number: YMF1.00042
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Notes:  Da. lysipaga resembles Da. ellipsospora in conidial shape, septate, but the 
conidia of the former are smaller than those of the latter. Moreover, Da. lysipaga 
forms both adhesive knobs and non-constricting rings, while Da. ellipsospora forms 
only adhesive knobs. Da. lysipaga also resembles Da. candidum in conidial shape 
and trapping devices, but differs in conidiophores. In Da. lysipaga, conidiophores 
simple, bear a single conidium at the apex, occasionally forming additional one next 
the apex. While in Da. candidum, conidiophores form short branches near the apex 
with conidia in strikingly loose capitate arrangement. The conidia of present isolate 
are longer than in the description of Subramanian [28–55 (40.7) × 9–14 (11.6) μm] 
(1963). (Fig. 3.74)

Fig. 3.73  Dactylellina 
lobata. a. conidia; b. adhe-
sive knobs; c. hypha infect 
nematodes and produce adhe-
sive knobs. Bar = 30 µm
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Dactylellina mammillata (S.M. Dixon) M. Scholler, Hagedorn & A. Rubner, Sydowia 51 (1): 111 
(1999)
≡ Dactylella mammillata S.X. Dixon, Trans. Br. Mycol. Soc. 35: 144 (1952)
= Golovinia mammillata (S.X. Dixon) Mekht., Khishchnye Nematofagovye Griby—Gifomit-
sety (Baku): 159 (1979)
= Monacrosporium mammillata (S.X. Dixon) R.C. Cooke & C.H. Dickinson[as ‘mammillata’]
Trans. Br. Mycol. Soc. 48 (4): 622 (1965)

Fig. 3.74  Dactylellina lysipaga. a–b conidiophore; c–e conidia; f adhesive knobs and non-
constricting rings. Bars = 10 µm; Strain number: YMF1.00535
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Characteristics:  Mycelium scanty; hyphae hyaline, septate. Conidiophores 160–
280 μm high, conidia borne singly on the apex of conidiophores. Conidia ellipsoidal 
to fusiform, obtuse rounded at the apex, 3–4-septate, 30–60 × 9–17 μm. Capturing 
nematodes by stalks adhesive knobs 6.5–9 × 6.5–7 μm.

Distribution:  Canada, Germany, UK.

Notes:  This species is most similar to Da. ellipsospora, but differs in having a 
rounded conidia apex and 3–4-septate conidia, while Da. ellipsospora most often 
has 4-septate, occasionally 3 or 2 septate conidia. (Fig. 3.75)

Dactylellina mutabilis (R.C. Cooke) M. Scholler, Hagedorn & A. Rubner, Sydowia 51 (1): 111 
(1999)
≡ Monacrosporium mutabile R. C. Cooke [as ‘mutabilis’], Trans. Br. Mycol. Soc. 53: 318 (1969)
= Golovinia mutabilis (Cooke) Mekht., Khishnchnye Nematofagovye Griby–Gifomitesty 
(Baku): 161 (1979)

Characteristics:  Conidiophores simple, septate, erect, bearing a single conidium 
at the apex. Conidia ellipsoidal to fusiform, 50–60 × 16–17.5 μm, with 4 septa, with 
the median cell markedly larger than the rest. Conidia taper to a narrowly rounded 
cell distally and proximally to a narrowly truncate base. In pure culture on cornmeal 
agar conidia are markedly different in size and shape from those on the nematode-
infested substrate, being 37.5–50 × 12.5–15 μm. In addition, about 14 % of conidia 
were 3 septate. Curved, malformed spores were frequent. Capturing nematodes by 
stalks adhesive knob about 5 μm in diameter.

Distribution:  Samoan Islands

Notes:  The description is based on the protologue. Among species of Dactylellina 
with 4 septate conidia, Da. mutabilis can be distinguished from other species by 
densely crowded, stalked, adhesive knobs. (Fig. 3.76)

Fig. 3.75  Dactylellina mammillata. a. adhesive knobs; b. conidia. Bar = 30 µm
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Dactylellina multiseptata (H.Y Su & K.Q. Zhang) Z.F. Yu, comb. nov.
≡ Monacrosporium multiseptatum H.Y. Su & K.Q. Zhang. Mycotaxon 92: 193 (2005)
MB 804794

Characteristics:  Colonies on CMA plates growing quickly, attaining 6 cm diam-
eter within 7 days at 25 °C. Mycelium spreading, vegetative hyphae hyaline, septate 
and branched, mostly 1.8–2.5 µm wide. Conidiophores erect, simple, septate, 170–
260 µm long, 2.5–3 µm wide at the base, gradually tapering upwards to a width of 
1.7–2 µm at the apex, bearing a single conidium, occasionally two conidia. Conidia 
hyaline, elongate fusiform to straight clavate, sometimes apparently curved, nar-
rowly round at the distal end, tapering towards the narrow truncate at the base, 
somewhat constricted at septa, 67.5–132.5 (91.6) × 3.8-17.5 (15.5) µm, 4–9-septate, 
mainly 6–7- septate. The proportion of conidia with 4, 5, 6, 7, 8 and 9 septa is 1.8, 
3.6, 23, 45, 25.1 and 2 % respectively. Chlamydospores sphaerical to ellipsoidal, 
intercalary, about 5–8 × 4–6 µm. In the presence of nematodes the fungus forms 
stalked adhesive knobs which are unicellular, subsphaerical. The knobs usually 
11 µm long, 10 µm wide, with a stalk of 20–67.5 µm.

Distribution:  China (Yunnan)

Material examined:  YMF1.00127, isolated from soil in Yunnan in 2003 by 
HongYan Su.

Fig. 3.76  Dactylellina mutabilis. a. adhesive knobs; b. conidia. Bar = 20 µm
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Notes:  Da. multiseptata resembles but distinctly differs from two nematode-trap-
ping fungi, Da. candidum and Da. ellipsospora in conidial shape and type of preda-
cious device. Da. multiseptata produces larger conidia [67.5–132.5 (91.6) × 3.8–17.5 
(15.5) µm] and more septa (usually 6–8) than Da. candidum [33–50 (43.7) × 7.4–
13.3 (10.7) µm, mainly 4-sepate] and Da. ellipsospora [37.5–62 (48.3) × 8.7–19.3 
(13) µm, often with 4 septa]. Additionally, Da. multiseptata does not form denticles 
on the apex of conidiophores, while Da. candidum and Da. ellipsospora often pro-
duce 2–5 short branches near the apex. (Fig. 3.77)

Dactylellina parvicolla (Drechsler) Yan Li, in Li, Hyde, Jeewon, Cai, Vijaykrishna & Zhang, 
Mycologia 97 (5): 1042 (2005)
≡ Dactylella parvicollis Drechsle, Sydowia 15: 13 (1962)
= Gamsylella parvicollis (Drechsler) M. Scholler, Sydowia 51: 109 (1999)
= Golovinia parvicollis (Drechsler) Mekht., Khishchnye nematofagovye Griby-Gifomitsety: 
(Baku)162 (1979)
= Monacrosporium parvicolla (Drechsler) R.C. Cooke & C.H. Dickinson [as ‘parvicollis’], 
Trans Br Mycol Soc 48 (4): 622 (1965)

Characteristics:  Mycelium colourless, sterile hyphae branched, septate, 1.5–
3.8 μm wide. Conidiophores colourless, erect, mostly 130–290 μm long, 3–4.5 μm 
wide at the base, tapering gradually upwards, 1.8–2.2 μm wide at the apex bearing 
a single conidium. Conidia colourless, commonly spindle-shaped, rounded at the 
distal end, narrowly truncate at the base, 35–45 × 8–14 μm, 2–4- septate, mainly 
4-septate. Capturing nematodes by globose or obovoid or prolate ellipsoid stalks 
adhesive knobs measuring 6.5–11 × 5.5–9 μm.

Distribution:  China (Beijing, Fujian, Hubei, Shandong, Xizang, Yunnan), Ecua-
dor (National Parc Cotopaxi), Germany (Berlin-Dahlem, Berlin), USA (California, 
Colorado).

Material examined:  YMF1.00028, YMF1.00029, YMF1.00546, isolated from 
field soil in Wuhan, Hubei in 2001 by Xuefeng Liu; XZM-8, isolated from forest 
soil in Xizhang in August 2000 by Minghe Mo.

Discussion:  Da. parvicolla can be distinguished from related species of Dac-
tylellina by its 3–5 septate (mostly 4-septate), spindle-shaped conidia. The 
conidial dimensions of the present isolate is wider than those of the type strain 
(29–47 × 6–10.5 μm). (Fig. 3.78)

Dactylellina phymatopaga (Drechsler) Yan Li, in Li, Hyde, Jeewon, Cai, Vijaykrishna & Zhang, 
Mycologia 97 (5): 1042 (2005)
≡ Dactylella phymatopaga Drechsler, Mycologia 46: 775 (1954)
= Gamsylella phymatopaga (Drechsler) M. Scholler, Sydowia 51: 109 (1999)
= Golovinia phymatopaga (Drechsler) Mekht., Khishchnye nematofagovye Griby-Gifomitsety 
(Baku): 165 (1979)
= Monacrosporium phymatopagum (Drechsler) Subram.[as ‘phymatophagum’], J. Indian bot. 
Soc 42: 293 (1963)
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Fig. 3.77  Dactylellina multiseptata. a conidiophores; b–k conidia; l–m adhesive knobs; 
n chlamydospores. Bars = 10 µm
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Fig. 3.78  Dactylellina parvicolla. a conidiophore; b–k conidia; l–m adhesive knobs. Bars = 10 µm; 
Strain number: YMF1.00029
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Characteristics:  Mycelium scanty; vegetative hyphae hyaline, branched, septate 
at moderate intervals, 1.8–3.5 μm wide. Conidiophores hyaline, erect, septate, 150–
500 μm long, 5–9 μm wide at the base, gradually tapering upwards to a width of 
2.5–4.5 μm at the apex, bearing a single conidium, occasionally forming 1–2 short 
branches near the apex with conidia. Conidia hyaline, spindle-shaped, truncate and 
rather narrow at the base, rounded at the distal end, 46–71 (62.3) × 21–29 (24.7) μm, 
1–5-septate, mostly 3–4-septate. Capturing nematodes by means of unstalked adhe-
sive knobs, which can grow out to form branches.

Distribution:  China (Beijing, Hebei, Jilin, Sichuan, Yunnan), Germany (Berlin 
Dahlem, Berlin), India, Netherlands (Naaldwijk), Sweden.

Material examined:  N4-1, isolated from forest soil in Jiuzhaigou, Sichuan in April 
2003 by Xuefeng Liu; YMF1.1413, isolated from forest soil in Dehong, Yunnan in 
2003 by Hong Luo. Permanent slide: N4-1

Notes:  This species closely resembles Da. ellipsospora with its solitary conidia, 
which are spindle-shaped and 4 septa; however, conidia are much longer in Da. 
ellipsospora. The trapping devices of Da. phymatopaga are not the typical adhesive 
knobs like those of Da. ellipsospora, which are obovoid rather than globose and can 
grow out to form adhesive branches. (Fig. 3.79)

Dactylellina quercus Bin Liu, Xing Z. Liu & W.Y. Zhuang [as ‘querci’], FEMS Microbiol. Lett. 
245 (1): [99] (2005)

Characteristics:  Colonies colourless on PDA or CMA, reached to 60–65 mm in 
diameter on PDA and 45 mm CMA after 20 days culture at 23–25 °C. Aerial myce-
lium sparse, hyphae hyaline, septate, branched, 2.5–3.5 µm wide. Conidiophores 
mostly 130–180 µm high, 5–6.5 µm wide at the base, 1.5–2.5 µm at the apex, some-
time branched near the apex, bearing a single conidium. Conidia were commonly 
spindle-shaped, slightly rounded at the distal end, narrowly truncate at the base, 
25–32.5–40 (–50) × 8–9.5–12 μm, with 3–5 and mainly 3-septate, but the central 
cell is not larger than the others. Chlamydospores not observed. Trapping nema-
todes by means of stalked knobs (0–5.5  μm), knobs produced frequently on the 
nutritional agar plates even without challenging with nematodes.

Sexual state:  Orbilia querci

Distribution:  China (Beijing, Huairou County)

Notes:  This species resembles Da. drechsleri, Da. ellipsospora and Da. haptotyla 
in the shape of conidia and adhesive knobs, but differs in that it lacks the largest cell 
in conidia and in having shorter stalks of adhesive knobs. The sequence divergence 
of the ITS1 region between Da. quercus and the other knobs forming species tested 
is 23.8–33.4, which separates Da. quercus from its related species. (Fig. 3.80)
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Dactylellina robusta (J.S. McCulloch) Yan Li, in Li, Hyde, Jeewon, Cai, Vijaykrishna & Zhang, 
Mycologia 97 (5): 1043 (2005)
≡ Monacrosporium robustum J. S. McCulloch, Trans. Br. Mycol. Soc. 68: 177 (1977)
= Gamsylella robusta (J.S. McCulloch) M. Scholler, Hagedorn & A. Rubner, Sydowia 51: 109 
(1999)

Characteristics:  Colonies on CMA white, slow growing. Mycelium spreading, 
scanty, vegetative hyphae hyaline, septate, branched. Conidiophores hyaline, erect, 
septate, unbranched, 150–450 μm long, 5–8 μm wide at the base and tapering to 
3–4 μm wide at the apex, bearing a single conidium. Conidia hyaline, spindle-shaped, 
68–85 × 20–30 μm, 3–5-septate. Chlamydospores not observed. Capturing nema-
todes by means of stout unicellular unstalked adhesive knobs, 16–24 × 9–10 μm.

Distribution:  China (Yunnan), West Australia.

Fig. 3.79  Dactylellina 
phymatopaga. a. conidia; 
b. adhesive knobs; c. conidio-
phores. Bar = 40 µm
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Material examined:  YMF1.1413, isolated from forest soil in Ruili, Yunnan in 
September 2003 by Hong Luo.

Notes:  Da. robusta resembles Da. phymatopaga (Drechsler) Y. Li (2005), in trap-
ping devices and spore shape, but differs in the larger size of the hyphae, traps and 
conidia. Da. robusta is easily recognized by its large conidia and its characteristic 
trapping devices, which just are unicellular adhesive knobs. In Da. phymatopaga, 
trapping devices can grow out to form adhesive branches. (Fig. 3.81)

Dactylellina sichuanensis Yan Li, K.D. Hyde & K.Q. Zhang, in Li, Jeewon, Hyde, Mo & Zhang, 
Mycol. Res. 110 (7): 792 (2006)

Fig. 3.80  Dactylellina quercus. a colony on PDA; b–f conidiophores and conidia, note the 
single conidium produced on each apex of the conidiophores; g–h stalked knobs. Bars: a = 2 cm; 
b = 20 μm; c–h = 10 μm
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Characteristics:  Colonies on PDA villiform, whitish, extending to 5 cm diameter 
at 25 °C, 7 cm diameter at 28 °C and not growing at −4 °C or 35 °C within 7 d. The 
reverse side of the media is of the same colour. Colonies on CMA whitish, slow-
growing, and extending to a diameter of 4 cm at 25 °C, 6 cm 28 °C and not growing 
at −4 °C or 35 °C within 10 d. Mycelium spreading, scanty, vegetative hyphae hya-
line, septate, branched, mostly 2.5–5 µm wide. Conidiophores hyaline, erect, sim-
ple, septate, 139–198.5 µm (168.5 µm) high, 2–2.5 µm wide at the base, gradually 
tapering upwards to a width of 0.5–1 µm at the apex, bearing one single conidium. 
Conidia 35–82.5 µm (53.5 µm) × 7.5–17.5 µm (13 µm), hyaline, spindle-shaped, 
straight or sometimes slightly curved, acutely narrowing towards and truncate at the 
base, the central cell the largest, (3–)4 (–6) septa; proportion of conidia with 3,4,5 
and 6 septa are 14, 76, 9 and 1 %, respectively. Two types of trapping devices were 
observed in culture: stalked adhesive knobs, 20–50 µm long, unicellular, subsphaeri-
cal or prolate ellipsoidal; non-constricting rings approximately circular, composed 
of three subequal arcuate cells. Chlamydospores were not observed in culture.

Distribution:  China (Sichuan)

Notes:  This species is distinct in having two types of trapping devices and larger 
conidia from similar species within the same genus. Da. sichuanensis is morphologi-
cally similar to Da. lysipaga, which also possesses two types of trapping devices, sim-
ple conidiophores and spindle-shaped conidia. However, the main differences between 
these two are the size of the conidia and the number of conidial septa. Da. sichuanensis 
produces larger conidia than Da. lysipaga. Only 2–4 septa are present in Da. lysipaga 
whereas Da. sichuanensis is usually characterized by more than four septa. (Fig. 3.82)

Fig. 3.81  Dactylellina 
robusta. a. conidia; b. adhe-
sive branches; Bar = 20 µm
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Fig. 3.82  Dactylellina sichuanensis. a–b conidiophore; c–p, r conidia; q adhesive knobs and non-
constricting rings. Bars = 20 µm; Strain number: YMF1.00234
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Species of the Genus Drechslerella

Drechslerella Subram. emend. M. Scholler, Hagedorn & A. Rubner
Type species: Drechslerella acrochaeta (Drechsler) Subram.–J. Ind. Bot. Soc. 42: 299 (1963)

≡ Dactylella acrochaeta Drechsler—Mycologia 44: 541 (1952)
= Dactylariopsis Mekht. 1967

Type species: D. brochopaga (Drechsler) Mekht.—Mikol. Fitopatol. 1: 278 (1967)
≡ Dactylaria brochopaga Drechsler—Mycologia 29: 517, 1937
= Golovinia Mekht. 1967

Type species: Golovinia bembicodes (Drechsler) Mekht.—Mikol. Fitopatol.1: 257 (1967)
≡ Dactylella bembicodes Drechsler—Mycologia 29: 491 (1937)

Characteristics:  Mycelium slow-growing. Hyphae septate, branching, hyaline. 
Conidiophores simple or rarely branched, apex mainly simple without modifica-
tions, rarely with short denticles or with geniculate proliferations. Conidia mainly 
formed singly at the apex of the conidiophores, rarely in clusters. Conidia holo-
blastic, hyaline, one to four septate, mainly ellipsoidal, obovoidal, spindle-shaped, 
or top-shaped, rarely clavate, or cylindrical. Microconidia and microconidio-
phores rarely observed. Chlamydospores, when present, intercalary and in chains, 
thick-walled, sphaerical to ovoid, yellow pigmented. Sexual state, when known, 
belonging to the genus Orbilia Fr. ( Helotiales). Trapping nematodes by means 
of spontaneously formed three-celled, stalked, constricting rings; saprotrophic 
capacities weak.

Key to Species of Drechslerella

1. Conidiophores usually with swollen tips and denticles, bearing apical clusters of 
conidia����������������������������������������������������������������������������������������������������������������������� 2
1. Tips of conidiophores bearing a single conidium, occasionally with very short 
subapical lateral branches����������������������������������������������������������������������������������������� 5
2. Conidia elongate-obovoid, mostly 1-septate, occasionally 2-septate 
����������������������������������������������������������������������������������������������������������������D. anchonia
2. Conidia other types����������������������������������������������������������������������������������������������� 3
3. Conidia digitiform������������������������������������������������������������������������������������������������� 4
3. Conidia elongated-ellipsoid, 0–1-septate, mostly 1-septate��������� D. yunnanensis
4. Conidia cylindrical to clavate, mostly 3-septate�����������������������������D. brochopaga
4. With two types of conidia, macroconidia clavate, 1-septate������������ D. dactyloides
5 Conidiophores of the genicularioid type, conidia ellipsoid���������������������� D. effusa
5. Conidiophores unbranched or occasionally with subapical lateral branches�������� 6
6. Conidia ellipsoid or broadly obovoid������������������������������������������������������������������� 7
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6. Conidia spindle-shaped����������������������������������������������������������������������������������������� 9
7. Conidia broadly obovoid, with 1-septate at the base��������������������D. polybrochum
7. Conidia ellipsoid or wide digitiform��������������������������������������������������������������������� 8
8. Having two types of conidia, macroconidia ellipsoid, 2-septate����D. heterospora
8. Conidia ellipsoid or wide digitiform, straight or curved, 1–3-septate
����������������������������������������������������������������������������������������������������������� D. stenobrocha
9. Conidia 2-septate������������������������������������������������������������������������������������������������ 10
9. Septa of conidia more than 2 septa��������������������������������������������������������������������� 11
10. Conidia 26.5–45 × 14–18.5  μm, bearing an appendage at conidia distal apex  
����������������������������������������������������������������������������������������������������������D. acrochaetum
10. Conidia 25–52.5 (33.2) × 12.5–29 (17.3) μm, conidiophores with globose apex
������������������������������������������������������������������������������������������������������������D. doedycoides
11. Conidia mostly 3-septate����������������������������������������������������������������������������������� 12
11. Conidia mostly 4-septate����������������������������������������������������������������������������������� 13
12. Conidia narrower, 42.5–62.5 (47) × 15–22.5 (16.9)������������������������� D. inquisitor
12. Conidia 2–4-septate, mostly 3-septate, 40–57.5 (51) × 15.5–35 (24.6)
����������������������������������������������������������������������������������������������������������D. aphrobrocha
13. Conidia 36–43.2 (40) × 16.8–21.6 (20.5)�������������������������������������� D. bembicodes
13. Conidia 2–5-septate, 45.6–55.2 (49.5) × 16.8–21.6 (19.8)��������D. coelobrochum

Accepted Species of Drechslerella

Drechslerella acrochaeta (Drechsler) Subram., J. Indian Bot. Soc. 42: 299 (1964) [1963]
≡ Dactylella acrochaeta Drechsler, Mycologia 44 (4): 541 (1952)
= Golovinia acrochaeta (Drechsler) Mekht., Khishchnye Nematofagovye Griby—Gifomitsety 
(Baku): 138 (1979)
= Monacrosporium acrochaetum (Drechsler) R.C. Cooke, Trans. Br. Mycol. Soc. 50 (2): 317 
(1967)

Characteristics:  Colonies on CMA rather slow growing and attaining a diameter 
of 1  cm within one week at 25 °C. Hyphae hyaline, septate, branched. Conidio-
phores hyaline, erect, septate, simple, 110–320 μm long, 2–4 μm wide, bearing a 
single conidium at the apex. Conidia hyaline, broadly spindle-shaped, rounded at 
the distal end and truncate at the base, 1–2-septate, 26.5–45 × 14–18.5 μm, bearing 
distally an appendage approximate alignment with the spore axis. Trapping nema-
todes by means of constricting rings.

Distribution:  China (Guizhou, Hebei, Jilin, Yunnan), USA

Material examined:  95X9–1, isolated from forest soil in Xishuangbanna Yunnan 
in June 1994 by Xingzhong Liu.
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Notes:  The conidial appendage was observed in culture in our isolate. Conidia 
shape, septa and size of examined material matched well with original description 
(Drechsler 1952). (Fig. 3.83)

Drechslerella anchonia (Drechsler) M. Scholler, Hagedorn & A. Rubner, Sydowia 51 (1): 99 
(1999)
= Arthrobotrys dactyloides Drechsler, Mycologia 29 (4): 486 (1937)
= Arthrobotrys anchonia Drechsler, Mycologia 46: 762 (1954)
≡ Dactylariopsis dactyloides (Drechsler) Soprunov [as ‘dactyloidea’], Predacious fungi-
Hyphomycetes and their use in the control of pathogenic nematodes: 142 (1958)
= Nematophagus anchonius (Drechsler) Mekht., Khishchnye Nematofagovye Griby-Gifomit-
sety, (Baku): 108 (1979)

Fig. 3.83  Drechslerella 
acrochaeta. a. conidia; b. 
chlamydospore; c. constrict-
ing rings; d. conidiophore. 
Bar = 30 µm
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Characteristics:  Mycelium spreading, scanty, vegetative hyphae hyaline, septate, 
branched, 2–5 μm. Conidiophores hyaline, erect, 3–8-septate, simple, 350–500 μm 
long, 4–6 μm wide at the base, tapering gradually upwards to a width of 2.5–3.5 μm 
at the apex, there bearing 3–8 conidia in radiating capitate arrangement; conidia 
hyaline, elongate obovoid, rarely bi-septate, usually 1-septate with the proximal 
cell commonly 8 to 18 μm (average 11.5) long and the distal cell commonly 17–27 
(average 23.5)  μm long, 29–43 (35) × 15–19 (16.8)  μm, capturing nematodes by 
means of constricting rings.

Distribution:  USA

Material examined:  No live culture was obtained, so the description is based on 
the protologue.

Notes:  Among species of Drechslerella, there are four species with conidia in a 
radiating capitate arrangement at the apex of conidiophores, including Dr. ancho-
nia, Dr. brochopaga, Dr. dactyloides, Dr. yunnanensis. Within these species, Dr. 
anchonia can be distinguished from the other three species by elongate obovoid and 
1-septate conidia. (Fig. 3.84)

Drechslerella aphrobrocha (Drechsler) M. Scholler, Hagedorn & A. Rubner, Sydowia 51 (1): 99 
(1999)
≡ Dactylella aphrobrocha Drechsler, Mycologia 42: 20 (1950)

Characteristics:  Colonies on CMA slow growing and extending a diameter of 
2.6  cm within 7 days at 25 °C. Mycelium spreading, scanty, vegetative hyphae 
hyaline, septate, branched, mostly 1.7–3.7  μm. Conidiophores hyaline, erect, 
2–5-septate, simple, 162–350 μm long, 3–7.5 μm wide at the base, tapering gradu-
ally upwards to a width of 2.5–5 μm at the apex, bearing a single conidium and 
sometimes a second one on a short perpendicular branch below the apex. Conidia 
hyaline, broadly spindle-shaped, the central cell the largest, rounded at the distal 
end and somewhat truncate at the base, 2–4-septate, mostly 3-septate, 40–57.5 
(51) × 15.5–35 (24.6) μm, bearing appendages occasionally. Chlamydospores not 
observed. Capturing nematodes by means of constricting rings, which consist of 
three cells, outer diameter 20–27.5 μm, inner diameter15–17.5 μm.

Distribution:  Carolina, China (Beijing, Guizhou, Jiling, Yunnan), India, North 
USA

Material examined:  YMF1.00119, isolated from forest soil in Lijiang, Yunnan in 
September 2002 by Jing Zhang. Permanent slide: LJ2–11–②
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Notes:  The conidia of our isolate matched the original description (41–
55 × 17–26 μm) (Drechsler 1950) and is slightly larger than Subramanian (1963) 
description (46.7 × 21.9 μm). Conidial length and width of Dr. aphrobrocha is very 
similar to Dr. coelobrocha, but Drechsler (1950) emphasized the greater conid-
ial length and the protracted apical and basal cells of the latter (Rubner 1996). 
(Fig. 3.85)

Drechslerella bembicodes (Drechsler) M. Scholler, Hagedorn & A. Rubner, Sydowia 51 (1): 99 
(1999)
≡ Dactylella bembicodes Drechsler, Mycologia 29 (4): 491 (1937)
= Monacrosporium bembicodes (Drechsler) Subram. J. Indian Bot. Soc.42: 293 (1964) [1963]
= Golovinia bembicodes (Drechsler) Mekht., Mikol. Fitopatol. 1: 275 (1967)

Fig. 3.84  Drechslerella 
anchonia. a. conidia; b. con-
stricting rings; c. conidio-
phore. Bar = 30 µm
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Fig. 3.85  Drechslerella aphrobrocha. a–c conidiophore; d–k conidia; l–m constricting rings; 
n nematode trapped by constricting. Bars = 10 µm; Strain number: YMF1.00119



Z.-F. Yu et al.170

Characteristics:  Mycelium spreading, vegetative hyphae hyaline, septate, mostly 
2–5 μm wide. Conidiophores hyaline, erect, septate, 250–450 μm long, 5–7.5 μm 
wide at the base, tapering gradually upwards to a width of 2–3 μm at the apex, 
where bear a single conidium. Conidia hyaline, broadly spindle-shaped, broadly 
rounded at the apex, tapering towards the slightly protruding truncate base, 
36–43.2 (40) × 16.8–21.6 (20.5)  μm, 3–4-septate, mostly 4-septate. Microconidia 
developing on conidiophores with several (3–7) subterminal denticles, obovoid, 
10–19 × 4–5 μm, usually 1-septate. Chlamydospores not observed. Trapping nema-
todes by means of constricting rings.

Distribution:  China (Guizhou), India, Netherlands (Schovenhorst near Putten), 
New Zealand, USA

Material examined:  YMF1.01429, isolated from soil in Kuankuoshui, Guizhou in 
October 2003 by Yu’e Hao. Permanent slide: YMF1.1429D.

Notes:  The conidia size of our isolate is slightly smaller than in the original descrip-
tion [34–48 (42) × 16–23 (20) μm] (Drechsler 1937). (Fig. 3.86)

Drechslerella brochopaga (Drechsler) M. Scholler, Hagedorn & A. Rubner, Sydowia 51 (1): 99 
(1999)
= Arthrobotrys gracilis (Dudd.) S. Schenck, W.B. Kendr & Pramer, Can. J. Bot. 55 (8): 983 (1977)
= Candelabrella brochopaga (Drechsler) Subram., Kavaka 5: 95 (1977) [1978]
≡ Dactylaria gracilis Dudd., Trans. Br. Mycol. Soc.34 (2): 194 (1951)
= Dactylariopsis brochopaga (Drechsler) Mekht, Mikol. Fitopatol. 1: 278 (1967)
= Dactylariopsis gracilis (Dudd.) Khishchnye Nematofagovye Griby—Gifomitsety (Baku): 
117 (1979)
≡ Dactylella brochopaga Drechsler, Mycologia 29: 517 (1937)

Characteristics:  Colonies on CMA initially whitish then turning reddish. Myce-
lium spreading; vegetative hyphae hyaline, septate, branched. Conidiophores erect, 
single, septate, 77.5–582.5 μm high, mostly 2.5–5 μm wide at the base, gradually 
tapering upwards to a width of 2–3 μm at the apex, there bearing on short blunt 
sterigmata 2–12 μm, mostly 3–8 conidia in radiating capitate arrangement or less 
often and less typically producing up to 15 conidia in more scattered, irregularly 
racemose arrangement. Conidia 20–45 (30) × 5–12.5 (6)  μm, hyaline, straight of 
slightly curved, cylindrical or elongate ellipsoidal, broadly rounded at the distal 
end, usually tapering noticeably towards the somewhat truncate base, 1–3-septate, 
mainly 3-septate. Capturing nematodes by means of constricting rings.

Distribution:  China (Beijing, Guizhou, Hainan, Hebei, Jiangsu, Jilin, Yunnan), 
USA (Florida)

Material examined:  Hn38–2–4, isolated from field soil in Haikou, Hainan, China 
in August 2002 by Ke-Qin Zhang; MW13-5, isolated from forest soil in Mengla, 
Yunnan, China in 1999 by Yanju Bi; YMF1.00008, isolated from field soil in Simao, 
Yunnan in September 2000 by Yanju Bi; BS3-3, YMF1.00557, isolated from soil in 
Baoshan, Yunnan in October 2002 by Jing Zhang. Permanent slide: Hn38-3-4
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Notes:  This species resembles Dr. dactyloides in conidia shape, but it mainly has 
3 septa while the later often has 1 septum. It occasionally forms conidial traps to 
trap nematodes including Acrobeles, Acrobeloides, Cephalobus, Diplogaster, Dip-
loscapter, Picctus, Rhabditis and Mononchus. The conidial trap is smaller in diam-
eter than the constricting ring. Dackman & Nordbring (1992) indicated that conidial 
traps were formed as an adaption to a poor environment. (Fig. 3.87)

Fig. 3.86  Drechslerella bembicodes. a–c conidia and conidiophore; d–f conidia; g constricting 
rings; h nematode trapped by constricting. Bars = 10 µm; Strain number: YMF1.01429
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Drechslerella coelobrocha (Drechsler) M. Scholler, Hagedorn & A. Rubner, Sydowia 51 (1): 99 
(1999)
≡ Dactylella coelobrocha Drechsler, Mycologia 39: 17 (1947)
= Monacrosporium coelobrochum (Drechsler) Subram., J. Indian Bot. Soc. 42: 293 (1963)
= Golovinia coelobrocha (Drechsler) Mekht., Khishchnye Nematofagovye Griby—Gifomit-
sety (Baku): 141 (1979)

Fig. 3.87  Drechslerella brochopaga. a–b, g conidiophore; c–f conidia; h constricting rings. 
Bars = 10 µm; Strain number: YMF1.00008
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Characteristics:  Mycelium spreading, vegetative hyphae hyaline, septa, mostly 
2–3 μm. Conidiophores hyaline, erect, containing 1–3 septa, mostly in the basal 
portion, usually unbranched, commonly 180–470 μm long, 3.5–6 μm wide at the 
base, tapering gradually upwards to a width of 1.5–3  μm at the apex, bearing a 
single conidium, and sometimes on renewed elongation forming a second conid-
ium. Conidia hyaline, mostly broadly fusiform and strongly ventricose in the centre, 
2–5-septate, mostly 4-septate, 45.6–55.2 (49.5) × 16.8–21.6 (19.8) μm, appendages 
sometimes wholly absent, but at other times present in numbers from 1 to 5, usu-
ally arising from the short parabasal cell at right angles to the spore axis, hyaline, 
filiform, straight, rather rigid. Capturing nematodes by means of constricting rings.

Distribution:  China (Guizhou), USA

Material examined:  YMF1.01480, isolated from soil in Kuankuoshui, Guizhou in 
October 2003 by Yu’e Hao.

Notes:  The conidial size of Dr. coelobrocha is very similar to Dr. aphrobrocha, 
but Drechsler (1950) emphasized the greater conidial length, the protracted api-
cal and basal cells in Dr. coelobrocha. This species resembles Da. ellipsospora in 
conidial shape and septa, but the latter traps nematodes by means of adhesive knobs. 
Compared with original description, the present isolate has slightly smaller conidia. 
(Fig. 3.88)

Drechslerella dactyloides (Drechsler) M. Scholler, Hagedorn & A. Rubner, Sydowia 51 (1): 99 
(1999)
≡ Arthrobotrys dactyloides Drechsler, Mycologia 29 (4): 486 (1937)
= Arthrobotrys anchonia (Drechsler), Mycologia 46 (6): 762 (1954)
= Dactylaria dactyloides (Drechsler) Soprunov [as ‘dactyloidea’], Hyphomycetes and their 
use in the control of pathogenic nematodes: 142 (1958)
= Dactylariopsis dactyloides (Drechsler) Mekht., Khishchnye Nematofagovye Griby—
Gifomitsety (Baku): 120 (1979)
= Nematophagus anchonius (Drechsler) Mekht., Khishchnye Nematofagovye Griby—Gifomi-
tsety (Baku): 108 (1979)

Characteristics:  Colonies on CMA whitish. Mycelium spreading, vegetative 
hyphae, branched, septa, mostly 2–5 μm wide. Conidiophores hyaline, septate, erect, 
mostly 230–650 μm long, 5–6 μm wide at the base, tapering gradually upwards to a 
width of 1.5–2 μm at the apex, bearing on sterigmata 1–5 μm long and 2–3 μm wide, 
forming 4–13 conidia usually in a single loose head, more rarely in two somewhat 
distinct clusters. Conidia 35–51.5 (42.1) × 6.5–8 (7.5) μm, hyaline, usually elongate 
ellipsoidal or somewhat digitiform, straight or slightly curved, tapering noticeably 
from the broadly rounded wider distal end, towards the narrower truncate basal end, 
single septum near the centre of the spore, but occasionally becoming older and 
shorter, measuring as much as 25–29 × 10–13 μm, then often 1–2-septate, spindly 
with an inflated central cell greatly exceeding the end cells in size. Capturing nema-
todes by means of constricting rings.
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Distribution:  Canada, China (Beijing, Guizhou, Hebei, Taiwan, Tianjing, Yunnan, 
Xizhang), Germany (Berlin, Bonn, Jena), South Africa (North West Province), USA 
(Maryland).

Fig. 3.88  Drechslerella coelobrocha. a–c conidia and conidiophore; d–k conidia; l–m constrict-
ing rings; n nematode trapped by constricting. Bars = 10 µm; Strain number: YMF1.01480
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Material examined:  Z258, Z285, Z279, H055, H056, H057, isolated from forest 
soil in Guizhou and Beijing, in 1992 by Ke-Qin Zhang; YMF1.00131, isolated from 
field soil in Xizang in 2000 by Minghe Mo; YMF1.00031, YMF1.00555, isolated 
from field soil in Xundian, Yunnan in March 1999 by Lu Cao; TJ–gzz05, isolated 
from soil in Gaozhuangzi, Tianjin in 2000 by Wenpeng Li; LJ2–9, isolated from soil 
in Lijiang, Yunnan in September by Jing Zhang. Permanent slide: D104.

Notes:  Drechslerella dactyloides resembles Arthrobotrys musiformis and A. javan-
ica in conidia shape, but differs in modification of conidiophores, conidia size and 
trapping–devices. Drechslerella dactyloides forms constricting-rings, while Arthro-
botrys musiformis and A. javanica form adhesive three-dimensional networks. In 
Drechslerella dactyloides, the apex of conidiophores bears a simple and short sterig-
mata. In Arthrobotrys musiformis and A. javanica, the apex of conidiophores often 
bears branched and long sterigmata. Drechslerella dactyloides can form conidia 
traps, which are smaller than constricting rings formed from hyphae, especially in 
the presence of nematodes. Higgins and Pramer (1967) described the process on 
conidia trap in detail. In addition, this species is a good material to control Meloido-
gyne javanica (Stirling et al. 1998). (Fig. 3.89)

Drechslerella doedycoides (Drechsler) M. Scholler, Hagedorn & A. Rubner, Sydowia 51 (1): 99 
(1999)
≡ Dactylella doedycoides Drechsler, Mycologia 32 (4): 454 (1940)
= Golovinia doedycoides (Drechsler) Mekht., Khishchnye Nematofagovye Griby—Gifomisety 
(Baku): 136 (1979)
= Monacrosporium doedycoides (Drechsler) R.C. Cooke & C.H. Dickinson, Trans. Br. Mycol. 
Soc. 48: 622 (1965)

Characteristics:  Colonies on CMA whitish. Mycelium spreading, vegetative 
hyphae hyaline, septa, branched, 2–4  μm wide. Conidiophores hyaline, erect, 
2–6-septate, 200–550  μm long, 5–8  μm wide at the base, tapering gradually 
upwards to a width of 2–4 μm wide, then expanding abruptly into a knob-like apex 
3–5 μm wide, whereon single conidium are borne. Conidia hyaline, somewhat top-
shaped, tapering noticeably towards the abruptly or somewhat concavely truncate 
base, 1–3-septate, mostly 2-septate, 25–52.5 (33.2) × 12.5–29 (17.3) μm. Capturing 
nematodes by means of constricting rings composed of three cells, out diameter 
22–40 μm, inner diameter 10–20 μm.

Distribution:  China (Beijing, Guizhou, Yunnan), Portugal (Quinta de Sao Pedro), 
UK

Material examined:  YMF1.00553, isolated from soil in Lijiang, Yunnan in Sep-
tember 2002 by Jing Zhang. Permanent slide: LJ4-1

Notes:  The knob-like apex of fertile branches is the crucial feature to distinguish it 
from other species. Our isolate has the knob-like tips to the conidiophores as in the 
original description (Cooke and Dickinson, 1965). (Fig. 3.90)



Z.-F. Yu et al.176

Fig. 3.89  Drechslerella dactyloides. a–b, h conidiophore; c–g, i–k conidia; l nematode trapped by 
constricting; m constricting rings. Bars = 10 µm; Strain number: YMF1.00555
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Drechslerella effusa (Jarow.) M. Scholler, Hagedorn & A. Rubner, Sydowia 51 (1): 99 (1999)
= Arthrobotrys effusa (Jarow.) S. Schenck, W.B. Kendr. & Pramer, Can. J. Bot. 55: 982, 1977
≡ Dactylaria effusa Jarow., Bull. Acad. Polon. Sci., Cl. II. Sér. sci. biol. 16: 773 (1968)
= Geniculifera effusa (Jarow.) Oorschot, Stud. Mycol. 26: 93 (1985)
= Monacrosporium effusum (Jarow.) Xing Z. Liu & K.Q. Zhang, Mycol. Res. 98: 864 (1994)

Fig. 3.90  Drechslerella doedycoides. a–d conidia; e–f conidiophore; g constricting rings. 
Bars = 10 µm; Strain number: YMF1.00553
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Characteristics:  Colonies on CMA forming a cobweb-like, gray-like coating. 
Mycelium spreading, scanty, delicate, vegetative hyphae hyaline, branched, thread-
like, septate, 2–4  μm wide. Conidiophores straight, erect, simple, septate, 220–
400 μm long, 5–7.5 μm wide at the base, gradually tapering upwards to a width of 
2.5 μm at the apex, initially with a single apical spore, later bearing a loose head 
consisting of 2–12 (or more) conidia, supported by short wide, set apart sterigmata. 
Conidia ellipsoid, widely rounded at the distal end, and widely obtuse, somewhat 
truncate at the base, 32.5–45 (38.9) × 17.5–25 (21.4) μm, 1–2-septa. The proportion 
of conidia with 1 and 2 is 25 and 75 % respectively. Microconidia formed from 
aging hyphae in old culture, clavate, 18–26 × 9–10.5  μm, 0–1-septum.Capturing 
nematodes by means of constricting rings consisted of three cells, 25–30  μm in 
outer diameter, 15–20 μm in inner diameter, stalks 7.5–10 μm long, and 5 μm wide.

Distribution:  China (Sichuan), Canada (Manitoba)

Material examined:  YMF1.00583, isolated from forest soil in Jiuzhaigou, Sich-
uan in April 2003 by Xuefeng Liu. Permanent slide: N58–10.

Notes:  Drechslerella effusa resembles Dr. heterospora and Dr. doedycoi-
des in conidial shape, but differs in conidial size (13–20 × 35–47  μm, and 
19.7 × 30–41.4 μm, respectively). Moreover, microconidia present in Dr. effusa, but 
absent in Dr. doedycoides, while microconidia show somewhat cylindrical shape in 
Dr. heterospora. (Fig. 3.91)

Drechslerella heterospora (Drechsler) M. Scholler, Hagedorn & A. Rubner, Sydowia 51 (1): 100 
(1999)
≡ Dactylella heterospora Drechsler, Mycologia 35: 347 (1943)

Characteristics:  Colonies on CMA whitish, slow growing and extending to 
a diameter of 2.9  cm within 7 days at 25 °C. Mycelium spreading, scanty, veg-
etative hyphae hyaline, septate, branched, mostly 2–4 μm. Conidiophores hyaline, 
erect, septate, simple, occasionally branched, 150–450 μm long, 5–6 μm wide at 
the base, gradually tapering upwards to a width of 2.5–5 μm at the apex, bearing 
a single conidium. Conidia hyaline, prolate ellipsoidal, slightly protuberant at the 
abruptly truncate base, rounded at the distal end, 1–2-septate, 17.5–45 (34) × 17.5–
25 (20.4) μm. Microconidiophores often 15–25 μm long, with a cylindrical, curved 
and somewhat allantoid conidium, 23–40 (31.3) × 5.3–8 (6.8)  μm, one septate. 
Chlamydospores regularly formed, yellowish, in chains. Capturing nematodes by 
means of constricting rings composed of three cells, 25–35 μm in outer diameter 
and 17.5–22.5 μm in inner diameter.

Distribution:  Chian (Jilin, Yunnan), USA

Material examined:  YMF1.00550, isolated from forest soil in Deqin, Yunnan in 
September 2002 by Jing Zhang. Permanent slide: DQ6–1

Notes:  This fungus can be distinguished from other Drechslerella species by its 
prolate ellipsoidal conidia and slightly protuberant at the abruptly truncate base. 
(Fig. 3.92)



1793  Taxonomy of Nematode-Trapping Fungi from Orbiliaceae, Ascomycota

Drechslerella inquisitor (Jarow.) M. Scholler, Hagedorn & A. Rubner, Sydowia 51 (1): 100 
(1999)
≡ Dactylella inquisitor Jarow. [as ‘inquistor’], Acta. Mycologica, Warszawa 7: 4 (1971)

Characteristics:  Mycelium spreading, vegetative hyphae hyaline, septate, 
branched, 1.8–2.7  μm wide. Conidiophores hyaline, erect, septate, 193–390  μm 

Fig. 3.91  Drechslerella effusa. a–b conidiophore; c–i conidia; j nematode trapped by constricting; 
k constricting ring. Bar = 20 µm; Strain number: YMF1.00583
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long, 5–7.5 μm wide at the base, gradually tapering upwards to a width of 2–4.5 μm 
at the apex, bearing one single conidium. Conidia hyaline, spindle-shaped, 42.5–
62.5 (47) × 15–22.5 (16.9) μm, 1–4-septate, mostly 3-septate. Chlamydospores not 
observed. Capturing nematodes by means of constricting rings.

Distribution:  China (Yunnan), Poland

Material examined:  YMF1.00585, isolated from soil in Lushui, Yunnan in 
September 2002 by Jing Zhang. Permanent slide: NJ5–43–3

Fig. 3.92  Drechslerella heterospora. a–b conidia; c–d conidiophore; e constricting rings. 
Bars = 10 µm; Strain number: YMF1.00550
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Notes:  Drechslerella inquisitor resembles Dr. bembicodes in having spindle-
shaped and mostly 3 septate conidia. However, the conidia of Dr. inquisitor are much 
longer and narrower than those of Dr. bembicodes. Our isolate is smaller than the 
original description (Jarowaja 1971) [50–65 (55) × 18–24 (19) μm], and occasion-
ally formed 1–2 short branches near the apex of the conidiophores. (Fig. 3.93)

Drechslerella polybrocha (Drechsler) M. Scholler, Hagedorn & A. Rubner, Sydowia 51 (1): 100 
(1999)
= Dactylella polybrocha (Drechsler) Mekht., [as‘polybrochum’]Dokl. Akad. Nauk Aerb. SSR, 
20: 70 (1964)

Fig. 3.93  Drechslerella inquisitor. a–f conidia; g conidiophore; h constricting rings. Bars = 10 µm; 
Strain number: YMF1.00585
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= Golovinia polybrocha (Drechsler) Mekht., Khishchnye, Nematofagovye Griby Gifomitsety, 
137 (1979)
≡ Monacrosporium polybrochum (Drechsler) Subram., Kavaka 5: 96 (1977)[1978]
= Orbilia tenebricosa (Svrček) Baral, in Yu, Zhang, Qiao, Baral, Weber & Zhang, Mycotaxon 
96: 167 (2006)
= Patinella tenebricosa Svrček, česká Mykol. 31 (3): 135 (1977)
= Trichothecium polybrochum Drechsler, Mycologia 29 (4): 536 (1937)

Characteristics:  Mycelium spreading, vegetative hyphae hyaline, septate, 2 to 
4.5 μm wide; conidiophores hyaline, septate, erect, 275–400 μm long, 7 μm wide 
at the base, gradually tapering upwards to a width of 3 μm at the apex, bearing one 
single conidium. Conidia hyaline, broadly obovoid, 35 × 24 μm, divided by a single 
septum into a small obconical basal cell about 6.5 μm long, and a much larger distal 
cell, about 28.5 μm long, often enveloped in a hyaline layer of mucus 2 to 3 μm 
thick. Capturing nematodes by means of constricting rings.

Distribution:  USA

Notes:  The description is based on the protologue. This species differs from other 
species in having 1 septate, broadly obovoid conidia, which is often enveloped in a 
hyaline layer of mucus when attached on conidiophores. (Fig. 3.94)

Fig. 3.94  Drechslerella 
polybrocha. a. conidia; 
b. constricting ring; c. conid-
iophore. Bars = 25 µm
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Drechslerella stenobrocha (Drechsler) M. Scholler, Hagedorn & A. Rubner, Sydowia 51 (1): 100 
(1999)
≡ Dactylella stenobrocha Drechsler, Mycologia 42: 10 (1950)

Characteristics:  Mycelium scanty; vegetative hyphae hyaline, septate, branched 
1.7–3.7 μm wide. Conidiophores hyaline, erect, 425–550 μm long, 4.5–6.5 μm wide 
at the base, gradually tapering upwards to a width of 2.5–3 μm at the apex, bearing 
a single conidium. Conidia hyaline, elongate ellipsoidal or broadly finger-shaped or 
sometimes slightly clavate, straight or slightly curved, somewhat rounded to trun-
cate at the narrowed base, broadly rounded at the apex, 34–56.5 × 12.5–16.5 μm, 
1–3-septate. Chlamydospores not present. Capturing nematodes by means of con-
stricting rings.

Distribution:  China (Hebei), USA (Wyoming)

Notes:  The description is based on the protologue. This species can be distin-
guished from other species of Drechslerella by its ellipsoid or wide digitiform 
conidia. (Fig. 3.95)

Fig. 3.95  Drechslerella 
stenobrocha. a. conidia; b. 
constricting rings; c. conidio-
phore. Bars = 30 µm
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Drechslerella yunnanensis Z.F. Yu & K.Q. Zhang, Mycotaxon 110: 254 (2009)

Characteristics:  Colonies white, growing slowly on CMA medium, attaining less 
than 25 mm diam. in 10 days at 25 °C. Vegetative hyphae hyaline, septate, 3.5–4 μm 
wide, aerial mycelium sparse, hyaline, septate, branched, 2.5–4 μm wide. Conidio-
phores hyaline, septate, erect, unbranched or occasionally branched below, 60–100 
(–220) μm, 3.8–4.2 μm wide at the base, tapering gradually upwards to 1.5–2 μm 
near the apex, with 2–7 (–10) denticles of 2.3–4.2 μm long, each bearing one conid-
ium in a capitate or racemose arrangement. Conidia hyaline, straight, elongate ellip-
soidal, rounded at the apex, with a small truncate protuberance at the base, 7.8–12.9 
(–17.8) × 3.3–4.2  μm, (0–)1-septate, proportion of aseptate conidia 17 %. Nema-
todes are captured by three-celled constricting rings. In the non-constricted state, 
the outer diameter is 18–21.9 µm, the inner diameter is 12–13.6 µm.

Sexual state:  Orbilia cf. orientalis.

Distribution:  China (Yunnan)

Material examined:  YMF1.01863, isolated from Orbilia cf. orientalis, collected 
in Yimen, Yunnan in August 2006 by Z. F. Yu.

Notes:  Within species of Drechslerella where conidia are arranged in a cluster at 
the apex of conidiophores, Dr. yunnanensis can be distinguished from the other three 
species by the size and shape of conidia. Details are as follows: Dr. brochopaga has 
much larger conidia (26–46 × 5–9 µm) with more (mainly 3) septa (Drechsler 1937), 
Dr. anchonia has obovoid, much larger conidia 29–43 (–35) × 15–19 (–16.8) µm 
with a single septum in the lower third (Drechsler 1954). Conidia of Dr. dactyloides 
are narrowly ellipsoidal or somewhat digitiform, often very slightly curved, and 
there are more conidia in the apex of conidiophores and conidia are much larger 
32–48 × 7–9.5 μm (Drechsler 1937). (Fig. 3.96)

Asexual State-Sexual State Connections of Nematode-
Trapping Fungi

Fungi are classified primarily based on the structures associated with sexual repro-
duction, which tend to be evolutionarily conserved. However, many taxa reproduce 
only asexually, which cannot easily be placed in a classification based on sexual 
characters, while some produce both asexual and sexual states. The International 
Code of Botanical Nomenclature (Vienna Code) (McNeill et al., 2006) previously 
permitted mycologists to give asexually reproducing fungi (asexual states) sepa-
rate names from their sexual states (sexual states). When names are available for 
both the asexual and sexual states of the same taxon, the holomorph usually took 
the sexual state name. However, where several asexual states were associated with 
the same sexual morph, this nomenclature could not be followed. Although dual 
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nomenclature has persisted for decades, the concept of permitting separate names 
for asexual states of fungi with a pleomorphic life-cycle has been an issue of debate 
since the phenomenon was first recognized in the mid-19th century. More recently, 
it was deemed that one fungus can only have one name and this is now being put 
into practice (Taylor, 2011). After 1 January 2013, one taxon can only have one 
name, the system of permitting separate names to be used for sexual and asexual 
states is no longer permissible (Hawksworth, 2011). The topic presented here fo-
cuses only on the asexual—sexual state connections, but not with name validity, as 
the latter is still being debated.

Drechsler (1937) was possibly the first to report an asexual state connected to 
a sexual state in nematode-trapping fungi. He obtained apothecia of an Orbilia-

Fig. 3.96  Drechslerella yunnanensis. a–d conidiophore; e conidia; f constricting rings. Bars: a–c, 
e–f = 10 µm, d = 50 µm; Strain number: YMF 1.01863
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like species in a contaminated culture of Arthrobotrys superba when challenged 
with nematodes. The apothecia were flesh-coloured, 0.5-0.8 μm diameter, some-
what stalked and with a prominent marginal border and the cylindrical asci were 
29-32 × 3  μm. Ascospores were 5 × 1.3  μm, hyaline and tear-shaped. This sexual 
state was similar to Orbilia fimicola Jeng & Krug in morphology. Zachariah (1983) 
obtained Orbilia-like apothecia when crossing an auxotrophic strain (D30A) of 
Drechslerella dactyloides with a prototrophic strain (D31P). However, the apothe-
cia were sterile; no asci were formed. Since that time, at least 14 nematode-trapping 
asexual species have had credible connections established with Orbilia species and 
one with Patinella tenebricosa (Table 3.1). In the following, detailed descriptions 
of 12 asexual nematode-trapping fungi states connected to a sexual state are pre-
sented and most illustrated. Two of the connections identified by Pfister (1997), i.e. 
Drechslerella doedycoides—Orbilaria sp., and Drechslerella polybrochum—Pati-
nella tenebricosa, lack taxonomic descriptions.

Arthrobotrys cladodes Drechsler var. macroides Drechsler
Sexual morph: Orbilia auricolor (A. Bloxam ex Berk.) Sacc.
Reference: Pfister and Liftik (1995)

Asexual morph (Culture No.  90): Cultures of germinated ascospores on MEYE 
(Lilly and Barnett, 1951), white, becoming pale tan, forming hyphal strands on the 
surface and cottony patches, remaining white. On CMA growth sparse, remaining 
white. Conidiophores erect, branching, not proliferating; each branch terminating 
in a loose whorl of conidia. Conidia blastic, hologenous, 18–20 × 6–8 μm, elongate-
ellipsoid, with a single septum, the cells nearly equal, without constrictions at the 
septa. Conidia basipetally produced at several closely spaced loci on a sometimes 
inflated, often distorted, terminal area of the conidiogenous cell; secession schizo-
lytic, leaving a slight protuberant, unthickened, open denticle with a slight frill. Co-
nidiogenous cell determinant, persistent. Cultures induced by nematodes ( Cephalo-
bus sp.) normally producing adhesive networks within 12 h.

Sexual morph (Specimen No. 90): Ascomatal specimens were collected by Pfis-
ter and Liftik in July, 1994, on decorticated wood from a swampy area, Purgatory, 
Tract, Westwood, Massachusetts. Ascomata up to 1 mm diameter, yellow to orange, 
pulvinate to turbinate; asci 8-spored, 30–40 × 3–4 μm, cylindric, J-, tapered towards 
the base and often forked, at the apex truncate without an obvious pore; ascospores 
curved, narrowly clavate, broad and rounded at one end, narrowing to an acute point 
at the other end, non-septate containing a single inclusion which stains intensely in 
cresyl blue, 8–12.5 × 0.9–1.5 μm; paraphyses branching below, abruptly swelling to 
become capitate above reaching a diameter of 3-3.5 μm; excipulum of angular cells.

Arthrobotrys cystosporia
Sexual morph: Orbilia auricolor (A. Bloxam ex Berk.) Sacc.

Asexual morph (Culture No. SBP88, Fig. 3.97): Colonies colourless, spreading on 
CMA, reaching 5 cm at 25 °C after 10 days. Vegetative hyphae hyaline, septate, 
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3.2–5.4 μm wide. Aerial mycelium sparse. Conidiophores hyaline, erect, simple, 
septate, 60–200 μm high, 2.5–5.5 μm wide at the base, gradually tapering upwards 
to a width of 1.8–2.5 μm at the apex. Conidia produced at the apex, sometimes in a 
cluster of 2–5 conidia. Primary conidia hyaline, broadly clavate or broadly turbinate 
to obovoid, 26–38.5 (31.4) × 13–22 (20)  μm, with 2–3 septa. The second conid-
iophores from the primary conidia colourless, erect, simple, septate, 35–140 μm 
high, 2–4.5 μm wide at the base and 1.8–2.5 μm at the apex, producing 3–7 sec-
ondary conidia on conspicuous denticles loci at near the apex of conidiophores. 
The secondary conidia hyaline, elongate ellipsoid-cylindrical or slightly clavate, 
broadly rounded at the apex, rounded truncate at the narrowed base, 26–38.5 
(31.4) × 13–22 (20) μm, 0–1-septate. Chlamydospores ellipsoidal. Trapping nema-
todes by three-dimensional adhesive networks. (Fig. 3.97)

Table 3.1   Asexual nematode-trapping fungi in Orbiliaceae connected to a sexual state
Asexual states Sexual state Trapping device References
Arthrobotrys clad-

odes Drechsler 
var. macroides

Orbilia 
auricolor

Adhesive networks Pfister and Liftik, Mycologia,1995, 87 
(5): 684–688

A. cystosporia O. auricolor Adhesive networks Su et al., Mycotaxon, 2013
A. oligospora 

Fresen. var. 
oligospora

O. auricolor Adhesive networks Pfister and Liftik, Mycologia,1995, 87 
(5): 684–688

A. psychrophilum O. auricolor Adhesive networks Rubner 1996, Studies in Mycology, 
39: 1–134

A. yunnanensis O. auricolor Adhesive networks Mo et al., Fungal Diversity, 18: 
107–115

A. superba O. fimicola Adhesive networks Pfister, Mycologia, 1994, 86 (3): 
451–453

A. nonseptata Orbilia sp. Adhesive networks Li et al., Mycotaxon, 2009, 109: 
247–254

A. vermicola O. blumenavi-
ensis

Adhesive networks Qiao et al., Mycological Prog-
ress 2011, DOI 10.1007/
s11557-011-0744-3

Dactylellina 
parvicolla

O. cunninghamii Adhesive knobs Liu et al., 2002, The 3rd Asia-Pacific 
Mycological Congress on Biodi-
versity and Biotechnology, pp. 75 
(abstract).

Da. quercus O. quercus Adhesive knobs Liu et al., FEMS Microbiology Let-
ters, 2005a, 245: 99–105

Drechslerella 
brochopaga

O. orientalis Constricting rings Yu et al., Mycotaxon, 2006, 96: 
163–168

Dr. doedycoides Orbilia sp. Constricting rings Pfister, Mycologia, 1997, 89 (1): 1–23
Dr. polybrochum Patinella 

tenebricosa
Constricting rings Pfister, Mycologia, 1997, 89 (1): 1–23

Dr. yunnanensis O. cf. orientalis constricting rings Yu et al., Mycotaxon, 2009a, 110: 
253–259
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Sexual morph (Specimen No. SBP88, Fig. 3.98): Soils samples were collected 
from Binchuan County, Yunnan, China on March 21, 2008 by HongYan Su. Sub-
samples of 2–5 g were spread on CMA plates and stored at 28ºC. After incubation 
for 10 days, apothecia of an Orbilia sp. were observed on the soil granules, and 

Fig. 3.97  Arthrobotrys cystosporia a–b, d conidiophores; c, h secondary conidia; e adhesive net-
works; g–i conidia; j chlamydospores. Bars: a, d, f = 20 μm; b, c, e, g–i = 10 μm. Strain number: 
SBP88
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later also on other areas of the plates. Apothecia superficial, sessile, pale cream. 
Disc 0.4–0.9 mm diameter, smooth, plane, margin even. Ectal excipulum composed 
from base to margin of globose or subglobose cells, 5–12 μm diameter, with thin 
or slightly thickened walls. Asci cylindric-clavate, tapered and often forked at the 
base, apex rounded or truncate-rounded, 8-spored, 35.5–39 (37) × 3.5–4.7 (4.1) μm 
in living state. Ascospores banana-shaped or narrowly clavate, medium curved, one 
end narrower, broadest above and slightly trapped to the rounded at proximal end, 
non-septate, containing an elongate tear-shaped spore body at the broader end, 7.5–
11 (8.6) × 0.9–1.2 μm. Paraphyses hyaline, cylindric-clavate, often branched below, 
septate in the lower part, 1.4–1.8 (1.6) μm diameter, slightly expanded to 2.3–3 μm 
at the apex, which is not encrusted. (Fig. 3.98)

Arthrobotrys oligospora Fresen. var. oligospora
Sexual morph: Orbilia auricolor (A. Bloxam ex Berk.) Sacc.
Reference: Pfister and Liftik (1995)

Asexual morph (Culture Nos. 45 and 55): Cultures of germinated ascospores on 
MEYE at first white, becoming rose within 1 wk, growth partially cottony with hy-
phal strands forming across the surface of the medium. On CMA growth is uniform 
but sparse, remaining white. Conidiophores erect, with whorls of conidia. Conidia 
blastic, hologenous, 14–28 × 10–14 μm, obovoid, 1-septate, often constricted at the 
septum, the proximal cell smaller than the distal cell. Conidia basipetally produced, 
at several closely spaced loci, on somewhat inflated areas of the conidiogenous 
cell; secession is schizolytic, leaving protuberant, open, unthickened denticles with 
frills. Conidiogenous cell are indeterminate, persistent, with hologenous sympodial, 
presumptive proliferation. Cultures with nematodes ( Cephalobus sp.) produced the 
trap device of adhesive networks within 12 h.

Sexual morph (Specimen Nos. 45 and 55): Ascomatal specimens were obtained 
from a crustose lichen on a rock which had been incubated in a moist chamber. 
Taxonomic characteristics of specimen Nos. 45 and 55 were similar as that of speci-
men No. 90 according to description of Pfister and Liftik (1995).

Arthrobotrys psychrophilum
Sexual morph: Orbilia auricolor (A. Bloxam ex Berk.) Sacc.
Reference: Rubner (1996)

Asexual morph (Culture Nos. CBS 319.94): The strain was isolated form soil col-
lected from Ecuador (Province Cotopaxi, north of Latacunga, hacienda “La Ciene-
ga”). Cultures grew well on CMA medium. Macroconidia were formed after one 
week on mostly geniculate conidiophores, microconidia appeared later, especially 
from germinating macroconidia (and also on the fruit bodies). Conidiophores of 
macroconidia simple, 250–310  μm high, bearing up to 6 conidia. Macroconidia 
spindle-shaped and mostly 3-septate, with a ratio of length to width of 2.48, 47–52–
59.5 × 17.5–21–22.5 μm. Microconidia ellipsoidal to obovoidal and mostly 1-sep-
tate, 15-18-22 × 5-6.5-7.5 μm. Chlamydospores in chains, thick-walled, smooth and 
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yellow. When adding the nematode species Turbatrix aceti, the fungus produced 
adhesive networks.

Sexual morph (Specimen No. A.R.9312): Culture of CBS 319.94 on CMA medi-
um amended with oat husks produced apothecia after two months. Mature apothecia 
deviating from normal Orbilia apothecia by strongly convex warted hymenia. Asci 
45–58 × 3.5–4.2 μm, ascospores 7.5–13 × 1–1.3 μm. An ellipsoid refractive spore 

Fig. 3.98  Orbilia auricolor a fresh apothecia; b Paraphyses; c–d cell morphology of ectal excipu-
lum; e–g asci; h alive ascospores. Bars = 10 μm. Specimen number: SBP88
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body is attached to the spore apex by a thin thread and 3–5 of the lower spores are 
inversely oriented within asci. Paraphyses slightly inflated at apex. Cortical cells of 
ectal excipulum terminated by 2–6 μm high glassy caps.

Arthrobotrys superba Corda
Sexual morph: Orbilia fimicola Jeng & Krug.
Reference: Pfister (1994)

Deer dung was collected from Berkshire County in western Massachusetts and was 
placed in a moist chamber. After 21/2 mouths at room temperature and in natural 
light, the ascomata discovered on dung was used to project ascospores and obtain 
the asexual state culture. Pfister (1994) confirmed that taxonomic morphology of 
the sexual state agreed with the original description of Orbilia fimicola (Jeng and 
Krug, 1977) and he identified the asexual state as Arthrobotrys superba (Drechsler, 
1937), but morphological details on both sexual state and asexual state had not been 
described.

Arthrobotrys yunnanensis M.H. Mo & K.Q. Zhang
Sexual morph: Orbilia auricolor (A. Bloxam ex Berk.) Sacc.
Reference: Mo et al. (2005)

Asexual morph (Culture No. YMF1.00593, HT1.00593, Fig. 3.99): Colony derived 
from single ascospore, whitish and slow growing on CMA. Mycelium spreading, 
scanty; vegetative hyphae hyaline, septate, branched, except for occasional stor-
age filaments that densely filled with protoplasm and up to 11 μm wide measur-
ing mostly 2–7 μm in diameter. Conidiophores hyaline, erect, septate, more or less 
branched, 68–236 μm long, 2.5–5 μm wide at the base, tapering gradually upwards 
to a width of 2–3 μm below the irregularly expanded, globose or somewhat coral-
loid apex whereon are borne 10–20 conidia in usually dense capitate arrangement. 
Conidia hyaline, ellipsoid or elongate obovoid, mostly 10–20 (17.5) × 5–8 (6.2) μm, 
1–septate approximately near in the centre of the spore. Chlamydospores not pres-
ent. Cultures on CMA produce adhesive networks when nematodes were added 
( Panagrellus redivivus). (Fig. 3.99)

Sexual morph (Specimen No.  Mo MH O 002, Fig.  3.100): Wet soil samples 
were from Mt Xiaobailong, Yiliang, Yunnan, China collected by MingHe Mo on 
15 August 2003. Subsamples of 2–5 g were spread on CMA plates and stored at 
room temperature (about 20–28ºC). After incubation for 20 days, apothecia were 
observed on the soil granules, and later also on other areas of the plates. Apothecia 
superficial, sessile, pale cream. Disc 0.3–0.8 mm diameter, smooth, plane, margin 
even. Ectal excipulum composed from base to margin of globose or subglobose 
cells, 6–12 μm diameter, with thin or slightly thickened walls. Asci cylindric-clavate, 
tapered and often forked at the base, apex rounded or truncate-rounded, 8-spored, 
30–45 × 3.5–5 μm in living state. Ascospores banana-shaped or narrowly clavate, 
medium curved, one end narrower, broadest above and slightly trapped to the 
rounded proximal end, non-septate, containing an elongate tear-shaped spore body 
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Fig. 3.99  Arthrobotrys yunnanensis a–c conidiophores with short denticles; c an immature conid-
ium attached to a conidiophore; d–f elongate-ellipsoid-cylindrical or slightly clavate conidia; 
g  adhesive networks; h trapped nematode in adhesive networks; i–j sphaerical to ellipsoidal 
chlamydospores. Bars: a, d–g, i–j = 10 μm; b, c, h = 20 μm. Strain number: YMF1.00593
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at the broader end, 9 × 1.4 μm when shooting from asci and still in living state. Pa-
raphyses hyaline, cylindric-clavate, often branched below, septate in the lower part, 
1.5–2 μm diameter, slightly expanded to 2.5–3.5 μm at the apex, not encrusted at 
apex. (Fig. 3.100)

Arthrobotrys nonseptata Z.F. Yu, S.F. Li & K.Q. Zhang
Sexual morph: Orbilia sp.
Reference: Li et al. (2009)

Fig. 3.100  Orbilia auricolor a cluster of asci and paraphyses; b eight living ascospores projected 
from an ascus; c ascospores within the dead ascus; d a turgescent living ascus (left) and an empty 
ascus (right) after projection of spores; e paraphyses; f globose to subglobose ectal excipulum 
cells. Bars: a = 40 μm; b–d = 10 μm; e–f = 7 μm. Specimen number: Mo MH O 002
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Asexual morph (Culture No. YMFT 1.01852, Fig. 3.101): Cultures were derived 
ascospores. Colonies slow-growing on CMA medium, attaining less than 35 mm 
diameter in 10 days at 25 °C. Vegetative hyphae hyaline, septate, 3.5–4 μm wide, 
aerial mycelium sparse, hyaline, septate, branched, 2.5–4 μm wide. Conidiophores 
erect, septate, unbranched, 40–120 μm high, 2–4 μm wide in the lower part, 1.5–
2 μm wide at the apex, producing 3–10 conidia from retrogressive conidiogenous 
loci on conspicuous denticles at and near the apex. Conidia hyaline, non-septate, 
11–16.8 × 5–6.6 μm, elongate ellipsoid, constricted at the base by forming a small 
truncate protuberance. Cultures on CMA produce adhesive networks when nema-
todes added ( Panagrellus redivivus). (Fig. 3.101)

Sexual morph (Specimen No. YMFT 1.01852, Fig. 3.102): Fresh fruit bodies 
were collected by Y. Zhang on 18 August 2006 from decaying bark of a broad-
leaved tree in forest dominated by Cyclobalanopsis glaucoides Schottky and Pinus 
armandii Franch., in Dalongkou Park of Yimen County, Yunnan Province, China. 

Fig. 3.101  Arthrobotrys nonseptata a conidiophores with short denticles; b conidium attached to 
a conidiophore; c conidiophores bearing conidia in clusters; d conidia; e adhesive networks. Strain 
number: YMF1.01852
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The authors confirmed that their specimen belongs to an unidentified species of the 
genus Orbilia and presented a morphological plate, but did not provide a taxonomic 
description. (Fig. 3.102)

Arthrobotrys vermicola (R.C. Cooke & Satchuth.) Rifai
Sexual morph: Orbilia blumenaviensis (Henn.) Baral & E. Weber
Reference: Qiao et al. (2012)

Fig. 3.102  Orbilia sp a apothecia; b cells of ectal excipulum; c vertical section of part apothecia; 
d–e cluster of dead asci and paraphyses with living spores; f paraphyses; g asci; h ascospores. 
Specimen number: YMFT 1.01852
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Asexual morph (Culture No. YMF 1.03002, Fig. 3.103): Colonies growing rapidly 
on CMA medium, attaining 40 mm diameter in 6 days at 28 °C. Mycelium spreading, 
vegetative hyphae hyaline, septate and branched, mostly 3–6 μm wide. Conidiophores 
colourless, produced on the mycelium growing at the fringe of the plate, appressed 
or erect, branched, septate; 150–300 μm high when erect, often 700–1,500 μm when 
appressed, 4–8 μm wide at the base and 3.5–5 μm at the apex, often recommencing 
growth after the first group of conidia had been produced and a second head is then 
formed about 100 μm above the first. This process was repeated until 3–4 (–7) whorls 
of conidia were produced on a single conidiophore, each group with 2–8 conidia. 
Two types of colourless conidia were simultaneously formed which mainly differ in 
their length-width ratio but also in the number of septa: Type a with 1-septate, pear-
shaped to obovoid, sometimes elongate ellipsoidal conidia being broadly rounded 
at the apex, rounded-truncate at the narrowed base, sometimes slightly gradually at-
tenuated at the proximal end, (16.4–)20.4–28.2 × (9.8–)13.5–15.3 (–19) μm; Type b 
with 1–2 septa, elongate cylindric-clavate, obconical conidia being broadly rounded 
at the apex, (21.7–)30–34.5 (–39.2) × 12.7–14 μm. The proportion of conidial types 
a and b was 88 and 12 % respectively. Nematodes are trapped by three-dimensional 
adhesive networks. (Fig. 3.103)

Sexual morph (Specimen No. YMFT 1.03002, Fig. 3.104): Specimen was col-
lected on decaying angiosperm wood fallen on the ground of a broad-leaved sub-
tropical evergreen forest located in Xiushan Forest Park of Tonghai County, Yunnan 
Province, China, in July 2007, by S.F. Li and J.W. Guo. Apothecia 0.7–1.5 mm 
in diameter, superficial, with a distinct stalk up to 0.2–0.3 mm high, scattered to 
gregarious on decayed wood, smooth, margin even, yellow and translucent through-
out when moist, pale brown when dry. Ectal excipulum composed of globose or 
subglobose cells, near base 20–43 × 15–38 μm, on flanks 15–30 × 12–25 μm. Asci 
cylindric-clavate, often forked at the base, apex medium truncate (rounded in side 
view), 8-spored, 28–39 (–45) × 2.6–3.7 (–4.4) μm in dead state. Ascospores falcate, 
medium to strongly curved, lower end distinctly narrowed, upper end only slightly 
so, non-septate, containing a spore body at the broader end, with 1–2 minute lipid 
bodies in the centre, (6.2–)8–11 (–12) × 1–1.2 μm when shot from asci and still in 
living state. Spore body rounded or elongate ellipsoid, 0.9–1.6 × 0.7–0.8 μm (1.5–
2.5 μm including invisible connecting part). Paraphyses hyaline, cylindrical, with 
distinctly widened, lanceolate apex, septate below, 1.7–2.8 μm wide at widest point, 
not encrusted. (Fig. 3.104)

Dactylellina parvicolla
Sexual morph: Orbilia cunninghamii
Reference: Liu et al. (2002)

Asexual morph: Colonies reached to 25  mm in diameter on PDA after 10 
days.  Conidia sparse on the nutritionally rich media, spindle-shaped at maturity, 
27.5–37.5 × 8–10 μm, mainly with 3–4 septa. Trapping nematodes by means of ses-
sile knobs, occasionally the knob with a short stalk.

Sexual morph: Specimen was collected from Huai-rou County, Beijing, China on 
rotten wood of Quercus sp.. Apothecia 0.2–0.5 in diameter, asci 20–25 × 3–4 μm, sub-
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cylindrical to clavate, tapered and bifurcate at the base, ascospores 5–6 × 1–1.5 μm, 
rod-shaped to clavate.

Dactylellina quercus Bin Liu, Xing Z. Liu & W.Y. Zhuang
Sexual morph: Orbilia quercus Bin Liu, Xing Z. Liu & W.Y. Zhuang
Reference: Liu et al. (2005)

Fig. 3.103  Arthrobotrys vermicola a–b conidia; c conidiophore and conidia; d adhesive network. 
Bars = 10 μm. Strain number: YMF 1.03002
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Asexual morph (Culture No. AS 3.6762, Fig. 3.105): Colonies colourless on PDA or 
CMA, reached to 60–65 mm in diameter on PDA and 45 mm on CMA after 20 days 
culture at 23–25°C. Aerial mycelium sparse, hyphae hyaline, septate, branched, 
2.5–3.5 μm wide. Conidiophores mostly 130–180 μm high, 5–6.5 μm wide at the 
base, 1.5–2.5 μm at the apex, sometime branched near the apex, bearing a single co-
nidium. Conidia were commonly spindle-shaped, slightly rounded at the distal end 
narrowly truncate at the base, 25–50 × 8–12 μm, with 3–5 and mainly 3-septa, but 
the central cell is not much larger than the others. Chlamydospores not observed. 
Trapping nematodes by means of stalked knobs (0–5.5 μm), knobs sphaerical to 
subsphaerical, 8–12 × 7.5–10  μm. Knobs produced frequently on the nutritional 
agar plates even without challenging with nematodes. (Fig. 3.105)

Sexual morph (Specimen No. HMAS 88781, Fig. 3.106): Specimen was collect-
ed from Labagoumen Forest Park of Huai-rou County, Beijing, China in July, 2002. 
Apothecia superficial on rotten wood, gregarious, sessile, 0.2–0.5 mm in diameter. 
Disc concave, smooth, translucent, whitish to pale yellow when fresh, brownish-
yellow when dried. Ectal excipulum of textura angularis, 78–96 μm thick, cells 
isodiametric, 6–10 (–14)  μm in diameter. Medullary excipulum of textura intri-
cata, 27–35 μm thick. Subhymenium poorly developed. Asci cylindrical-clavate, 
narrower and tapered towards the base, sometime forked at the base, apex truncate 
to rounded, 18–30 × 2.5–3 μm. Ascospores hyaline, subcylindrical to cylindrical-
clavate, straight or sometimes slightly curved, non-septate, usually overlapping 
tightly and biseriate within ascus, 5–6 × 0.8–1.2 μm in water, spore body (SB) tear-
shaped to short rod-shaped, 1.1–1.8 × 0.7–1 μm. Paraphyses filiform with a clavate 
to capitate apex, hyaline, 18–22 μm long, 2–2.5 μm wide at apex and 1.5–2 μm wide 
below. (Fig. 3.106)

Drechslerella brochopaga (Drechsler) M. Scholler, Hagedorn & A. Rubner
Sexual morph: Orbilia orientalis (Raitv.) Baral
Reference: Yu et al. (2006)

Fig. 3.104  Orbilia blumenaviensis a asci; b paraphyses; c ascospores. Bar = 10 μm. Specimen 
number: YMFT 1.03002
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Asexual morph (Culture No.  YMF1.01829, Fig.  3.107): Cultures were derived 
from ascospores. Colonies colourless, spreading on CMA, reaching 48 mm after 
14 days at 25 °C. Vegetative hyphae hyaline, septate, 3.5–4 μm wide. Aerial my-
celium sparse, hyaline, septate, branched, 2.5–4 μm wide. Conidiophores hyaline, 
erect, septate, mostly 380–430 μm high, 3.5–4 μm at the base, tapering upwards 
to a width of 2–2.5 μm at the apex, there bearing short blunt denticles 2–10 μm in 

Fig. 3.105  Dactylellina quercus a colony on PDA; b–f conidiophores and conidia, note the 
single conidium produced on each apex of the conidiophores; g–h stalked knobs. Bars: a = 2 cm; 
b = 20 μm; c–h = 10 μm. Strain number: AS 3.6762
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length, whereon bearing 3–10 conidia in radiating capitate arrangement, occasion-
ally producing up to 13 conidia in more scattered, irregularly racemose arrange-
ment. Conidia commonly cylindric-oblong, rounded at the distal end, shortly ta-
pered at the somewhat truncate base, 20–36 × 5–7.5 μm, slightly to medium curved 
especially near distal end, with 1–3 septa, predominantly 3-septate, then terminal 
cells often exceeding the length of the central cells by a third or even a half. Cul-
tures on CMA produce constricting rings adhesive networks when challenged with 
nematodes ( Panagrellus redivivus). (Fig. 3.107)

Sexual morph (Specimen No. YMFT1. 01829, Fig. 3.108): Specimens were col-
lected on decaying bark of broadleaved tree in a forest at 848 m altitude, located 

Fig. 3.106  Orbilia quercus a dried apothecia; b vertical section of an apothecium; c–d Asci and 
ascospores, arrow indicates the SB in living ascospore; e asci; f paraphyses. Bars: a = 100 μm; 
b = 10 μm; c–f = 5 μm. Specimen number: HMAS 88781
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in Jinggangshan Park of Jian City, Jiangxi Province, China, in October 2005 by 
Y. Zhang. Apothecia 0.8–1.2 mm in diameter, superficial, with a distinct stalk up 
to 0.2–0.3 mm high, scattered to gregarious on decayed bark, white and translu-
cent throughout when moist, pale brown when dry. Disc slightly concave to flat, 
margin even and smooth. Ectal excipulum of angular or globose cells, 8–13.8 μm 
in diameter, with thin or only slightly thickened walls, towards margin of textura 
prismatica-angularis oriented at a high angle, marginal cells tipped by glassy pro-
cesses up to 30–40 × 3.5–4.5 μm, curved outwards, agglutinated to form rounded 
teeth. Medullary excipulum rather thick, of texture globulosa (-prismatica) with 
intermingled hyphae, subhymenium poorly developed. Asci 29.5–38 × 3.2–4.5 μm, 
8-spored, lower (2)3–5 (6) spores inversely oriented (with spore body towards as-
cus base), cylindric, rounded or truncate at the apex (depending on side of view), 
tapered and often forked at the base (L, hor H-shaped). Ascospores hyaline, non-
septate, cylindric- ellipsoid, sometimes slightly tapered at lower end, 3–4 × 1.6–
1.8 μm, with a refractive rod-shaped spore body (SB) at upper end in living mature 
ascospores, 1.2–1.4 × 0.3–0.5 μm in diameter. Paraphyses 1.3–2 μm wide, enlarged 
to 2.8–3.7 μm in diameter at the medium to rather strongly clavate or capitate apex, 

Fig. 3.107  Drechslerella brochopaga a–f conidiophores; g–l conidia; m constricting rings. Bars: 
a–d; g–l = 10 μm; e–f; m = 50 μm. Strain number: YMF 1. 01829
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terminal cell much longer than lower cells, apex covered by a rough thin layer of 
exudates. (Fig. 3.108)

Drechslerella yunnanensis Z.F. Yu & K.Q. Zhang
Orbilia cf. orientalis (Raitv.) Baral.
Reference: Yu et al. (2009)

Fig. 3.108  Orbilia orientalis a hymenium; b cells of ectal excipulum; c–e dead asci; f living asco-
spores with globose spore bodies; g–i Dead paraphyses; j–k cluster of dead asci and paraphyses 
with living spores. Bar: a–e, g–k = 10 μm; f = 5 μm. Specimen number: YMFT 1. 01829
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Asexual morph (Culture No. YMF1.01863, Fig. 3.109): Cultures were derived from 
ascospores. Colonies white, slow-growing on CMA medium, attaining less than 
25 mm diameter in 10 days at 25 °C. Vegetative hyphae hyaline, septate, 3.5–4 μm 
wide, aerial mycelium sparse, hyaline, septate, branched, 2.5–4 μm wide. Conidio-
phores hyaline, septate, erect, unbranched or occasionally branched below, 60–100 
(–220) μm, 3.8–4.2 μm wide at the base, tapering gradually upwards to 1.5–2 μm 
near the apex, with 2–7 (–10) denticles 2.3–4.2 μm long, each bearing one conidium 
in a capitate or racemose arrangement. Conidia hyaline, straight, elongate ellipsoi-
dal, rounded at the apex, with a small truncate protuberance at the base, 7.8–12.9 
(–17.8) × 3.3–4.2 μm, (0-)1 septate, proportion of aseptate conidia 17 %. Cultures 
on CMA produce the trap device of constricting rings when induced by nematodes 
( Panagrellus redivivus). (Fig. 3.109)

Fig. 3.109  Drechslerella yunnanensis a–c conidiophores with short denticles; d conidiophores 
bearing conidia in clusters; e conidia; f constricting rings. Bar: a–c, e–f = 10 μm; d = 50 μm. Strain 
number: YMF 1.01863
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The sexual morph (specimen No. YMFT 1.01863, Fig. 3.110) was collected as 
fresh fruit bodies by ZeFen Yu in August 2006 from decaying bark of a broad-
leaved tree, in Dalongkou Park of Yimen County, Yunnan Province, China (N24°34, 
E101º00´, alt. 1580 m, coniferous-broadleaf forest dominated by Cyclobalanopsis 
glaucoides Schottky. and Pinus armandii Franch.). The sexual state is very similar 
to Orbilia orientalis in having cylindric-ellipsoid ascospores with a refractive, rod-
shaped, laterally arranged spore body (SB) at the upper end. Also spore size is very 
close (protologue of O. orientalis: 3–4 × 1.5–2 µm, the specimen YMFT1.01863: 
4.0–4.2 × 1.6–1.9 μm). The apothecial margin is only minutely crenulate and hardly 
bears any glassy processes, while in the O. orientalis type, the glassy processes are 
long and agglutinated, forming distinct teeth at the margin. (Fig. 3.110)

Conclusion

In the classification of nematode-trapping fungi, trapping devices are generally more 
informative than the morphologies of the conidia (shape, number and size of cells) 
and conidiophores (branching, modification of the apex). The latter characters were 

Fig. 3.110  Orbilia cf. orientalis a apothecium; b cells of excipulum; c asci; d cluster of asci and 
paraphyses; e paraphyses; f ascospores. Bar: b–f = 10 μm. Specimen number: YMFT 1.01863
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previously used in delimiting genera. We conclude that all orbiliaceous nematode-
trapping fungi should be placed in the genera of Arthrobotrys, Dactylellina and 
Drechslerella based on their trap types. Arthrobotrys includes species producing 
adhesive networks, Dactylellina contain species forming stalked adhesive knobs, 
unstalked adhesive knobs, or non-constricting rings, while Drechslerella includes 
species producing constricting rings. Species lacking trap formation, especially 
members of the genus Dactylella, are excluded from the nematode-trapping fungi, 
although some share similar morphologies to species of Dactylellina.

A total of 96 species of orbiliaceous nematode-trapping fungi are described and 
illustrated in detailed, with 54 species from Arthrobotrys, 28 from Dactylellina and 
14 from Drechslerella. Nematode-trapping fungi have been found in all parts of 
the world and in all climatic zones. Most of the nematode-trapping fungi annotated 
here were isolated from agricultural soils and forest soils, while some of them also 
inhabit freshwater. The majority of nematode-trapping fungi are fairly ubiquitous, 
with few species restricted geographically. Species forming adhesive networks are 
the dominant group.

Fourteen connections have been established between asexual nematode-trapping 
fungi and their orbiliaceous sexual state. Five asexual species are associated with 
Orbilia auricolor suggesting that O. auricolor is a species complex. It is difficult to 
distinguish between members of this complex based only morphological characters 
of the sexual state. Beside the morphological features, more molecular information, 
such as gene sequences of ITS, 28S rDNA, 5.8S rDNA and ß-tubulin, should be 
taken into account in the taxonomy of Orbilia.
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Abstract  Nematode-trapping fungi have extensively been studied both because of 
their unique predatory life history and because they are potential biocontrol agents 
of economically important plant- and animal- parasitic nematodes. Fundamental 
knowledge of the ecology of these fungi is therefore essential before the value 
of such biocontrol methods can be assessed. The ecology of nematode-trapping 
fungi is reviewed in this chapter. Topics dealt with include occurrence and habitats, 
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geographical and seasonal distribution, quantification of abundance, and effects of 
soil conditions and nematode density on their distribution. Competition between 
nematodes and nematophagous fungi, the effect of fungistasis and extreme eco-
logical factors such as heavy metals and salinity on these fungi, and their genetic 
diversity and speciation are included in this chapter.

Keywords  Arthrobotrys • Competition • Genetic diversity • Habitats • Distribution • 
Nematodes • Fungistasis

Introduction

Fungi possess broad strategies to obtain nutrients; they may be saprobes (living on 
dead material), pathogens (causing diseases of plant and animal hosts), symbionts 
(having associations with other microbes, plants or animals) or predacious (trapping 
and utilizing living animals for their food). The diverse strategies enable fungi to 
colonize a broad range of habitats. The predacious and as such carnivorous habit is 
a fascinating life form in nutrient acquisition (Yang et al. 2012; Barron 1977; Pathak 
et al. 2012).

Nematode-trapping fungi, a monophyletic lineage within the Orbiliales (As-
comycota), have distinctive trapping devices, such as adhesive hyphae, adhesive 
knobs, adhesive networks, constricting rings, and non-constricting rings, for trap-
ping nematodes (Li et al. 2005). These devices develop from mycelial extensions 
and enable the fungi to capture and consume nematodes in soil, leaf litter, and other 
substrates (Gray 1987). Nematode trapping fungi have been extensively studied 
both because of their unique predatory life history and because they are potential 
biocontrol agents of economically important plant- and animal- parasitic nema-
todes (Linford et al. 1938; Wolstrup et al. 1996; Jaffee et al. 1993; Jaffee et al. 
1998; Morton et  al. 2003; Vilela et  al. 2012; Kumar et  al. 2011; El-Borai et  al. 
2011; Liu et al. 2009; Shams Ghahfarokhi et al. 2004; Palma-Guerrero et al. 2008; 
Yeates et al. 2007; Singh et al. 2012; Paraud et al. 2012; Braga et al. 2011; Carneiro 
et al. 2011; Braga et al. 2013). A fundamental knowledge of the ecology of these 
fungi is, however, essential before the value of such biological control methods 
can be assessed. The ecology of these fungi has been reviewed by various authors 
(e.g., Gray 1987; Dackman et al. 1992; Barron 1977; Duddington 1954; Dudding-
ton 1951; Jaffee 2003). This chapter updates these reviews by considering various 
aspects of ecology, such as occurrence and habitats, geographical and seasonal dis-
tribution, quantification of abundance, and effects of soil conditions and nematode 
density on their distribution. Competition between nematode and nematophagous 
fungi, the effects of fungistasis and extreme ecological factors such as heavy met-
als and salinity on these fungi, and their genetic diversity and speciation are also 
addressed.
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Habitats and Distribution

Habitats and Species Diversity

Nematode trapping fungi have a worldwide distribution (Gray 1987), and species 
diversity have been investigated in many regions including Canada (Mahoney and 
Strongman 1994), China (Liu and Zhang 1994; Liu and Zhang 2003; Zhang et al. 
2011; Su et al. 2011), Cuba (Hidalgo-Diaz et al. 2000), Brazil (Vilela et al. 2012; 
de Almeida et al. 2012; Falbo et al. 2013; Vilela et al. 2013), Europe (Boag and 
Lopez-Llorca 1989; Kelly et al. 2009; Saxena 2008), India (Saxena and Mukerji 
1991), Latin America (Rubner 1994), and South Africa (Durand et al. 2005). Nema-
tophagous fungi can also be found in a wide range of habitats. They have been 
isolated most frequently from agricultural pasture, coastal vegetation and conifer-
ous leaf litter (Gray 1983b; Kelly et al. 2009; Kumar et al. 2011; Liu et al. 2009; 
Saxena 2008; Shams Ghahfarokhi et  al. 2004). Species diversity and population 
densities, however, varies in different substrates. Gray and Bailey (1985) found 
nematode trapping fungi at depths of a maximum of 35 cm in a deciduous wood-
land. A much greater species diversity of nematophagous fungi was present in the 
upper organic zones. Predators forming constricting rings, adhesive branches and 
adhesive knobs were restricted to the upper litter and humus layers. The net forming 
predators were isolated at all depths, although they were significantly more abun-
dant in the lower mineral rich soils. Jaffee et al. (1998) found that the abundance 
and variety of nematode-trapping fungi were usually higher in organically managed 
plots than in conventional plots, while two species, Arthrobotrys haptotyla and Ar-
throbotrys thaumasia tended to be more numerous in conventional than in organic 
plots. Persmark and Jansson (1997) investigated the densities and species composi-
tion of nematode-trapping fungi in agricultural soils and in the rhizosphere of crop 
plants in Sweden; the densities were 5–20 times higher in pea rhizosphere than in 
root-free soil. Arthrobotrys oligospora was the most common species, in both root-
free soil and the rhizosphere, but there were some differences in the species com-
position. Asexual nematode-destroying hyphomycetous fungi were isolated from 
three woodland types (poor sandy pine forest, mesotrophic beech forest and a spo-
radically inundated river bank) in Berlin, with the highest number of isolates in the 
beech forest, while the lowland forest yielded the highest number of species, but the 
lowest amount of isolates (Sünder and Lysek 1988). Kumar et al. (2011) recorded 
17 species of nematophagous fungi from compost, cow dung manure, leaf litter 
and agricultural soils, they found substrate colonization by nematophagous fungi 
was higher in leaf litter, compost and cow dung manure, and Arthrobotrys euder-
matum, Arthrobotrys cladodes, Drechslerella brochopaga, Arthrobotrys oligospora 
and Drechslerella dactyloides (synonym: Arthrobotrys dactyloides) had higher 
percentage of soil colonization. Nematode-trapping fungi were also isolated from 
seriously polluted environments such as metalliferous mines. The distribution was 
not restricted by high concentration of lead as greater species diversity was slightly 
positively correlated with the lead pollution levels (r = 0.29) (Mo et al. 2006, 2008).
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Besides terrestrial habitats, nematode-trapping fungi have been investigated in 
aquatic and some other unique environments. Hao et  al. (2005) examined 1000 
waterlogged soil samples from China and nematode-trapping fungi were found in 
shallow freshwater (at a water depth of 20 cm), but not in samples collected at the 
bottom of a 4 m deep lake. Hao et al. (2005) isolated 35 species of predacious fun-
gi, and Arthrobotrys oligospora, A. musiformis, A. thaumasia and A. longiphorum 
were the most common species. Species with adhesive networks were the most fre-
quently isolated taxa in shallow freshwater. Swe et al. (2008) found a new species 
of Arthrobotrys ( A. mangrovispora) from decaying submerged wood in mangroves 
of Hong Kong. They also identified 16 species in mangrove habitats worldwide. 
The commonly encountered taxa were Arthrobotrys oligospora and Arthrobotrys 
thaumasia. Diversity and abundance of nematode-trapping fungi from decaying lit-
ter in terrestrial, freshwater and mangrove habitats were also compared, the species 
richness and diversity was higher in terrestrial than in freshwater and mangrove 
habitats. Taxa characterized by adhesive nets were more frequent in all habitats 
(Swe et al. 2009). To sum up, nematode-trapping fungi have wide distribution range 
in global terrestrial and aquatic environments.

Temporal Distribution

The distribution of asexual nematode-trapping hyphomycetous fungi also shows 
temporal (mainly seasonal) differences. The seasonal distribution of nematode-
trapping fungi in the vicinity of apple and grape orchards in China was investigated 
by Miao and Liu (2003). Nematode-trapping fungi were abundant in late spring and 
early summer and less so in the autumn. Drechslerella dactyloides was the predomi-
nant species in all orchards, and Arthrobotrys oligospora, Arthrobotrys conoides 
and Stylopage sp. were frequently encountered.

The influence of season and altitude on the occurrence of nematode-trapping 
fungi in cattle faeces has also been investigated (Su et al. 2007). The predominant 
species from all three plateau pastures were Arthrobotrys oligospora, A. musifor-
mis, Dactylellina ellipsosporum and Arthrobotrys thaumasia. Species with adhesive 
networks were the most frequently isolated. Overall, species diversity was nega-
tively correlated with altitude and was different among seasons within the same site. 
Levels of diversity were highest in the summer, followed by autumn, spring, and 
winter. The influence of climate and time of deposition on the colonization of sheep 
faeces by nematode-trapping fungi was examined in Brazil by Saumell and Padilha 
(2000). Cow and heifer faecal samples were examined monthly for the presence 
of nematophagous fungi. Nematode-trapping fungi were present in the cow faeces 
during the dry months of August and September. They were also recovered at the 
beginning and middle of the rainy season: one isolate of Arthrobotrys musiformis in 
October, and one isolate of Arthrobotrys gampsosporum (synonym: Monacrospo-
rium gampsosporum) and one unidentified fungus which produced adhesive buds in 
December. In the individual samples collected from heifers, fungi were present only 
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in the months of September (end of dry season) and March (end of rainy season). A 
strong seasonal variation in species densities in the rhizosphere of barley, pea and 
white mustard was revealed in a study in Sweden, with the highest numbers occur-
ring during the late summer and autumn months. In all, the species diversity and 
density of nematode-trapping fungi may correlate with seasonal variation.

Differences in Growth Rate and Competitive Saprobic Ability

Aside from their differences in distribution and seasonal variation of occurrence, 
different species of nematode-trapping fungi demonstrate wide differences in their 
growth rate, competitive saprobic ability, effect on free-living nematode popula-
tions and ability to produce traps spontaneously in the same habitat. Several studies 
have indicated that species producing adhesive reticulate traps tended to have the 
most rapid growth rates and the highest saprobic ability. Cooke (1963) indicated 
that the development of predaceous efficiency has been accompanied by a tendency 
to lose those characters associated with an efficient saprobic existence in the soil; 
which is rapid growth rate and good competitive saprobic ability. Observations by 
fluorescence microscopy and isolation have verified this hypothesis (Saxena and 
Lysek 1993). Several studies have indicated that Arthrobotrys oligospora has a 
strong ability to trap nematodes in a variety of conditions such as the presence of 
saprobic competitors (Quinn 1987), high carbon to nitrogen ratios in soils (Jaffee 
2004b), or in badly polluted environments such as metalliferous mines (Mo et al. 
2006). Arthrobotrys oligospora was among the most abundant of taxa in many of 
the so called stressful environments (Mo et al. 2006, 2008). In comparison to the 
same three-dimensional network producing species, Arthrobotrys musiformis, the 
isolates of Arthrobotrys oligospora has less demanding grow requirements and 
sporulates in different culture media and in two environments (B.O.D at 25 ± 1 °C 
and the environment of the Laboratory) (Soares et al. 2009). The reason for its com-
petitive advantage and the mechanism governing population dynamics is not under-
stood (Persmark and Jansson 1997), but taxa with three-dimensional networks may 
have a better competitive saprobic ability. Such knowledge could help in designing 
strategies to ensure long-term survival and adaptation of nematode-trapping fungi 
in biological control methodologies.

Abiotic Factors Affecting Distribution and Diversity

In soil environments, the growth rate and competitive saprobic ability are strongly 
affected by several abiotic factors, such as organic matters, vitamins, biotin, ab-
scisic acid, sodium nitroprusside, metals, temperature and pH.

Nematode-trapping fungi are frequently found in animal faeces or soils with 
abundant organic matter. The presence of farmyard manure results in increased 

4  The Ecology of Nematophagous Fungi in Natural Environments �



216

amounts of organic matter, numbers of propagules of predatory and endoparasitic 
fungi, and numbers of bacteria and nematodes (Dackman et  al. 1987). Carbohy-
drate nutrition of nematode-trapping fungi was assessed by Satchuthananthavale 
and Cooke (1967a). The affect of organic amendments on Dactylellina haptotyla 
and Arthrobotrys oligospora populations was assessed by soil cages (Jaffee 2004a). 
The population density and trap formation ability of Dactylellina haptotyla were 
most enhanced by the addition of a small quantity of alfalfa. The population density 
of Arthrobotrys oligospora however was most enhanced with addition of larger 
quantities of alfalfa. Arthrobotrys oligospora however, trapped fewer or no nema-
todes, regardless of the alfalfa amendment.

Trapping fungi can also respond positively to other organic substrates, such as 
lupine leaves, grass leaves, dead isopods, dead moth larvae, isopod faeces, deer fae-
ces, shrimp shells, and powdered chitin (Nguyen et al. 2007). Positive responses of 
A. oligospora were directly related to the quantity of nitrogen added with each sub-
strate, and those substrates that caused large increases in resident nematodes usu-
ally caused large increases in Arthrobotrys oligospora. Interestingly, low C:N ratios 
(dead isopods, lupine leaves, dead moth larvae) usually caused large increases in 
Arthrobotrys oligospora populations, whereas those with higher C:N ratios (isopod 
faeces, deer faeces, grass leaves) did not. An exception was chitin powder, which 
had a low C:N ratio, but which did not cause Arthrobotrys oligospora to proliferate.

Other factors such as vitamins, biotin, abscisic acid (ABA), sodium nitroprusside 
and metals amounts in soils also affects the growth of nematode-trapping fungi. Ar-
throbotrys oligospora and Arthrobotrys thaumasia which form adhesive networks, 
and Drechslerella anchonia, D. dactyloides, D. bembicodes and D. doedycoides 
which form constricting rings, require thiamine for growth (Satchuthananthavale 
and Cooke 1967b). With the exception of Arthrobotrys thaumasia, all species are 
deficient in biotin. The average number of traps (constricting rings) per colony and 
the percentage of nematodes ( Caenorhabditis elegans) trapped were greatly in-
creased by the addition of ABA, but greatly suppressed when sodium nitroprusside 
was added (Xu et al. 2011).

Rosenzweig and Pramer (1980) measured the impact of various concentrations 
of divalent cadmium, zinc, or lead on the growth and morphogenesis of seven spe-
cies of nematode-trapping fungi. Cadmium was found to exhibit the greatest tox-
icity followed by zinc and lead. In most cases, inhibition of growth was directly 
correlated with a decreased capacity to form traps. The activity of the collagenase 
was less sensitive than was growth or trap formation to heavy-metal inhibition. Swe 
(2009) found that a strain of Arthrobotrys musiformis isolated from mangroves had 
a higher growth rate than terrestrial or freshwater strains at certain salinity levels. 
The mangrove strain grown on CMA with increasing levels of NaCl had longer, 
frequently non-septate mature conidia, but the numbers of trapping devices in all 
strains decreased when salinity levels increased.

Temperature and pH can also influence the radial growth and predatory activity 
of different isolates of nematode-trapping fungi. They could grow in medium with 
pH of 5.0 to 8.0 at 10–30 °C. The optimal conditions for fungal growth were pH 
6.0–6.5 and 20–25 °C. Fernandez et al. (1999) found all nematode-trapping fungal 

Y Zhang et al.



217

isolates tested showed a higher growth rate at 20 °C. At 10 and 15 °C, all Arthro-
botrys flagrans (synonym: Duddingtonia flagrans) isolates showed very similar 
patterns of radial growth at both constant and fluctuating temperatures. At 20 °C, 
they grew significantly faster at constant, than at fluctuating temperatures.

Competition Between Nematode-Trapping Fungi 
and Nematodes

In soil environments, nematode-trapping fungi and their target nematodes compete 
with each other to colonize a broad range of habitats. Fundamental studies on these 
tritrophic (plant, nematode and nematode-trapping fungi) or multitrophic (plant, 
soil microorganisms, nematode and nematode-trapping fungi) interactions under 
natural conditions are required from a fungal ecology perspective.

Suppression of Nematodes by Nematode-Trapping Fungi

The density of nematodes and nematode-trapping fungi in soil can interact with 
each other. Cooke (1962) reported that increasing the amount of sucrose added to 
soil increased the nematode population, but resulted in a decrease in predacious 
activity of the fungi. Experiments using nematode-free soil suggested that the pres-
ence of nematodes is necessary to initiate the formation of trapping organs, while 
fungi were incapable of maintaining an active predacious state in the absence of an 
organic energy source other than the nematodes. Koppenhofer et al. (1996) indi-
cated that suppression of the entomopathogenic nematode, Heterorhabditis hepi-
alus, was usually greater in the presence of background fungi than in pasteurized 
fungus free soil. The interaction between larvae of bovine gastrointestinal nematode 
parasites and nematode-trapping fungi has been studied in Denmark by Gronvold 
et al. (1993). High populations densities of Arthrobotrys oligospora gave rise to a 
significant reduction in the number of infective parasite larvae in the dung and sur-
rounding herbage. Two nematophagous fungi, Arthrobotrys oligospora and Dacty-
laria sp., reduced the increase in nematode numbers due to organic enrichment in 
the untreated soil (Bouwman et al. 1996). Therefore, there is a trade-off balance of 
nematodes and nematode-trapping fungi in soil.

Persmark and Jansson (1997) found that a host threshold density exists for the 
nematophagous fungi in soils containing nematodes; the density of nematode-trap-
ping fungi and the number of nematodes showed similar seasonal dynamics. The 
correlation between population density and trapping was further detected using soil 
cages by most probable number (MPN) procedures (Jaffee 2003), regardless of the 
fungus population density. Arthrobotrys oligospora and A. eudermata trapped few 
if any nematodes in soil, and consequently, trapping and fungus population density 
were not correlated. The correlation between population density and trapping was 
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weak for Drechslerella dactyloides, but relatively strong for Dactylellina ellipsos-
pora and D. haptotyla. Therefore the trade-off balance between nematodes and dif-
ferent nematode-trapping fungi varies in different fungal species.

Competition Between Different Fungal Species and Nematodes

Competition between nematode-trapping fungi and nematodes differs among spe-
cies of fungi (Singh et al. 2013). Infection of individual nematodes by more than 
one fungus has been reported by Barron (1977). However, in the presence of hy-
phae of different fungal species, especially Harposporium sp., zoosporangia of the 
endoparasitic fungus Catenaria have less pathogenic ability. Gray (1983a) found 
both endoparasites and predators display a small degree of selectivity, and that any 
selection is most likely due to the anatomy of the host or prey and the mode of infec-
tion or capture of the fungus. In nematodes infected with the endoparasitic nema-
tophagous fungus Drechmeria coniospora and the predatory fungus Arthrobotrys 
oligospora, the hyphae of the latter were usually dead or degenerated, indicating 
that the former is antagonist (Dijksterhuis et al. 1994). Jaffee (2000) found that the 
nematophagous fungus Hirsutella rhossiliensis was quite sensitive to biotic inhibi-
tion when formulated as pelletized hyphae, but insensitive as parasitized nema-
todes. When the same was done with the nematode-trapping fungus Arthrobotrys 
haptotyla, it however, exhibited the opposite trend. Arthrobotrys haptotyla was 
more sensitive to biotic inhibition when added to soil as fungus-parasitized nema-
todes than as pelletized hyphae. With the exception of Hirsutella indica (neutral 
to Myzocytium) and Steinernema sp. (neutral to Catenaria), El-Borai et al. (2011) 
indicated that the tested nematodes were repelled by activated Arthrobotrys species, 
but attracted to activated Myzocytium and Catenaria species. Competition between 
nematode-trapping fungi and nematodes can be detected in the soil environments 
and it has been carefully studied as a density-dependent parasitism.

Density-Dependent Parasitism

Competition between nematode-trapping fungi and nematodes can be qualified as 
density-dependent parasitism (Jaffee et al. 1989). Density-dependent suppression of 
hosts by parasites is defined as a regulation. The probability of a host being attacked 
by a parasite is often thought to be dependent on host density, which is a common 
phenomenon among biological organisms (Alexander 1981). Regulation of soil-
borne nematodes by fungal and bacterial parasites had attracted little attention until 
the end of the 1980s.

Temporal density-dependent parasitism of the plant-parasitic nematode Cricone-
mella xenoplax by Hirsutella rhossiliensis was investigated using spatial sampling 
(Jaffee et al. 1989). Patches of soil in which the nematode and fungus interacted 
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were assumed to possess similar density-dependent dynamics. The relative shal-
lowness of the increase or decrease and the large variation in percentage parasitism 
was not explained by nematode density, suggesting that H. rhossiliensis is a weak 
regulator of Criconemella xenoplax population density. This appeared however, not 
to be the case in consequent experiments. In a laboratory soil experiment, the pro-
portion of parasitism increased to nearly 100 % when a high nematode density was 
maintained, but declined to nearly 0 % at low densities (Jaffee et al. 1992). In a field 
survey where many samples were collected at one time in a mature peach orchard, 
the percentage of nematodes parasitized correlated well with the nematode density 
(Jaffee et al. 1991). Substrates other than nematodes were therefore thought to be 
important to these parasitic fungi. This may be the case with other nematode trap-
ping fungi since nematode-trapping fungi showed different increases in percentage 
parasitism as compared to host density (Jaffee et al. 1993). Recent greenhouse trials 
showed that parasitism of Hirsutella rhossiliensis OWVT-1 was strongly correlated 
to the density of the soybean cyst nematode (Liu et  al. 2009). Parasitism of the 
soybean cyst nematode by H. rhossiliensis was dependent on fungal density, but 
independent of nematode density. These findings lead to the development of a new 
mathematical model which explains the complex competition between nematodes 
and nematode-trapping fungi (Yang et al., unpublished data).

Conidial-Trap Formation

The formation of trapping devices is a strong indicator that fungi and nematodes 
interact and compete with each other, suggesting that the nutrients needed by 
nematode-trapping fungi switch from saprotrophism to parasitism. Ananko and 
Teplyakova (2011) investigated the optimal concentrations of carbon and nitrogen 
sources such as sucrose, ammonium ions and tryptone to promote trap formation 
of the nematophagous fungus Arthrobotrys flagrans with the nematode Panagrel-
lus redivivus. Persmark and Jansson (1997) found that the degree of competition 
required to induce conidial-trap formation was lower for more parasitic nematode-
trapping fungi than for saprobic ones, indicating that conidial traps are partly a 
response to competition with other microorganisms for nutrients. Whether a third 
party, a chemical compound or another organism might be involved in the pro-
cess when nematode-trapping fungi and nematodes interact and compete with each 
other, is not well understood.

Conidial traps were formed when conidia were allowed to germinate in cow 
dung (Dackman et al. 1992), fungistatic soil (Mankau 1980), rhizosphere soil or soil 
extracts (Persmark and Nordbring-Hertz 1997), and the formation of conidial traps 
was believed to be a response to nutrient deprivation due to strong nutrient competi-
tion between soil microorganisms. Recently, a bacterial species has been identified 
as important inducer of conidial traps, mycelial traps and conidia in the nematode-
trapping fungus Arthrobotrys oligospora (Li et al. 2011a). Trap formation in Ar-
throbotrys oligospora may be stimulated by bacterial metabolites that are released 
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into the environment, or by the direct contact between the fungus and the bacterium. 
In the natural soils, some native bacteria could also be nematophagous (Niu et al. 
2010), employing fungi to trap and kill the nematodes which they also then utilize. 
The population dynamics of these three organisms needs further research.

Sensitivity to Fungistasis of Nematode-Trapping 
Hyphomycetes

Attempts to establish nematode-trapping fungi in agricultural soils for the purposes 
of biological control of pathogenetic nematodes are unlikely to meet with success 
all the time. There is a large possibility that the nematode-trapping fungi are sensi-
tive to the fungistasis of the soil. Soil fungistasis was first described by Dobbs and 
Hinson (1953), and results in the suppression of either germination or growth of 
fungi and is widespread in most natural soils. The intensity of fungistasis varies 
depending on the physical and chemical properties of soils, as well as on soil mi-
crobial activity (Dobbs and Gash 1965; Lockwood 1977; Mondal and Hyakumachi 
1998; Alabouvette 1999). Unfortunately, most nematode-trapping hyphomycetes 
could not germinate and grow normally in soils due to the soil fungistasis (Zhou 
and Mo 2002).

Two popular hypotheses have been proposed to account for the mechanism of soil 
fungistasis – nutrient-deprivation (Lockwood 1964, 1977) and antibiosis (Romine 
and Baker 1973). Nutrient-deprivation means that energy sources are decreased by 
strong competition by other soil microorganisms, resulting in lack of nutrients for 
the germinating fungal spores. Antibiosis emphasizes that soil fungistasis can be 
caused by antifungal compounds produced by other soil microorganisms. Recent 
developments suggest that specific groups of microorganisms might play an impor-
tant role in the process of soil fungistasis (Alabouvette 1999; Ellis et al. 2000; De 
Boer et al. 2003).

Microbial community composition is also an important factor in determining soil 
fungistasis (De Boer et al. 2003) and the presence and antifungal activity of pseu-
domonads may be essential in this respect. Xu et al. (2004) assessed the effects of 
soils (soil direct fungistasis) and volatile compounds (VOCs) produced by natural 
soils (soil volatile fungistasis) on spore germination of several fungi. Some VOCs, 
trimethylamine, 3-methyl-2-pentanone, dimethyl disulfide, methyl pyrazine, 2,5-di-
methyl-pyrazine, benzaldehyde, N, N-dimethyloctylamine and nonadecane, were 
produced by various fungistatic soils. They concluded that soil fungistasis and VOC 
fungistasis were significantly correlated ( P < 0.001). The microbial origins of vola-
tiles were further elaborated by Zou et al. (2007); among the 1018 bacterial isolates 
tested, 328 were found to produce antifungal volatiles that could inhibit spore ger-
mination and mycelial growth of two nematicidal fungi, Paecilomyces lilacinus and 
Pochonia chlamydosporia. Li et al. (2008) characterized the soil bacteria producing 
non-volatile fungistatic substances and 24.67 % of total strains showed fungistatic 
activity towards the nematophagous fungi Paecilomyces lilacinus and Trichoderma 
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viride by producing non-volatile substances. Three genera, Arthrobacter, Bacillus, 
and Pseudomonas, were the most frequently encountered groups. Li et al. (2011b) 
tested the ability to suppress the conidial germination of nine biocontrol fungal 
agents in 287 agricultural soil samples collected from 26 provinces or autonomous 
regions of China. Ten soil samples that have stronger fungistatic intensity (germina-
tion inhibition rate 68.3 %) to the target fungi and the soil actinobacteria involved 
in fungistasis in soils were also evaluated. Of the 1,000 isolates from those soil 
samples, 345 actinobacteria exhibited fungistatic activity to conidial germination 
of Trichoderma viride and Paecilomyces lilacinus with germination inhibition rates 
higher than 10 %. The actinobacteria involved in the soil fungistasis had a close 
phylogenetic relationship with the members of Streptomycetaceae, Microbacteria-
ceae, Micrococcaceae, and Nocardiaceae. The negative effects of fungistasis on 
fungal agents certainly requires attention.

The antibiosis hypothesis for soil fungistasis is increasingly being shown to be 
correct (Xu et al. 2004; Zou et al. 2007). Except in the case of soil microorgan-
isms such as bacteria and actinobacteria, fungal species may play a key role in 
soil fungistasis, and other compounds such as ammonia, benzaldehyde, ethylene, 
benzylamine, and aluminium ion have been identified as inhibiting factors (Zou 
et al. 2007). How these compounds act and transmit inhibit signals to bio-control 
candidates are still unknown and further studies are needed.

Genetic Diversity and Speciation

Molecular techniques have increasingly been used to examine phylogenetic rela-
tionships among nematode-trapping Orbiliales (Rubner 1996; Ahren et  al. 1998; 
Scholler et al. 1999; Li et al. 2005; Yang et al. 2007; Yang et al. 2012; Cho et al. 
2008), but they have seldom been used to study the ecology of nematode-trapping 
fungi. Restriction fragment length polymorphism (RFLP) and DNA sequencing of 
the ITS region have revealed cryptic species among morphologically similar iso-
lates of Arthrobotrys and Monacrosporium (Persson et al. 1996; Ahrén et al. 2004; 
Meyer et al. 2005; Zhang et al. 2011). Studies on nematode-trapping fungi species 
diversity have mostly use the culture-based, “sprinkle plate” method (Drechsler 
1937; Duddington 1951; Gray 1983a; Jaffee et al. 1996; Li et al. 2000). Briefly, 
for each sample, 1–2 g soil/water is sprinkled onto sterile corn meal agar (CMA, 
20 g cornmeal, 18 g agar, and water to the final volume of 1,000 ml), inoculated 
with the free-living nematodes and incubated at room temperature. After 1 month, 
nematode-trapping fungi are examined using a dissecting microscope. The estima-
tion of species diversity and frequency could be conducted directly or indirectly 
by subcultures. However, sprinkle plates may be biased toward detecting species 
of nematophagous fungi better able to grow in culture (Bailey and Gray 1989). A 
major drawback is also reproducibility as many biological and ecological interac-
tions in the natural environment may vary, making it difficult to compare between 
sprinkle plate data studies (Gray 1983b; Gray and Bailey 1985).
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Smith and Jaffee (2009) suggested that the combined use of Orbiliales-specific 
primers and culture-based techniques may benefit future studies of nematode-trap-
ping fungi. They developed Orbiliales-specific ITS and 28s rDNA PCR primers to 
directly detect nematode-trapping fungi without culturing and compared the results 
of molecular detection with those obtained using a culture-based method. Of the 
eight species of nematode-trapping Orbiliales detected with the culture-based as-
say, only three were detected with PCR, but the molecular assay detected 18 species 
of uncultured Orbiliales, many of which are closely related to nematode-trapping 
fungi and fungal parasites of nematode eggs. PCR assays using species-specific 
primers located in the ITS regions have been developed for the rapid and accurate 
identification of Duddingtonia flagrans (Kelly et al. 2008).

Arthrobotrys oligospora is one of the most widely distributed and studied mem-
bers of the predacious fungi. Its broad ecological distribution and efficient trapping 
ability have made A. oligospora a strong candidate for the control of plant and 
animal parasitic nematodes. The asexual state A. oligospora has a corresponding 
sexual morph in Orbilia auricolor (Pfister 1995) and in the future one of these 
names will be selcted for use and the other will become a synonym. It should be 
noted here that three other morphologically different nematode-trapping hyphomy-
cetes: Arthrobotrys cladodes var. macroides, A. yunnanensis, and A. psychrophi-
lum have also been identified as asexual morphs of the Orbilia auricolor species-
complex (Mo et al. 2005). There are up to 29 and 31 different kinds of possible 
pleomorphisms and holomorphisms, respectively. There are 15 different possible 
ways of reproductive duality i.e. existence of a sexual and an asexual phase (Hen-
nebert 1987; Shenoy et al. 2007). The genetic structure of the asexual morph and its 
culturally connected asexual morphs are not well understood. Possible phenotypic 
plasticity in Arthrobotrys cladodes var. macroides, A. oligospora, A. yunnanensis, 
and A. psychrophilum should be considered. There is an indication of a significant 
phenotypic variation influenced by salinity-gradient in some of the members of 
Arthrobotrys (Swe 2009).

At present, the genetic divergence and relationships among these closely relat-
ed species, or within any of the individual species are not well understood. In an 
earlier report, the genetic variation of Arthrobotrys flagrans, which has become a 
promising biocontrol agent of animal parasitic nematodes, was investigated within 
a worldwide collection of 22 isolates (Ahrén et al. 2004). They also analyzed 12 
isolates of A. oligospora and found a higher level of genetic variation in A. oligos-
pora than in A. flagrans. A neighbour-joining tree based on the AFLP data showed 
no clear association between genotype and geographical origin within A. flagrans 
strains. Furthermore, the AFLP data suggest that A. flagrans is mainly clonal and no 
recombination could be detected, not even within the same country. Genetic studies 
of nematode-trapping fungi are however, rather limited.

Ahrén et al. (2004) also suggested that the genetic variation in Arthrobotrys oli-
gospora might be geographically structured. However, limited sampling has pre-
vented a comprehensive analysis of the potential effects of various ecological fac-
tors on genetic variation in these or other nematode-trapping fungi. Zhang et al. 
(2011) collected and analyzed 97 A. oligospora strains from diverse geographic 
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locations and ecological niches in China in order to examine the patterns of genetic 
divergence, dispersal, and reproductive behavior. The ecological niches included 
common agricultural areas and forests, but also other specialized niches such as 
pristine and polluted aquatic environments, as well as salty and slag-containing 
soils.Different amounts of polymorphisms among the three tested genes were iden-
tified, and all three genes include both broadly distributed alleles and geographi-
cally restricted ones, especially to those in western China such as Yunnan, Guizhou, 
Sichuan, Tibet and Qinghai provinces. The large number of unique alleles and geno-
types as well as their limited geographic distributions suggested that A. oligospora 
may have a large effective population size and that they might have undergone 
genetic differentiation during its adaptation to different ecological environments in 
different geographic regions.

Many species of nematode trapping fungi are likely to be species complexes (Pers-
son et al. 1996; Ahrén et al. 2004; Meyer et al. 2005). Phylogeographic analyses re-
vealed that 97 strains of Arthrobotrys oligospora isolated from China are from a species 
complex with at least three divergent lineages (cryptic species). Furthermore, the nested 
clade phylogeographic analyses (NCPA) revealed a significant geographical association 
in the distribution of the genetic variation of A. oligospora populations, at least one of 
the cryptic species experienced allopatric fragmentation in their history. In addition, 
there was significant geographic structuring with unambiguous evidence for localized 
recombination within two of the three lineages in nature.

Up to now, molecular ecology and intra-specific population studies on nema-
tode-trapping fungi have been very limited. More extensive sampling of this kind 
of fungi using traditional sprinkle methodology and molecular detection from more 
broad areas is needed. Issues include modes of reproduction in nature, patterns of 
gene flow, and the relationships between genetic variation and ecological param-
eters which can reveal species boundaries and sometimes lead to revelation of new 
species. For example, an understanding of spatial and temporal patterns of genetic 
variation of nematode-trapping fungi could help design a sustainable biocontrol ap-
plication strategy (Zhang et al. 2013).
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Abstract  Plant-parasitic nematodes cause severe damage to world agriculture each 
year. Environmental and health concerns over the use of chemical pesticides has 
increased the need for alternative measures to control plant-parasitic nematodes. 
Nematophagous fungi, a natural enemy of nematodes, have received most atten-
tion in biological control of plant-parasitic nematodes. This is due to their specific 
ability to capture and kill nematodes. Nematophagous fungi are divided into four 
groups according to their mode of action against nematodes, and several fungi such 
as Pochonia chlamydosporia and Paecilomyces lilacinus have been developed as 
commercial biological nematicides. In this chapter, important nematode parasitic 
and antagonistic fungi, and their taxonomy, biology and their mode of action are 
discussed. Progress in the study of highly virulent fungal strains for nematode bio-
logical control, and application of nematode-antagonistic agents are also discussed.
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Introduction

Nematodes are one of the most diverse groups of animals on earth. Nematode spe-
cies are difficult to distinguish, over 28,000 have been described, of which over 
16,000 are parasitic (Hugot et al. 2001). A handful of soil will contain thousands of 
these microscopic worms, many of which are parasites of insects, plants or animals. 
Plant-parasitic nematodes are the major group, feeding and reproducing on living 
plants and they are capable of active migration in the rhizosphere, on aerial plant 
parts, and inside the plant. They can cause significant plant damage ranging from 
negligible injury to total destruction of plant material. Although a few nematode 
species feed on above ground plant parts, such as leaves, stems, flowers, and seeds, 
most of these parasites feed on underground parts of plants, including roots, bulbs, 
and tubers, and as a consequence nematode damage to plants cannot always be read-
ily diagnosed. Plant-parasitic nematodes represent a major biotic stress on world 
crops, causing over $100 billion in annual crop losses (Chitwood 2003). The major-
ity of crop losses caused by plant-parasitic nematodes are inflicted by relatively few 
species belonging to two main groups, root-knot nematodes ( Meloidogyne spp.) and 
cyst nematodes ( Heterodera and Globodera spp.) (Molinari 2011). The high impact 
of these specific nematodes on world agriculture is a result of their wide distribution 
and ability to attack every species of cultivated plant (Sasser 1980).

Several control methods have been reported, including using cover crops, green 
manure, organic or inorganic soil amendments, resistant cultivars, hot water treat-
ment, crop rotation, and fallow treatment (Barker and Koenning 1998). Nematicides 
have been widely used to control plant-parasitic nematodes, but these compounds 
are often associated with detrimental environmental effects leading to substantially 
reduced availability and use in recent years. For example, methyl bromide, one of 
the most important chemical fumigants used to control nematodes and other pests, 
affects a wide range of organisms, including beneficial organisms, and is a chemical 
that contributes to the depletion of the Earth’s ozone layer (Carpenter et al. 2001). 
In recent decades, concerns about environmental hazards of using chemical nema-
ticides, and limited alternative crops for rotation, have led to the development of 
biological control agents as a component of crop protection. Biological control is 
defined as suppress the population density or impact of a specific pest organism by 
using living organisms (Eilenberg et al. 2001). Biological control agents can regu-
late plant-parasitic nematode populations, and numerous organisms including fun-
gi, bacteria, viruses, nematodes and other invertebrates have antagonistic activity 
against plant-parasitic nematodes (Siddiqui and Mahmood 1996; Dong and Zhang 
2006; Tian et al. 2007). Nematophagous fungi have received most attention for bio-
logical control of plant-parasitic nematodes due to their specific ability to capture 
and kill nematodes. In this chapter, we will focus on the different nematophagous 
fungi, mechanisms of action, and future prospects.
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Nematophagous Fungi and Their Application in Biological 
Control of Plant-Parasitic Nematodes

Nematophagous fungi are those fungi with the capacity to capture, parasitise or 
paralyse nematodes at all stages of their life cycles. They play an important role 
as antagonists of plant-parasitic and animal-parasitic nematodes, therefore, there is 
great interest in using these fungi as model fungi in adaptative evolution researches 
and as biological control agents against plant-parasitic nematodes (Li et al. 2000; 
Nordbring-Hertz et al. 2006). More than 700 species of nematophagous fungi have 
been described (Zhang et al. 2011). Based on their infection mechanism, they are 
commonly subdivided into four main groups: (1) the nematode-trapping fungi (ca. 
380 species) that capture free-living nematodes using specialized trapping devic-
es (i.e., traps) (Fig. 5.1), (2) the endoparasitic fungi (ca. 120 species) that infect 
nematodes using adhesive spores (Fig. 5.1), (3) the toxin-producing fungi (ca. 270 
species) that secrete a toxin which immobilizes nematodes before penetration of 
hyphae through the nematode cuticle, and 4) the egg- and cyst-parasitic fungi that 
infect these stages with their hyphal tips (Fig. 5.1) (Li et al. 2000; Nordbring-Hertz 
et al. 2006; Zhang et al. 2011).

Fig. 5.1   Diversity of trapping structures and infection model of nematophagous fungi. a Adhe-
sive network of Dactylella dianchiensis. Bar = 10 µm. b and c Constricting ring of Arthrobotrys 
brochopaga. Bar = 5 mm. d Adhesive network of A. oligospora. Bar = 10 µm. e Adhesive knobs 
of Monacrosporium ellipososporum. Bar = 10  µm. f adhesive knob and non-constricting rings 
of M. candidum. Bar = 10 µm. g Non-constricting rings of M. candidum. Bar = 10 µm. h Adhe-
sive branches of M. cionopagum. Bar = 10 µm. i Acanthocytes of Stropharia rugosoannulata. Bar 
= 20 µm. j Panagrellus redivivus infected by Plesiospora polyspora. Bar = 10 µm. k P. redivivus 
infected by Catenaria anguillulae. Bar = 10 µm. l Panagrellus redivivus infected by Lecanicillium 
psalliotae. Bar = 100 µm. Figure reproduced from Yang et al. (2007a) with kind permission from 
Springer Science and Business Media
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Nematophagous fungi are found in most fungal taxa including Ascomycetes 
(asexual Orbiliaceae and Clavicipitaceae), Basidiomycetes ( Pleurotaceae), Zy-
gomycetes ( Zoopagales), Chytridiomycetes and Oomycetes (Table  5.1) (Gams 
and Zare 2003). They are broadly distributed in terrestrial and aquatic ecosystems 

Fig. 5.2   The infection process of Clonostachys rosea against nematodes observed under light 
microscopy (a) and fluorescence microscopy (b). 1 Conidia adhered to the cuticle of nematodes 
( arrow 1) and bourgeoned ( arrow 2). 2 Myceliaum ( arrow) grows inside the body of nematodes. 
3 Mycelium ( arrow) growing from the body of a nematode. 4 Fungus produces conidiophores and 
abundant conidia ( arrow). Scale bar = 20 μm. Figure reproduced from Zhang et al. (2008) with 
kind permission from Springer Science and Business Media

 

Fig. 5.3   The nematicidal activity of Paecilomyces lilacinus 112 and wild strain on corn meal agar 
plate at various time points. a Mortality of Panagrellus redivivus treated by wild strian. b Mortal-
ity of P. redivivus treated by P. lilacinus 112. c Mortality of Caenorhabditis elegans treated by 
wild strian. b Mortality of C. elegans treated by P. lilacinus 112. The bars represent the standard 
deviation values. Figure reproduced from Yang et al. (2011b) with kind permission from Springer 
Science and Business Media
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(Dackman et al. 1992; Hao et al. 2005; Kumar et al. 2011), and can reproduce in 
nearly all types of soil because of their few nutritional and vitamin requirements 
(Duddington 1962). It has been proposed that the nematode-trapping phenotype is 
an evolutionary response by cellulolytic or lignin-degrading fungi to nutrient defi-
ciencies in nitrogen-limiting habitats (Barron 1992). Because nitrogen is essential 
to fungal growth and not freely available either in dead wood or in soil where car-
bon is abundant, direct capture of nitrogen compounds from other living life forms 
is an advantage (Barron 2003).

Most nematophagous fungi are facultative parasites, although some are obligate 
parasites of nematodes (Hallmann et al. 2009). The facultative parasites can infect 
nematodes through producing structures which trap migratory stages of nematodes, 
producing specialized adhesive spores (Table 5.1), or by means of developing ap-
pressoria on specialized hyphae that can penetrate the nematode cuticle or egg-
shell (Lòpez-Llorca et al. 2008). Obligate parasites initiate infection through their 
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Table 5.1   Taxonomy of nematophagous fungi and their infection modesa

Fungal group Phyla Fungi Infection structures
Nematode-trapping fungi Zygomycota Stylopage Adhesive hyphae

Cystopage Adhesive hyphae
Ascomycota Arthrobotrys/Orbilia Adhesive networks

Dactylellina/Orbilia Adhesive knobs and/
or nonconstricting 
rings

Drechslerella/Orbilia Constricting rings
Gamsylella/Orbilia Adhesive branches or 

unstalked knobs
Basidiomycota Nematoctonus/

Hohenbuehelia
Adhesive “hour-glass” 

knobs
Endoparasitic fungi Oomycota Myzocytiopsis Zoospores

Chytridiomycota Haptoglossa “Gun cell”, injection
Blastocladiomycota Catenaria Zoospores
Ascomycota Harposporium/

Podocrella
Ingested conidia

Drechmeria Adhesive conidia
Haptocillium/

Cordyceps
Adhesive conidia

Hirsutella Adhesive conidia
Basidiomycota Nematoctonus/

Hohenbuehelia
Adhesive “hour-glass” 

knobs
Egg- and female-parasitic 

fungi
Oomycota Nematophthora Zoospores
Ascomycota Pochonia/

Metacordyceps
Appressoria

Paecilomyces/
Cordyceps

Appressoria

Lecanicillium/
Cordyceps

Appressoria

Toxin-producing fungi Basidiomycota Pleurotus Toxic droplets
Coprinus Toxin, “Spiny 

structures”
a Table modified from Moosavi and Zare (2012)
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spores. The spores may be ingested, germinating in the nematode digestive system 
and breaching through its wall, or they may adhere to the nematode cuticle and 
penetrate directly (Barron 1977). The ability of nematophagous fungi to capture 
nematodes makes them an attractive candidate agent for controlling parasitic nema-
todes of plants and animals. Several commercial biological nematicides have been 
developed and applied in control of nematodes.

Nematode-Trapping Fungi

Nematode-trapping fungi are found in all regions of the world, from the tropics to 
Antarctica. They are commonly found in soils and decaying leaf litter, decaying 
wood, dung, compost and mosses (Li et  al. 2000; Zhang et  al. 2011). Nematode-
trapping fungi grow vegetatively in soils as saprobes. Traps are initiated either spon-
taneously or in response to signals from the environment, including peptides and 
other compounds secreted by the host nematode (Dijksterhuis et al. 1994; Yang et al. 
2011a). Different fungal species produce one or more types of trapping device vary-
ing from simple fungal hyphae covered with sticky secretions ( Stylopage spp.) to 
much more complex structures (Moosavi and Zare 2012). Trapping devices provide 
an important function for obtaining nutrients and may confer competitive advantages 
over nonpredatory fungi (Rubner 1996; Scholler et al. 1999; Yang et al. 2007b). Three 
basic types of trapping devices are adhesive knobs, constricting rings and adhesive 
networks, and they can be subdivided further into seven types of trapping device (i.e., 
simple adhesive branches, unstalked adhesive knobs, stalked adhesive knobs, noncon-
stricting rings, constricting rings, two-dimensional networks and three-dimensional 
networks, Fig. 5.1) (Rubner 1996). The ultrastructure of nematode-trapping devices 
have been extensively studied (e.g., Nordbring-Hertz and Stalhammar-Carlemalm 
1978; Dijksterhuis et al. 1994). Although there is variation in morphology, different 
types of adhesive traps (branches, nets and knobs) share some common features that 
clearly distinguish them from normal vegetative hyphae (Heintz and Pramer 1972; 
Dijksterhuis et al. 1994). One shared feature is the presence of numerous cytosolic 
organelles (dense bodies) within the trapping hyphal cells (Heintz and Pramer 1972; 
Nordbring-Hertz and Stalhammar-Carlemalm 1978). Another feature is the presence 
of extensive layers of extracellular polymers. These polymers have been considered 
important for the attachment of the traps to nematode surfaces (Tunlid et al. 1991a).

The majority of nematode-trapping fungi are asexaul taxa, mostly known as 
hyphomycetes; they are found in Zygomycota, Ascomycota and Basidiomycota 
(Table 5.1), the typical genera include Cystopage Drechsler, Stylopage Drechsler, 
Zoophagus Sommerst, Triposporina Höhnel, Tridentaria Preuss, Nematoctonus 
Drechsler, Hyphoderma Wallr., Hohenbuehelia Schulzer, Arthrobotrys Corda, 
Drechslerella Subram, Orbilia Fr., Dactylellina M. Morelet, Dactylella Grove, Mo-
nacrosporium Oudem (Zhang et al. 2011). MycoBank (Crous et al. 2004) reports 
347 nematode-trapping species. Traditional taxonomy of nematode-trapping fungi 
relied on conidia and conidiophore morphology without taking into account the 
morphology of trapping devices. This has led to a situation where species with 
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diverse types of trapping devices have been assigned to one genus, while other 
species with similar trapping devices are found in different genera (Glockling and 
Dick 1994; Liu and Zhang 1994, 2003; Zhang et al 1996). Recent studies with ITS 
and 18S rDNA sequences indicated that trapping devices are more informative than 
other morphological structures in delimiting genera (e.g., Liou and Tzean 1997; 
Ahrén et al. 1998; Scholler et al. 1999; Li et al. 2005). Ahrén et al. (1998) found 
that nematode-tapping fungi clustered into three lineages: species with constricting 
rings, species with various adhesive structures (net, hyphae, knobs and noncon-
stricting rings) and species have no trapping devices. Based on results obtained 
from morphological and molecular characters, Scholler et al (1999) classified nem-
atode-trapping fungi in ascomycete into four genera: Dactylellina characterized by 
stalked adhesive knobs including species characterized by nonconstricting rings 
and stalked adhesive knobs; Gamsylella characterized by adhesive branches and 
unstalked knobs; Arthrobotrys characterized by adhesive networks; and Drechsler-
ella characterized by constricting rings. This classification was questioned by Li 
et al. (2005) who suggested that the species in Gamsylella should be transferred to 
either Arthrobotrys or Dactylellina based on more and refined DNA sequencing. Li 
et al. (2005) hypothesised an evolutionary pathway of traps within the nematode-
trapping Orbiliales. They suggested that two lines have evolved, both originating 
from adhesive knobs. In one line adhesive functionality was lost and they evolved 
to form constricting rings, whereas in the other evolutionary line adhesiveness was 
retained and became three-dimensional networks. Yang et al. (2007b) suggested an 
evolutionary pathway of five types of trapping devices based on comprehensive 
phylogenetic analysis. They suggested that the initial trapping structure evolved 
along two lineages with one developing into constricting rings and the other into 
adhesive traps. Among adhesive trapping devices, the adhesive network separated 
from the others early and evolved at a steady and gentle speed. The adhesive knob 
evolved through stalk elongation, with a final development of nonconstricting rings.

Trap Formation and Infection Mechanism

The formation of trapping devices by nematode-trapping fungi is an important in-
dicator of their switch from saprobic to predacious lifestyles (Li et al. 2005; Yang 
et al. 2007b). Trapping involves a series of processes including attraction, adhesion, 
penetration, and immobilization of nematodes (Dijksterhuis et al. 1994; Nordbring-
Hertz et al. 2006; Yang et al. 2007a). Detailed microscopic studies of net-forming 
species, in particular Arthrobotrys oligospora, showed that following physical con-
tact between the trap cells and the nematodes, the nematodes become attached to the 
trap surface. In the electron microscope, the trap cells are seen to be surrounded by a 
layer of extracellular fibrils. After contact, these fibrils become directed perpendicu-
larly to the nematode surface. Subsequently, the fungus pierces the cuticle by form-
ing a penetration tube. This step probably involves both the activity of hydrolytic 
enzymes, which solubilize components of the cuticle and the activity of mechanical 
pressure (Tunlid et  al. 1994; Yang et  al. 2007a). Concomitant with penetration, 
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the nematodes become paralyzed. Once inside the nematode, the penetration tube 
swells to form an infection bulb from which trophic hyphae develop and colonize 
the dead nematode. The infection bulb can be considered as an intermediate mor-
phological structure, between the highly differentiated trap cells and the trophic 
hyphae which develop from the bulb. Upon maturation of the bulb the dense bodies 
(in trapping device) are degraded. At the same time, the endoplasmic reticulum in A. 
oligospora proliferates extensively. When the nematode cavity becomes invaded by 
the trophic hyphae, the internal tissues of the nematode are rapidly degraded. Some 
of the nematode content is converted to lipid droplets, which can be metabolized 
to support growth of new vegetative mycelium that develops outside the nematode. 
The infection process is usually completed in 48–60 h (Dijksterhuis et al. 1994).

Little is known about the molecular mechanism underlying trap formation or 
nematode-fungi interaction. The gene expression profiles in trap cells and vegeta-
tive hyphae of the nematode-trapping fungus Monacrosporium haptotylum were 
analyzed using microarray technology (Ahrén et al. 2005). In total, 23.3 % (657 of 
2822) of the putative genes were differentially expressed in knobs versus myce-
lium. Subsequently, the changes in the transcriptome of M. haptotylum during the 
adhesion, penetration and digestion of the nematode Caenorhabditis elegans were 
examined (Fekete et al. 2008), and dramatic shifts were found in the transcriptome 
of M. haptotylum during the different stages of the infection. The proteome of the 
mycelium of the knob-forming fungus Monacrosporium lysipagum has been ana-
lyzed using 2D gel electrophoresis and mass spectrometry. Out of the 250 proteins 
analyzed by 2D gel electrophoresis and mass spectrometry, 51 (20 %) were identi-
fied by cross-species matches (Khan et al. 2008).

Although, the cDNA microarray experiments with M. haptotylum have shown that 
several hundreds of genes are regulated during infection, it is difficult to interpret 
this data due to the limited molecular background information on nematode-trapping 
fungi. The first genome sequence of a nematode-trapping fungus, A. oligospora was 
sequenced. Proteins differentially expressed in response to nematode extracts were 
identified using a proteomics approach and quantitative PCR (qPCR). Proteomics 
and qPCR analyses revealed that 90 genes were significantly up-regulated at the early 
stage of trap formation by nematode extracts and most of these genes were involved 
in translation, amino acid metabolism, carbohydrate metabolism, cell wall and mem-
brane biogenesis (Yang et al. 2011a). Genomic and proteomic analyses of A. oligos-
pora provided the first glimpse into the genome and proteome of this fascinating 
group of carnivorous fungi. The data should serve as a roadmap for further investiga-
tions into the interaction between nematode-trapping fungi and their host nematodes, 
providing broad foundations for research on the biocontrol of pathogenic nematodes.

Endoparasitic Fungi

Most endoparasitic fungi are obligate parasites or poor saprotrophic competitors in 
soil, but they usually have a broad nematode host range (Moosavi and Zare 2012). 
Obligate parasites live their whole vegetative life cycle inside the infected hosts (Li 



239

et al. 2000; Lòpez-Llorca et al. 2008). Endoparasitic fungi are found in Oomycota, 
Chytridiomycota, Blastocladiomycota, Ascomycota and Basidiomycota (Table 5.1), 
the typical genera include Myzocytium Schenk, Drechmeria W. Gams & H.-B. Jans-
son, Nematoctonus Drechsler, Hirsutella Pat. and Harposporium Lohde (Zare et al. 
2000a; Zhang et al. 2011). So far, 122 nematode-endoparasitic species have been 
reported (Zhang et al. 2011). Endoparasitic fungi infect plant-parasitic nematodes 
through their spores (conidia or zoospores) which either penetrate the host cuticle 
or are injected (Table 5.1). Interestingly, Drechmeria coniospora forms large num-
bers of conidia in comparison to production of hyphal material. In a single infected 
nematode, D. coniospora may produce as many as 10,000 conidia while the endo-
parasite Hirsutella rhossiliensis, which sporulates singly, produces only 100-1000 
conidia per infected nematode. Both fungi develop an adhesive bud on their conidia 
with which they infect the nematode (Jansson et al. 1987; Dijksterhuis et al. 1991; 
Timper et al. 1991; Tedford et al. 1993). The genus Harposporium contains fungi 
that produce spores with special shapes, which are ingested by the nematodes. Be-
cause of their shapes, the spores get stuck in the oesophagus and from there initiate 
infection of the nematodes (Hodge et al. 1997). Catenaria anguillulae infects nema-
todes through motile zoospores which encyst on and adhere to the nematode (Tunlid 
et al. 1991b; Jansson and Thiman 1992). Interestingly, in the genus Haptoglossa the 
spores form an infection “gun cell” which forcibly injects the infective principle 
into the nematode host (Robb and Barron 1982; Beakes and Glockling 1998).

The processes of Drechmeria coniospora conidiogenesis and penetration into 
nematode cuticle were illustrated by light- and electron-microscopy (Jansson et al. 
1984; Dijksterhuis et al. 1991). D. coniospora secretes collagenase before and dur-
ing penetration (Jansson et al. 1985a). The fungus occupies the pseudocoelum of 
the nematode without colonization of the internal organs. Nematode can ingest the 
conidia, but no germination is seen in the intestine (Jansson 1994). Thus, direct 
penetration of conidia through the cuticle is the only way of infection. Conidia of 
D. coniospora can adhere to the chemosensory organs of root-knot nematodes but 
do not penetrate and colonize the nematode (Jansson et al. 1985b). There are similar 
reports for insect-parasitic nematode species ( Neoaplectana and Heterorhabditis) 
(Dijksterhuis et al. 1990) and Acrobeloides (Dijksterhuis et al. 1993) where conidial 
adhesion occurs without any penetration. Adhesive on the conidial surface of D. co-
niospora always keeps its fibrillar appearance (Jansson and Nordbring-Hertz 1988). 
The fibrillar layer is dissolved in pronase E. Infection was inhibited by chymostatin 
(a protease inhibitor), suggesting the involvement of chymotrypsin-like proteases 
in the infection process (Jansson and Friman 1999). After the binding of conidia of 
D. coniospora to nematode cuticle, an infection vesicle develops within the cuticle 
layers (Dijksterhuis et al. 1990; Sjollema et al. 1993).

Hirsutella rhossiliensis is a typical endoparasitic fungus of nematodes. It pro-
duces adhesive spores that attach to and penetrate the cuticle of passing nematodes 
(Jaffee and Zehr 1985). The conidia are infectious only if they are attached to the 
phialides (McInnis and Jaffee 1998), and one conidium is generally enough to in-
fect a nematode. When the fungus penetrates its host, the nematode will be totally 
colonized, and within a few days new infectious conidia will be produced (Lackey 
et al. 1992). A neutral serine protease (Wang et al. 2009) and extracellular alkaline 
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protease (Hasp) (Wang et al. 2007) were isolated from H. rhossiliensis and these 
may help the fungi penetrate the cuticle of nematodes.

Egg- and Female-Parasitic Fungi

Egg and cyst parasitizing fungi also named opportunistic fungi use appressoria or 
zoospores to infect their hosts (Lòpez-Llorca et al. 2008). This group of fungi are 
species of Pochonia, Paecilomyces, Lecanicillium and Nematophthora. The para-
sites of eggs and sedentary stages have attracted much attention because of their high 
potential in biological control of economically important nematodes. These fungi 
that can survive as saprobes in the rhizosphere, are relatively easy to mass-culture, 
and are more effective in infecting because their host life stage is sessile (eggs, de-
veloping juveniles and females). Among all nematophagous fungi, few have been 
considered as promising biocontrol agents as these fungi (Siddiqui and Mahmood 
1996) and of these, the most frequently isolated are Pochonia chlamydosporia and 
Paecilomyces lilacinus (de Leij et al. 1991; Siddiqui and Mahmood 1996).

The eggshell of nematodes is composed of three distinct layers (an outer vitelline 
layer, a chitin layer and an inner lipoprotein layer) and mostly consists of protein 
and chitin organized in a microfibrillar and amorphous structure (Wharton 1980; 
Perry 2002). Penetration of the nematode eggshell occurs from an appressorium, 
a specialized penetration peg or lateral branches of mycelium (Lòpez-Llorca et al. 
2008). Extracellular hydrolytic enzymes such as chitinases and proteases play an 
important role during eggshell penetration, and lead to disintegration of eggshell 
layers (Segers et  al. 1996; Yang et  al. 2007a). Egg- and female-parasitic fungi, 
which can produce more extracellular enzymes, are considered much more effec-
tive in infection of nematode eggs (Yang et al. 2007a). Fungi differ in their ability to 
degrade nematode eggshells, and the infection process can be affected by the nema-
tode host (Segers et al. 1996, 1999). The infection of nematodes and their eggs by 
various nematophagous fungi follows a similar pattern (Lòpez-Llorca et al. 2008).

Pochonia chlamydosporia is a parasite of females and eggs of cyst and root-knot 
nematodes, and develops branched mycelial networks that form appressoria on the 
eggshell (Lòpez-Llorca and Duncan 1988; Viaene et al. 2006). A serine protease and 
chitinases of P. chlamydosporia are effective in degrading the eggshell (Tikhonov 
et al. 2002; Viaene et al. 2006). P. chlamydosporia secretes the VCP1 protease that 
can hydrolyze eggshell proteins of Meloidogyne species but not those of Globodera 
(Segers et  al. 1996). Recently, an endochitinase gene ( pcchi44) (Mi et  al. 2010) 
and a new serine carboxypeptidase (SCP1) gene (Lòpez-Llorca et al. 2010) were 
isolated, identified and cloned from P. chlamydosporia. Comparison of the simi-
larity of amino acid sequences between proteases from different nematophagous 
fungi showed a high level of conservation, with only minor insertions and deletions 
(Siezen and Leunissen 1997; Yang et al. 2007a). Minor variation in amino acid se-
quence may influence substrate utilization and host preference (Segers et al. 1995) 
that has been documented in VCP1 proteases from different isolates of P. chlamydo-
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sporia (Morton et al. 2003a, b). Substitution of an alanine by a glycine in the S3 
substrate-binding region of VCP1 confers enzymatic activity against eggshells of 
Meloidogyne (Morton et al. 2003a).

Clonostachys rosea (syn. Gliocladium roseum) is another widely distributed fac-
ultative saprobe in soil (Schroers et al. 1999). It can suppress sporulation of the plant 
pathogenic fungus Botrytis cinerea and can be used for the control of botrytis blight 
(Morandi et al. 2003). Dong et al. (2005) reported that certain chemicals isolated 
from C. rosea showed strong nematicidal activities against the nematodes, such as 
Caenorhabditis elegans, Panagrellus redivivus, and Bursaphelenchus xylophilus.
Two extracellular serine proteases (Lmz1 and PrC) have been isolated from C. ro-
sea and identified as important factors in fungal pathogenicity (Zhao et al. 2005; 
Li et al. 2006). To help understand the underlying mechanism, Zhang et al. (2008) 
constructed recombinant strains containing a plasmid with both the enhanced green 
fluorescent protein (GFP) gene egfp and the hygromycin resistance gene hph. Ex-
pression of the GFP was monitored using fluorescence microscopy. The transfor-
mant strain of C. rosea began to attack the nematodes after co-incubation for 1 day 
on a potato dextrose agar plate (Fig.  5.2). The conidia of the fungus secreted a 
glutinous substance, leading to the conglutination of the nematode. It was difficult 
for the conglutinated nematodes to escape from the mucous liquid containing abun-
dant conidia. When the nematodes were exhausted from their escape attempts and 
stopped moving, conidia could germinate and penetrate the body of the nematodes, 
and grow by digesting the tissue of nematodes (Zhang et al. 2008).

Toxin-Producing Fungi

Toxin-producing fungi secrete a toxin that immobilizes nematodes before penetra-
tion of hyphae through the nematode cuticle (Lòpez-Llorca et al. 2008). Most of 
these fungi are Basidiomycota (e.g., Pleurotus, Coprinus) although other species 
(eg, Lecanicillium, Paecilomyces, Pochonia) also produce nematocidal compounds. 
Paecilomyces lilacinus secretes acetic acid that paralyzes juvenile nematodes (Dji-
an et al. 1991), and some bioactive compounds have been isolated from in vitro 
cultures of Pochonia chlamydosporia (Kerry and Hominick 2002; Niu et al. 2010). 
So far, more than 270 fungi have been reported to immobilize nematodes by a toxin, 
and 230 nematocidal compounds have been identified from fungi (Li et al. 2007; 
Zhang et al. 2011). These compounds include alkaloids, peptide compounds, terpe-
noids, macrolide compounds, oxygen heterocycle and benzo compounds, aliphatic 
compounds, quinones, simple aromatic compounds and sterols (Li et al. 2007). Re-
cently, three novel oligosporons, (arthrobotrisins A-C (1–3)), were isolated from 
Arthrobotrys oligospora and identified by spectroscopic analysis in combination 
with X-ray diffraction (Wei et al. 2011).

A new nematicidal mechanism was reported in Coprinus comatus, which can 
immobilize Panagrellus redivivus by two strategies (Luo et al. 2007). Firstly, with 
the spiny ball structures, Coprinus comatus can damage the cuticle of the nematode 
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with the mechanical force provided by its sharp projections. Secondly, this fungus 
can also secret potent toxins to immobilize and kill nematodes within hours. The 
combined mechanisms are different from the typical patterns of attacking nema-
todes with sticking materials and killing them with potent toxins.

Screening and Genetic Improvement of High Virulence 
Fungal Strains for Nematode Biological Control

Although many microbial antagonists of nematodes have been found and tested 
for their activity against nematodes, they have not led to the development of com-
mercial products as cost-effective as chemical nematicides (Oka et al. 2000). The 
most common strategy to control plant-parasitic nematodes by the use of nematode-
trapping fungi has been to mass-produce the fungi that infects the nematodes on 
solid substrates, followed by the application of these fungi to the soil.. Based on this 
has emerged the demand for new strategies in order to control parasitic nematodes, 
one of these being the generation of improved fungal strains (Casas-Flores and 
Herrera-Estrella 2007).

One way to improve fungal pathogenicity is to increase the copy number of 
virulence genes or to introduce exogenous virulence genes. This strategy has been 
successfully used in entomopathogenic fungi and other pathogenic fungi (Åhman 
et al. 2002; St Leger and Wang2010; Wang et al. 2010). Wang and St Leger (2007) 
found that high-level expression of an insect-specific neurotoxin from the scorpion 
Androctonus australis in hemolymph by M. anisopliae increased fungal toxicity 22-
fold against tobacco hornworm ( Manduca sexta) caterpillars and ninefold against 
adult yellow fever mosquitoes ( Aedes aegypti) without compromising host speci-
ficity.The engineered M. anisopliae was also dramatically more virulent against 
coffee berry borer (CBB), increasing mortality by by almost one-third. The medial 
lethal concentration (LC50) was reduced 15.7-fold and the average survival time 
was reduced by 20 % (Pava-Ripoll et al. 2008). Qin et al. (2010) constructed a trans-
genic Beauveria bassiana strain by expressing an insecticidal protein (Vip3A) from 
Bacillus thuringiensis. The engineered B. bassiana strain showed enhanced fungal 
virulence to Spodoptera litura larvae.

There are few successful examples of improving the virulence of a nematode-
trapping fungus using genetic engineering (Åhman et al. 2002; Yang et al. 2011b). 
A cuticle-degrading protease PII has been isolated from A. oligospora (Tunlid et al. 
1994), and the encoding gene cloned (Åhman et al. 1996). Subsequently, the trans-
formation system of A. oligospora was constructed using the hygromycin-B phos-
photransferase gene from Escherichia coli as screen marker (Tunlid et al. 1999). 
Åhman et al. (2002) disrupted the PII gene by homologous recombination and con-
structed mutants containing additional copies of the PII gene by restriction enzyme-
mediated integration (REMI) transformation. The pathogenicity of two PII mutants 
(TJÅDPII.2 and −3) and two overexpressing mutants (TJÅMPII.1 and TATMPII.
D17) were examined using a bioassay with the nematode P. redivivus. TDisruption 
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of PII had a limited effect on the capture of nematodes, as significant differences 
between the PII mutants and the wild type in the capture of nematodes were only 
observed after 10 h of infection. The over-expression mutants had a significantly 
higher number of traps than the wild-type strain and had an increased speed of cap-
turing nematodes than the wild type. The effect of the gene-disrupted and the over-
expressing mutants on the immobilization of captured nematodes was also investi-
gated. No significant difference in the immobilization of nematodes was observed 
between the two PII mutants and the wild-type strain. However, the percentage of 
immobilized nematodes was higher in the over-expressing strains than in the wild 
type; thus, the over-expressing mutants showed a more rapid killing of nematodes 
than the wild-type strain (Åhman et al. 2002).

Paecilomyces lilacinus is an opportunistic fungal pathogen that can infect both 
nematodes and insects, and it has been widely studied and successfully implement-
ed for controlling plant-parasitic nematodes (e.g., Basualdo et al. 2000; Brand et al. 
2004; Kalele et al. 2007). This fungus can infect eggs and cyst nematodes using 
through secreted hydrolyzing enzymes (Khan et al. 2003, 2004). A basic serine pro-
tease pSP-3 was identified from P. lilacinus culture filtrate by affinity chromatog-
raphy (Bonants et al. 1995), which could be inhibited by PMSF, and this enzyme 
shared a high degree of sequence similarity to subtilisin-like serine proteases. The 
fungus Lecanicillium psalliotae (syn. Verticillium psalliotae) is an effective parasite 
of plant-parasitic nematodes (Zare et al. 2000b), and a cuticle-degrading protease 
(Ver112) has been purified and cloned from it (Yang et al. 2005a, b). This enzyme 
showed a strong activity to hydrolyze the proteins in nematode cuticles. Recently, 
the gene ver112 was introduced into the commercial biocontrol fungal agent P. li-
lacinus by REMI transformation (Yang et al. 2011b). Compared to the wild strain, 
the transformant P. lilacinus112 showed significantly greater protease activity, with 
nematicidal activities increased at the second day by 79–96 % against P. redivivus 
and C. elegans. The crude protein extract isolated from the culture filtrate of P. 
lilacinus112 also showed 20–25 % higher nematicidal activity than that of the wild 
type strain (Fig. 5.3). Reverse transcription PCR results showed that the expression 
of gene ver112 in P. lilacinus112 was correlated to protease activity of the culture 
filtrate (Yang et al. 2011b). This demonstrated the first successful transfer of a viru-
lence gene from one nematophagous fungus to another nematophagous fungus, and 
improved the pathogenicity of the recipient fungus against pest nematodes.

The complete genome of A. oligospora has been sequenced and it contains 24 
genes encoding putative subtilases, which can be categorized into four subtilisin 
families (Yang et al. 2011a). Twenty of them belong to the proteinase K-like family, 
which can be further classified into five subfamilies (SF1-SF5). The four proteases 
(PII, P186, P233, P12) are clustered into one of the five sub-families (SF4). Among 
them, P12 shares a high nucleotide sequence identity (77.9 %) with the cuticle-
degrading protease encoding gene spr1 of another nematode-trapping fungus Mo-
nacrosporium megalosporum (Kanda et al. 2008). Interestingly, when A. oligospora 
was induced by nematode extracts for 10  h, the transcription levels of P12 and 
P186 increased by 5.9-fold and 23.4-fold respectively, whereas those of PII and 
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P233 did not change significantly. In order to identify the role of P186 in infection 
against nematodes, the gene P186 was disrupted by homologous recombination. No 
obvious differences in phenotypic properties such as growth rates, spore number, 
trap number and morphology, were found between the mutants and the wild strain. 
However, disruption of P186 attenuated the pathogenicity of A. oligospora. The 
fatality rate of nematodes infected by P186-deletion mutants decreased by 24–32 % 
(Fig. 5.4) at 24 h after infection. The results suggested that P186 likely plays major 
roles during nematode infection by A. oligospora. In contrast, the lack of a signifi-
cant change in PII expression level upon NE induction is consistent with an earlier 
finding that PII gene disruption had only a limited effect on the pathogenicity of A. 
oligospora (Åhman et al. 2002).

Other virulence genes including chitinase, adhesion and recognition-related 
genes may be alternative candidates for future fungal engineering with over-ex-
pression. Recently, the crystal structures of serine proteases and chitinases from 
nematophagous fungi were determined (Liang et al. 2010, 2011; Yang et al. 2010), 
thus providing a solid basis for improving the pathogenicity of this group of fungi 
against nematodes by genetic and protein engineering.

Production and Formulation of Nematode-Antigonistic 
Agents

Fermentation and formulation of biocontrol microorganisms are often limiting and 
deciding factors in the success of biocontrol measures (Burges 1998). This is par-
ticularly true for the use of nematophagous fungi to control plant-parasitic nema-
todes. Production and formulation of biocontrol fungi are the key procedures for the 
application of nematode-antigonistic agents. Solid and liquid fermentation are the 
common methods for mass production of fungi. Solid culturing is the most widely 

Fig. 5.4   Disruption of the 
gene p186 and nematocidal 
activity analysis. WT, wild-
type strain. MT1 and MT2, 
mutant strains of Arthro-
botrys oligospora. Test nema-
todes are Caenorhabditis 
elegans. The bars represent 
the standard deviation values. 
*p  <  0.05 versus wild strain. 
Figure reproduced from Yang 
et al. (2011a)
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used method, and it is especially suited for those fungi that can not produce spores 
in liquid. However, it has several drawbacks, including long producing period, high 
waste and low yield. Liquid culturing of fungi for mass production of spores and 
mycelium has often been considered best for biological control (Papavizas et al. 
1984). Moreover, solid combined with liquid fermentation is perhaps an effec-
tive way for mass production of fungi. Mass mycelia can be produced using liquid 
fermentation, and conidia can then be produced using solid fermentation (Feng 
et al. 1994). Cornmeal and potato dextrose media have been used for mass cultur-
ing of endoparasitic fungi such as Drechmeria coniospora, Verticillium balanoides 
and Harposporium anguillulae (Lohmann and Sikora 1989). Production of large 
amounts of these fungi has an advantage as a biocontrol agent (BCA) because they 
do not rely on an energy source, as do egg-parasitic and nematode-trapping fungi.

A good formulation is the key to the commercial success of BCAs. Formulation 
of BCAs includes powder, wettable powder, emulsion, oil solution, granular formu-
lation, blending agent and microcapsule (Liu et al. 2004). Formulation of BCAs can 
be used to stabilize the organisms during production, distribution and storage; aid in 
the handling and application of the product; protect the agent from harmful environ-
mental factors; and enhance the activity of the organisms (Jones and Burges 1998). 
From a technical efficacy standpoint, an effective formulation requires a thorough 
knowledge of the biocontrol organism, pathogen, environment, and interactions 
with other organisms (e.g. host plant, soil microflora). From an end-user standpoint, 
there is a need to understand common application practices and equipment, as well 
as the desires of customers for formulation handling (Leggett et al. 2011). It is im-
portant to start with an understanding of the biology of the BCA and the target, and 
to develop a clear vision of the requirements of a given product before formulation 
research is started. Once this is established, a comprehensive research programme 
needs to be developed. Potential adjuvants must be safe and acceptable to regula-
tory agencies in all areas where the product will be used. The experiences of a broad 
spectrum of specialists should be consulted to identify formulation ingredients and 
aid in the development of an appropriate formulation (Leggett et al. 2011).

Microencapsulation is a promising step towards commercialization for biocon-
trol fungi. Patel et al. (2011) investigated the effect of fermentation conditions to 
suppress pellet formation of Hirsutella rhossiliensis in shake flask culture, and to 
develop a novel capsule system with optimised nutrient content. When incubated in 
2 % (w/w) glucose and 0.5 % (w/w) yeast extract medium in a 1-L Erlenmeyer flask 
without baffles, heavy pellet formation was observed. Only 40 % of the mycelium 
had a size less than 500 μm. When a flask with three baffles was used, the portion of 
mycelium < 500 μm rose to 95 %. In the next step, the influence of aeration rate and 
stirrer speed on production of finely dispersed mycelium in a stirred tank reactor was 
investigated. The best fermentation results were obtained at 0.4 vvm and 400 rpm 
stirrer speed with 90 % mycelium < 500 μm and 5 g/L biomass. Then, mycelium was 
microencapsulated in hollow beads based on sulfoethylcellulose. Experiments on 
the capsule nutrient reservoir showed that 15 % (w/w) corn gluten and 0.5 % (w/w) 
yeast extract could be replaced with 3 % (w/w) autoclaved baker’s yeast which had 
not been previously used as a capsule additive. Radial growth of mycelium out of 
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dried hollow beads containing 1 % (w/w) biomass and 3 % (w/w) baker’s yeast was 
faster than for alginate beads containing equivalent amounts of biomass and yeast 
indicating a higher bio-control potential. Recently, Jin and Custis (2011) developed 
a method for microencapsulation of Trichoderma conidia with sugar through spray 
drying. Microencapsulation with sugars, such as sucrose, molasses or glycerol, 
significantly ( p < 0.05) increased the survival percentages of conidia after drying. 
Microencapsulation of conidia with 2 % sucrose solution resulted in the highest sur-
vival percentage when compared with other sucrose concentrations and had about 
7.5 × 1010 cfu/g of dried conidia, and 3.4 mg of sucrose added to each gram of dried 
conidia. The optimal inlet/outlet temperature setting was 60/31 °C for spray dry-
ing and microencapsulation. The particle size of microencapsulated conidia balls 
ranged from 10 to 25 µm. The spray dried biomass of Trichoderma harzianum was 
a flow-able powder with over 99 % conidia, which could be used in a variety of 
formulation developments from seed coatings to sprayable formulations.

There are different techniques of cell immobilization such as pellet, granular 
and liquid formulations that have been evaluated and employed to develop carriers 
for the field application of BCAs. Encapsulation of liquid suspension of BCAs by 
an appropriate gelant (gel forming material), especially natural polymers (alginate, 
carragenan, cellulose, agar, agarose, egg white, gelatin, etc.) as well as synthetic 
polymers (polyacrylamie, photo cross-linkable resins, etc.) is one of the impor-
tant approaches to develop an efficient delivery system (D’Souza and Melo 1991). 
However, the technique using gelant to encapsulate the BCA has failed commer-
cially due to difficulty in handling the formulation, low viability of the organism 
and shorter shelf life (Khan and Gupta 1998). Powder or fine granular carrier sys-
tems for BCAs are more useful than gelant or liquid formulations, and compatible 
with existing farm machinery (Khan 2007). The powder formulations available are 
less expensive as they are developed from low cost agriculture/industrial wastes 
or by-products and their handling is also easy. Numerous solid materials and their 
combinations such as wheat bran-sand mixture, sawdust-sand-molasses mixture, 
corn cob-sand-molasses mixture, bagasse-sand-molasses mixture, organic cakes, 
cowdung-sand mixture, compost/farm manure, inert charcoal, diatomaceous earth 
and fly ash have been tested to prepare granular/powder formulations of BCAs 
(Kerry 1988; Khan and Khan 1994; Khan et al. 2005).

Recently, a novel process was described to produce biopesticides of Tricho-
derma harzianum Rifai, Pochonia chlamydosporia Zare and Gams, Bacillus sub-
tilis Cohn and Pseudomonas fluorescens (Threvesan) Migula by taking 1 part of 
stock culture (sawdust:soil:5 % molasses, 15:5:1) of the BCAs and 20 parts carrier 
(flyash:soil:5 % molasses mixture, 5:3:1) (w/w) (Khan et al. 2011). Greatest colony 
forming unit (CFU) counts of the microorganisms were recorded at 25 °C or room 
temperature during 2–12 weeks of 32 weeks long shelf life test. Seed treatment with 
the biopesticides 5 g/kg seeds carried 103-6 CFU/g seed of chickpea and pigeon-
pea. The treatments with Trichoderma harzianum and Pochonia chlamydosporia 
effectively controlled the wilt fungi ( Fusarium oxysporum f. sp. ciceri Padwick, F. 
udum Butler) and root knot nematode ( Meloidogyne incognita) on chickpea ( Cicer 
arietinum L.) and pigeonpea ( Cajanus cajan L.) and greatly reduced the soil popu-
lation of these pathogens. The BCAs established in the soil and their CFU increased 
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significantly ( p ≤ 0.05), being greater in pathogen infested soils ( p ≤ 0.05) than non 
infested soil during a 4-month period. In summary, formulation of biocontrol mi-
croorganisms are still the important factors in the success of BCAs, while more and 
more effective formulations of BCAs will be developed in the future.

Use of Nematophagous Fungi to Control Animal Nematodes

Nematophagous fungi are potential BCAs for controlling of animal nematodes, and 
several fungi have been applied successfully in controlling of nematodes parasitic to 
animals such as cattle, horses, sheep and pigs. The net-trapping predacious fungus 
Duddingtonia flagrans is the typical fungus for controlling the animal nematodes, 
it produces thick walled resting spores, chlamydospores, which are able to survive 
passage through the gastrointestinal tract of cattle, horses, sheep and pigs (Soder and 
Holden 2005). This fungus forms sticky traps that catch developing larval stages of 
parasitic nematodes in the fecal environment. When chlamydospores of this fungus 
are fed daily to grazing animals for a period of time, the pasture infectivity and thus, 
the worm burden of grazing animals are lowered, especially in young lambs (Larsen 
2006). Work with D. flagrans in France, Australia, USA, and Mexico has confirmed 
the strong biological control potential of this fungus (Table 5.2) (Chandrawathani 
et al. 2002, 2004; Soder and Holden 2005; Larsen 2006).
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Table 5.2   Partial studies evaluating the efficacy of nematophagous fungi as a biological control 
of nematodes in grazing livestock
Nematophagous fungi Animal Countries References
Duddingtonia flagrans Sheep Australia Knox and Faedo 2001; Waller 

et al. 2001
Arthrobotrys robusta, 

Monacrosporium 
thaumasium

Cattle, dog Brazil Araujo et al. 1998; Saumell et al. 
1999; Carvalho et al. 2009; 
Braga et al. 2009

Duddingtonia flagrans Sheep, cattle Denmark Faedo et al. 2002; Githigia et al. 
1997

Duddingtonia flagrans Goat France Paraud and Chartier 2003; 
Chartier and Pors 2003

Duddingtonia flagrans Sheep India Sanyal 2001
Duddingtonia flagrans Cattle Lithuania Sarkunas et al. 2000
Duddingtonia fla-

grans, Dactylaria 
sp., Arthrobotrys 
oligospora

Sheep Mexico Flores-Crespo et al. 2003

Duddingtonia flagrans Sheep Malaysia Chandrawathani et al. 2002, 2004
Duddingtonia flagrans Goats, sheep New Zealand Waghorn et al. 2003; Wright et al. 

2003
Duddingtonia flagrans Cattle, sheep Sweden Dimander et al. 2003; Yeates et al. 

2002; Waller et al. 2006
Duddingtonia flagrans Horses, sheep, goat United States Baudena et al. 2000; Fontenot 

et al. 2003; Terrill et al. 2004
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Field studies were conducted on two government managed small ruminant re-
search farms, located in different geo-climatic regions and approximately 300 km 
separate from each other, on Peninsula Malaysia (Chandrawathani et al. 2004). The 
Infoternak trial (48 weeks) and the Chalok trial (43 weeks) each compared nema-
tode parasite control in separately managed groups of young sheep, either short-
term rotationally grazed around a suite of 10 paddocks in addition to receiving 
a daily supplement of Duddingtonia flagrans spores (Fungus Group); or similar 
groups of sheep being rotationally grazed alone (Control Group). The prevailing 
weather conditions at Infoternak farm were of below average rainfall conditions for 
the most of the trial. As a consequence, only very low worm infections (almost ex-
clusively Haemonchus contortus) were acquired by the 17 sets of tracer lambs that 
grazed sequentially with the experimental lambs. However on all except two occa-
sions in the early part of the trial, the mean tracer worm burdens were significantly 
lower ( p < 0.05) and the experimental lambs grew significantly better ( p = 0.054) 
in the Fungus Group. Rainfall at Chalok farm during the course of the trial was 
also below average. As a consequence infectivity of pastures was assumed to be 
relatively low based on faecal egg counts (epg) of the experimental sheep, which 
following an anthelmintic treatment prior to allocation, remained very low in both 
treatment groups. Faecal egg counts of undosed replacement lambs in the latter half 
of the Chalok study, showed a progressive increase in the Control Group to levels 
exceeding 3000 epg, whereas the Fungus Group remained static at approximately 
500 epg. These results show that the deployment of the nematophagous fungus, D. 
flagrans, can improve the level of parasite control of sheep in the tropics above that 
which can be achieved by the short-term rotational grazing strategy alone.

The viability of a fungal formulation using the fungus Duddingtonia flagrans 
was assessed for the biological control of horse cyathostomin (Braga et al. 2009). 
Two groups (fungus-treated and control without fungus treatment), consisting of 
eight crossbred mares (3–18 years of age) were fed on Cynodon sp. pasture naturally 
infected with equine cyathostome larvae. Each animal of the treated group received 
oral doses of sodium alginate mycelial pellets (1 g/(10 kg live weight week)), dur-
ing 6 months. Significant reduction ( p < 0.01) in the number of eggs per gram of fe-
ces and coprocultures was found for animals of the fungus-treated group compared 
with the control group. There was difference ( p < 0.01) of 78.5 % reduction in herb-
age samples collected up to (0–20 cm) between the fungus-treated group and the 
control group, during the experimental period (May–October). Difference of 82.5 % 
( p < 0.01) was found between the fungus-treated group and the control group in the 
sampling distance (20–40 cm) from fecal pats. During the last three months of the 
experimental period (August, September and October), fungus treated mares had 
significant weight gain ( p < 0.01) compared with the control group, an increment of 
38 kg. The treatment with sodium alginate pellets containing the nematode-trapping 
fungus D. flagransreduced cyathostomin in tropical southeastern Brazil and could 
be an effective tool for biological control of this parasitic nematode in horses.

Pochonia chlamydosporia is also an effective biocontrol fungus for controlling 
the animal nematodes (Braga et al. 2010; Ferreira et al. 2011). The in vitro ovicidal 
effect of four isolates of the nematophagous fungi P. chlamydosporia (VC1 and 



249

VC4), Duddingtonia flagrans (AC001) and Monacrosporium thaumasium (NF34) 
was evaluated on egg capsules of Dipylidium caninum, a cestode parasite of dogs, 
cats and humans (Araujo et al. 2009). One thousand egg capsules of D. caninum 
were plated on 2 % water-agar with the grown isolates and control without fungus. 
The ovicidal activity of these fungi was evaluated 5, 10 and 15 days after incuba-
tion. Only Pochonia chlamydosporia showed ovicidal activity ( p < 0.05) on Dipy-
lidium caninum egg capsules, of 19.6 % (VC1) and 20 % (VC4) on the 5th day; 
44.2 % (VC1) and 31.5 % (VC4) on the 10th day; and 49.2 % (VC1) and 41.9 % 
(VC4) on the 15th day. Duddingtonia flagrans and Monacrosporium thaumasium 
caused nomorphological damage to egg capsules. The results demonstrated that Po-
chonia chlamydosporia was in vitro effective against capsules and eggs of Dipy-
lidium caninum, and can be considered as a potential BCA for this helminth.

Recently, the in vitro effect of four isolates of the nematophagous fungi Dud-
dingtonia flagrans (AC001), Monacrosporium thaumasium (NF34a) and Pocho-
nia chlamydosporia (VC1 and VC4) on the eggs of Trichuris vulpis was evaluated 
(Silva et al. 2010). One thousand eggs of T. vulpis were plated on Petri-dishes with 
2 % water–agar with the fungal isolates grown and without fungus as control. After 
7, 14 and 21 days 100 eggs were removed from each plate and classified according 
to the following parameters: type 1, lytic effect without morphological damage to 
eggshell; type 2, lytic effect with morphological alteration of embryo and eggshell; 
and type 3, lytic effect with morphological alteration of embryo and eggshell, be-
sides hyphal penetration and internal egg colonization. Pochonia chlamydosporia 
demonstrated ovicidal activity ( p < 0.05) on the eggs of T. vulpis in the studied inter-
vals presenting type 3 effect of 29.5 % (VC1) and 36.5 % (VC4), 59.5 % (VC1) and 
2.5 % (VC4), 94.8 % (VC1) and 2.95 % (VC4) at 7, 14 and 21 days, respectively. 
The other fungi showed no type 3 effect. Pochonia chlamydosporia should be a 
potential biological control agent of Trichuris vulpis eggs. An assessment was made 
of the ovicidal activity of egg-parasitizing fungi Pochonia chlamydosporia (isolates 
VC1 and VC4) and Paecilomyces lilacinus on Toxocara canis eggs in vitro. The 
result showed that Pochonia chlamydosporia and Paecilomyces lilacinus were ef-
fective in vitro on Toxocara canis eggs and can be considered a potential candidate 
to biological controller of those nematodes (Carvalho et al. 2010).

The predatory capacity of the nematophagous fungus Pochonia chlamydosporia 
(isolate VC4) after passage through the gastrointestinal tract of dogs was assessed in 
vivo against Toxocara canis eggs. Twelve dogs previously wormed were divided into 
two groups of six animals and caged. The treatments consisted of a fungus-treated 
group (VC4) and a control group without fungus. Each dog of the fungus-treated 
group received a single 4 g dose of mycelial mass of P. chlamydosporia (VC4). Fe-
cal samples from animals of both groups (treated and control) were collected at five 
different times (6, 12, 24, 36, and 48 h) after fungal administration, and placed in 
Petri dishes. Each Petri dish of both groups for each studied time interval received 
approximately 1000 Toxocara canis eggs. Thirty days after the fecal samples were 
collected, approximately one hundred eggs were removed from each Petri dish of 
each studied time interval and evaluated by light microscopy (LM) and scanning 
electron microscopy (SEM). Microscopy examination of plates inoculated with the 
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fungus showed that the isolate VC4 was able to destroy the T. canis eggs with de-
struction percentages of 28.6 % (6 h), 29.1 % (12 h), 32.0 % (24 h), 31.7 % (36 h), and 
37.2 % (48 h). These results suggest that Pochonia chlamydosporia can be used as a 
tool for the biological control of Toxocara canis eggs in feces of contaminated dogs.

From the above, nematophagous fungi are potential BCAs of animal nematodes, 
several fungi, such as Duddingtonia flagrans and Pochonia chlamydosporia have 
been applied widely in biological control of animal nematodes. We can anticipate 
that more BCAs would be developed based on nematophagous fungi in the future, 
and these BCAs would be applied widely in grazing livestock.

Use of Nematophagous Fungi to Control Plant Nematodes

Nematophagous fungi are potential BCAs for controlling of plant nematodes, and 
several commercial biological nematicides (Table  5.3) based on nematophagous 
fungi have been developed (Dong and Zhang 2006). These biological nematicides 

Table 5.3   Commercial biological nematicides based on nematophagous fungi
Products Fungi Modes of action Nematode targets References
Biocon Paecilomyces 

lilacinus
Egg and female 

parasitism
Unspecified Poinar and Georgis 

1994
DiTera Myrothecium sp. Toxin production Globodera rosto-

chiensis, Glo-
bodera pallid, 
Heterodera 
glycines, 
Meloidogyne 
incognita, 
Radopholus spp.

Twomey et al. 2000; 
Fernández et al. 
2001

Miexianning P. lilacinus Egg and female 
parasitism

Root-knot 
nematodes 
parasitizing 
tobacco

Zhu et al. 2001; Sun 
et al. 2002; Zhou 
and Mo 2002

Nemout Unspecified NTFa Trapping Meloidogyne 
javanica

Al-Hazmi et al. 1982; 
Ibrahim 1994

Paecil/Bioact P. lilacinus Egg and female 
parasitism

Unspecified Holland et al. 1999

Royal 350 Arthrobotrys 
irregularis

Trapping Meloidogyne spp. Cayrol et al. 1978

Royal 300 Arthrobotrys 
robusta

Trapping Unspecified Cayrol 1983

Xianchongbike Pochonia 
chlamydosporia

Egg and female 
parasitism

Root-knot 
nematodes 
parasitizing 
tobacco, peanut, 
soybean and 
watermelon

Zhu et al. 2001; Zhou 
and Mo 2002

a Nematode-trapping fungus. Table modified from Dong and Zhang (2006)
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have been shown capable of promoting plant growth and reducing the damage 
caused by nematodes.

Since the nematode-trapping fungi Arthrobotrys irregularis (Cayrol et  al. 
1978) and A. robusta (Cayrol 1983) were developed as commercial BCAs, more 
nematophagous fungi were used for biological control of nematodes. Paecilomyces 
lilacinus and Pochonia chlamydosporia have been extensively studied as BCAs 
for plant-parasitic nematodes. Paecilomyces lilacinus is a biocontrol fungus with a 
potential range of activity to control the worldwide most important plant parasitic 
nematodes (Kiewnick and Sikora 2003; Mendoza et al. 2004). Brand et al. (2004) 
produced a bionematicide with P. lilacinus by solid-state fermentation, and cof-
fee husks, cassava bagasse, and defatted soybean cake were utilized as substrates, 
and sugarcane bagasse was used as support. The products were evaluated for their 
nematicide activity in pot experiments containing one seedling of the plant Coleus 
inoculated with the nematode Meloidogyne incognita. The plants were evaluated 
two months after inoculation. Fermented products showed a reduction in the num-
ber of nematodes. The best results were obtained with defatted soybean cake, which 
showed almost 100 % reduction in the number of nematodes; the reduction with 
coffee husk was 80 % and with cassava bagasse was about 60 % (Brand et al. 2004).

Subsequently, greenhouse experiments were conducted with the root-knot nema-
todes Meloidogyne incognita and M. hapla on tomato (Kiewnick and Sikora 2004). 
Paecilomyces lilacinus, formulated as WG (Bioact WG), was incorporated into soil 
inoculated with root-knot nematode eggs prior to transplanting the susceptible to-
mato cultivar. Furthermore, soil treatments were combined with seedling treatments 
24 hours before transplanting and a soil drench two weeks after planting, respec-
tively. Seedling and post planting treatment was also combined with a soil treatment 
at planting. All single or combination treatments tested decreased the gall index and 
the number of egg masses compared to the untreated control 12 weeks after planting. 
The results showed that the above mentioned combination of pre-planting application 
plus the seedling and one post plant drench gave the best control and resulted in a sig-
nificant fruit yield increase in concurrence with a decrease in number of galls per root.

Paecilomyces lilacinus and Monacrosporium lysipagum were assayed for their 
ability to reduce the populations of three economically important plant-parasitic 
nematodes in pot trials (Khan et al. 2006). The fungi were tested individually and 
in combination against the root-knot nematode Meloidogyne javanica, cereal cyst 
nematode Heterodera avenae, or burrowing nematode Radopholus similis on to-
mato, barley and tissue cultured banana plants, respectively. In all cases, nematode 
populations were controlled substantially by both individual and combined applica-
tions of the fungi. Combined application of Paecilomyces lilacinus and Monacro-
sporium lysipagum reduced 62 % of galls and 94 % of Meloidogyne javanica juve-
niles on tomato when compared to the experiment with no fungi added. Sixty-five 
percent of Heterodera avenae cysts were reduced on barley by combined applica-
tion of fungi. Control of Radopholus similis on banana, both in the roots and in the 
soil, was greatest when Monacrosporium lysipagum was applied alone (86 %) or in 
combination with Paecilomyces lilacinus (96 %), using a strategy where the fungi 
were inoculated twice in 18 weeks growth period. Overall, combined application 
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of P. lilacinus and Monacrosporium lysipagum was the most effective treatment in 
controlling nematode populations, although in some cases M. lysipagum alone was 
as effective as the combined application of fungi, particularly against Meloidogyne 
javanica.

The efficacies of three nematophagous fungi, Paecilomyces lilacinus, Plecto-
sphaerella cucumerina and Pochonia chlamydosporia, for controlling potato cyst 
nematodes (PCN) as part of an Integrated Pest Management (IPM) regime were 
studied. The compatibility of the nematophagous fungi with commonly used chemi-
cal pesticides and their ability to compete with the soil fungi Rhizoctonia solani, 
Chaetomium globosum, Fusarium oxysporum, Penicillium bilaii and Trichoderma 
harzianum were tested in vitro. Paecilomyces lilacinus was the most successful 
competitor when the ability to grow and inhibit growth of an opposing colony at 
both 10 and 20 °C was considered. Paecilomyces lilacinus also showed potential for 
control of the soil-borne fungal pathogen Rhizoctonia solani, releasing a diffusable 
substance in vitro which inhibited its growth and caused morphological abnormali-
ties in its hyphae. Pochonia chlamydosporia was least susceptible to growth inhi-
bition by other fungi at 20 °C in vitro, but the isolate tested did not grow at 10 °C. 
Plectosphaerella cucumerina was a poor saprophytic competitor (Jacobs et  al. 
2003). In combination other experiments, P. lilacinus showed the greatest potential 
for use in combination with selected fungicides and nematicides as part of an IPM 
programme for the control of PCN, but further work is required to confirm whether 
it is effective against PCN in soil.

Recently, more nematophagous fungi were tested as potential BCAs for plant 
nematodes. For example, the nematode trapping and mycoparasitic potential of 
Arthrobotrys oligospora was tested in vitro against Meloidogyne graminicola and 
Rhizoctonia solani (Singh et al. 2012), respectively. Five isolates of Arthrobotrys 
oligospora were isolated from different locations of India. Diversity of the trapping 
structures is large and highly dependent on the environmental condition and nature 
of the fungus. In A. oligospora, a three-dimensional adhesive net (in response to 
nematode) and hyphal coils developed around the hyphae of Rhizoctonia solani. 
In vitro trap formation and predacity were tested against second-stage juveniles 
of Meloidogyne graminicola (J2) and the interactions between Arthrobotrys oli-
gospora and Rhizoctonia solani were recorded. All the isolates of Arthrobotrys 
oligospora parasitized and killed Meloidogyne graminicola and Rhizoctonia so-
lani. Application of Arthrobotrys oligospora, isolate VNS-1, in soil infested with 
Meloidogyne graminicola and Rhizoctonia solani reduced the number of root knot 
by 57.58–62.02 %, sheath blight incidence by 55.68–59.32 % and lesion length by 
54.91–66.66 % under green house and miniplot (field) conditions. Applications of 
Arthrobotrys oligospora to the soil increased plant growth: shoot length by 56.4–
68.8 %, root length by 44–54.55 %, fresh weight of shoot and root by 62.91–65.4 % 
and 38.9–44.19 %, respectively, as compared to the plants grown in nematode in-
fested soil. From the above reports, we can anticipate that more BCAs would be 
developed based on nematophagous fungi in the future, and these BCAs would be 
applied widely in agriculture and forestry production.
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Conclusion

Nematophagous fungi are ubiquitous organisms with the capacity to attack, infect 
and digest living nematodes at all stages, adults, juveniles and eggs. They may 
use trapping organs, spores and appressoria to initiate infection of their nematode 
hosts. The nematophagous fungi may not only infect nematodes, but may also infect 
other fungi as mycoparasites, and colonize plant roots endophytically. These vari-
ous capabilities of nematophagous fungi, the latter in particular, may render them 
good candidates for biological control of plant root diseases. Some nematophagous 
fungi have the ability to colonize plant roots as a probable survival strategy (Lòpez-
Llorca et al. 2008). The egg parasite fungi, like Pochonia spp., that grow as endo-
phytic fungi may have higher chance to parasitize eggs of economically important 
endoparasitic nematodes (like cyst and root-knot species) inside the roots and to de-
crease succeeding spread and roots infection by the second generation of juveniles. 
Some structures similar to trapping devices were seen in epidermal cells colonized 
by A. oligospora, which can use to entrap newly hatched juveniles escaping the 
roots. The ability to colonize plant roots by nematophagous fungi is a novel area of 
research that deserves in-depth investigations. Strains and formulation are the two 
important aspects for developing a commercial BCA. Screening and genetic im-
provement of high virulence fungal strains for nematode biological control would 
be a potential development direction. Meanwhile, developing a suitable formulation 
is an effective method to enhance the bio-control potential of BCA.
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Abstract  Nematophagous fungi are an important group of soil microorganisms 
that can suppress the populations of plant-parasitic nematodes. At present, the 
detailed molecular pathogenic mechanisms against nematodes by nematophagous 
fungi have not yet been fully elucidated. However, increasing evidence show that 
extracellular hydrolytic enzymes including proteases, collagenase, and chitinase 
may be involved in nematode-cuticle penetration and host-cell digestion. Recently, 
the crystal structures of proteases (Ver112 and PL646) and chitinase CrChi1 from 
nematophagous fungi were resolved, which can help us to identify the active site 
residues and to elucidate the catalytic mechanism of these enzymes involved in 
infection against hosts. The expression and regulation of protease PrC from Clon-
ostachys rosea by different environmental conditions has also been reported. The 
genome of Arthrobotrys oligospora has been sequenced, and a model of nematode 
trap formation in A. oligospora suggested; thus the genome data may serve as a 
roadmap for further investigations into the interaction between nematode-trapping 
fungi and their host nematodes, providing broad foundations for research on the 
biocontrol of pathogenic nematodes. In this chapter, we describe the characteriza-
tion of extracellular enzymes from nematophagous fungi, the expression and regu-
lation of serine protease prC in Clonostachys rosea, and the genome and proteomic 
analyses of the nematode-trapping fungus Arthrobotrys oligospora.

Keywords  Arthrobotrys oligospora • Chitinase • Crystal structure • Expression • 
Extracellular enzyme • Genome • Nematophagous fungi • Proteome • Regulation • 
Serine protease • Trap formation • Virulence factor

Introduction

Nematophagous fungi include a diverse group that can antagonize nematodes. 
They can be grouped into three categories: nematode-trapping fungi, parasitic fungi 
and toxic fungi based on to their different pathogenic mechanisms (Siddiqui and 
Mahmood 1996; Li et al. 2000; Nordbring-Hertz et al. 2006). Extracellular enzymes 
can break the physical and physiological integrity of the cuticles of nematodes re-
sulting in penetration and colonization, and several extracellular enzymes have been 
identified as important virulence factors in nematophagous fungi. Since the first 
cuticle-degrading protease P32 was identified from Pochonia rubescens (syn. Ver-
ticillium suchlasporia) in 1990 (Lopez-Llorca 1990), more than ten proteases have 
been identified from different nematophagous fungi (Yang et al. 2007a). Moreover, 
chitinase and collagenase are also reported to involved in nematode-cuticle penetra-
tion and host-cell digestion, and several chitinases have been cloned and identified 
(Gan et al. 2007a, b; Dong et al. 2007; Mi et al. 2010). The crystal structures of 
serine proteases and chitinases of nematophagous fungi have also recently been 
resolved (Liang et al. 2010, 2011a; Yang et al. 2010); these data provide a basis to 
improve the nematacidal activity of these enzymes.
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The molecular background behind the infection of nematodes by nematopha-
gous fungi however, is not fully elucidated. Recently, the entire genome of Ar-
throbotrys oligospora was sequenced (Yang et al. 2011a) and is the first sequence 
of a nematophagous fungus. The genome data will serve as a roadmap for further 
investigations into the interactions between nematode-trapping fungi and their host 
nematodes. This may provide foundations for research on the biocontrol of patho-
genic nematodes.

The purpose of this chapter is to characterize extracellular enzymes produced by 
nematophagous fungi, the exoression and regulation of serine protease prC in Clon-
ostachys rosea, and relay genome and proteomic analyses of the nematode-trapping 
fungus Arthrobotrys oligospora.

Extracellular Enzymes Involved in the Infection 
of Nematophagous Fungi

Extracellular Enzymes Produced by Nematophagous Fungi

Many types of enzymes are produced by microbes during growth, and several ex-
tracellular enzymes can be secreted from the cell and aid the pathogens in attacking 
their hosts. The chemical composition of the host surface is of particular important 
for hydrolytic enzymes involved in infection (Tunlid and Jansson 1991). Extracel-
lular enzymes corresponding to the main chemical constituents of the insect cuticle 
(protein, chitin, and lipids) have been detected in various entomopathogenic fungi 
(St Leger et al. 1986; Bidochka and Khachatourians 1987).

The nematode cuticle consists mainly of proteins, including collagens (Cox et al. 
1981). Nematode-trapping fungi possess the unique ability to capture and infect 
nematodes, and the infection by nematode-trapping fungi involves a series of pro-
cesses including adhesion, penetration, and immobilization of nematodes (Nord-
bring-Hertz 2004, 2006; Yang et al. 2007a). During the infection process, the cuticle 
is penetrated, the nematode is immobilized, and the prey is finally invaded and 
digested by the fungus (Tunlid and Jansson 1991). Arthrobotrys oligospora produc-
es extracellular proteases when grown in a liquid culture, however the extracellular 
protease activity was inhibited by phenylmethylsulfonyl fluoride (PMSF) and other 
serine protease inhibitors (Tunlid and Jansson 1991). Substrate gel electrophoresis 
showed that the Arthrobotrys oligospora produced several different proteases, in-
cluding multiple serine proteases. Other studies showed that if trap-bearing myce-
lium are incubated with a serine protease inhibitor, PMSF, antipain, or chymostatin, 
or the metalloprotease inhibitor phenanthroline this resulted in significant decreases 
in the immobilization of nematodes captured by the fungus. Cysteine or aspartic 
protease inhibitors did not affect the immobilization of captured nematodes (Tunlid 
and Jansson 1991). These results indicate that serine proteases are involved in the 
degradation of nematode cuticles. Serine proteases have subsequently been isolated 
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and identified from several different nematophagous fungi (Lopez-Llorca 1990; 
Tunlid et al. 1994; Zhao et al. 2004; Yang et al. 2007a). Other hydrolytic enzymes, 
such as chitinases and collagenases are also produced by nematophagous fungi and 
have been shown to be involved in infection of nematodes (Yang et al. 2007a).

Characterization of Extracellular Enzymes 
from Nematophagous Fungi

Serine Proteases

Serine proteases are a family of enzymes that utilize a uniquely activated serine 
residue in the substrate-binding pocket to catalytically hydrolyze peptide bonds 
(Schultz and Liebman 1997; Siezen and Leunissen 1997). Serine proteases carry 
out a diverse array of physiological functions (Yousef et al. 2003) and have been re-
ported as pathogenic factors found in bacterial or fungal pathogens against insects, 
nematodes and even humans (e.g., Tunlid et al. 1994; Joshi et al. 1995; Yang et al. 
2007a). For example, serine proteases are the major extracellular enzymes produced 
in large amounts by virulent isolates of Verticillium lecanii (Jackson et al. 1985) and 
Metarhizium anisopliae (St Leger et al. 1992).

The first pathogenicity-related serine protease P32 was identified from Pochonia 
rubescens (Lopez-Llorca 1990). Subsequently, similar proteases were also found in 
other nematophagous fungi. Recently, serine proteases have been identified from the 
nematophagous taxa, such as Paecilomyces lilacinus (Bonants et al. 1995), Arthro-
botrys oligospora (Zhao et al. 2004), Lecanicillium psalliotae (Yang et al. 2005a), 
Monacrosporium microscaphoides (Wang et al. 2006a), Clonostachys rosea (syn. 
Gliocladium rosea) (Li et al. 2006) and Dactylella shizishanna (Wang et al. 2006b). 
So far, more than 20 serine proteases have been isolated or cloned from different 
nematophagous fungi, the partial biochemical properties of these serine proteases 
are summarized in Table 6.1.

These proteases (Table 6.1) from nematophagous fungi are highly sensitive to 
inhibitor phenylmethylsulfonyl fluoride (PMSF) indicating that they belong to 
the subtilisin-like serine protease family (Siezen and Leunissen 1997). They have 
similar molecular weights, ranging from 32 to 39 kDa, and share a broad range of 
protein substrates including casein, gelatin, nematode cuticle and eggshells. The 
biochemical properties of proteases PII (from Arthrobotrys oligospora), Aoz1 ( A. 
oligospora), Mlx ( Monacrosporium microscaphoides) and Ds1 ( Dactylella shizis-
hanna) (Table 6.1) are similar and share a lower isoelectric point (pI); all being 
isolated from nematode-trapping fungi. Interestingly, the biochemical properties of 
proteases P32 (from Pochonia rubescens), VCP1 ( Pochonia chlamysporia), pSP-3 
( Paecilomyces lilacinus), Ver112 ( Lecanicillium psalliotae) and PrC ( Clonostach-
ys rosea) (Table 6.1) are also similar to each other except that they share a higher 
pI; these enzymes were isolated from parasitic fungi.
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Nematophagous 
fungi

Protease MW 
(kDa)

Inhibitors pI Optim-um 
pH

References

Arthrobotrys 
oligospora

PII 35 PMSF, Chy-
mostatin

4.6 7–9 Tunlid et al. (1994)

Arthrobotrys 
oligospora

Aoz1 38 PMSF, SSI 4.9 6–8 Zhao et al. (2004)

Monacrosporium 
microscaphoides

Mlx 39 PMSF 6.8 9 Wang et al. (2006a)

Dactylella 
shizishanna

Ds1 32 PMSF –a 10 Wang et al. (2006b)

Arthrobotrys 
conoides

Ac1 35 PMSF – 7.0 Yang et al. (2007b)

Dactylellina varietas Dv1 30 PMSF – 8.0 Yang et al. (2007c)
Monacrosporium 

cystosporium
Mc1 38 PMSF – 7–9 Yang et al. (2008)

Monacrosporium 
megalosporum

Spr1 – – – – Kanda et al. (2008)

Dactylellina 
haptotyla

Dha1 – – – – Fekete et al. (2008)

Dactylellina 
cionopaga

Dc1 – – – – AEP02888a

Pochonia rubescens P32 32 PMSF, 
pCMB

– 8.5 Lopez-Llorca 
(1990); Larriba 
et al. (2012)

Pochonia 
chlamydosporia

VCP1 33 PMSF 10.2 – Segers et al. (1994); 
Esteves et al. 
(2009); Ward 
et al. (2012)

Paecilomyces 
lilacinus

pSP-3 33.5 PMSF 10.2 10.3 Bonants et al. 
(1995)

Lecanicillium 
psalliotae

Ver112 32 PMSF – 10 Yang et al. (2005b)

Clonostachys rosea PrC 33 PMSF 10 9–10 Li et al. (2006; 
Liang et al. 
(2011b)

Cordyceps sinensis Csp1 36 PMSF – 7.0 Zhang et al. (2008)
Cordyceps sinensis Csp2 35 PMSF – 7.0 Zhang et al. (2008)
Hirsutella 

rhossiliensis
Hnsp 32 PMSF – 7.0 Wang et al. (2007)

Hirsutella 
rhossiliensis

Hasp 33 PMSF – 9.0 Wang et al. (2009)

Hirsutella 
minnesotensis

Hm1 – – – – ABQ51089a

Duddingtonia 
flagrans

Df1 38 PMSF – 8.0 Braga et al. (2012)

Monacrosporium 
thaumasium

Mt1 40 PMSF – 7–8 Soares et al. (2012)

Trichoderma 
pseudokoningii

SprT 31 – – 8.5 Chen et al. (2009)

– No data in references, pI isoelectric point
a Only reported in GenBank

Table 6.1   Partial properties of serine proteases isolated from nematophagous fungi
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Serine proteases from nematophagous fungi share a high degree of similary 
(Fig. 6.1). Protease PII (from Arthrobotrys oligospora) is most similar to proteases 
from nematode-trapping fungi than proteases from opportunistic fungi. Protease 
PII shared 80.7–89.5 % similarity to proteases (e.g., Mlx, Moe1, Mc1, Mco1, 
Am1, Ac1 and Mp1) from species of Arthrobotrys and Monacrosporium, while 
PII shared 65.8 and 69.7 % similarity to proteases Dv1 and Ds1, respectively. PII 
shared 40.5–44.4 % similarity to proteases from opportunistic fungi (Fig. 6.1). In-
terestingly, serine proteases from opportunistic fungi were only 48.3–55.1 % simi-
lar to each other.

When serine proteases from nematophagous fungi are aligned, the mature pep-
tides are more conversed than signal peptide and propeptides, and they all shared 
conserved Asp-His-Ser catalytic triads (Fig. 6.2). Five disulfide bonds were found 
in the serine proteases from opportunistic fungi (alkaline proteases), while only 
one was found in the serine proteases from nematode-trapping fungi (neutral 
proteases) (Fig. 6.2). The alkaline proteases (e.g., Ver112) can form two disulfide 
bonds, Cys36–C125 and C180–C251 (Ver112 numbering), whereas the neutral 
protease (e.g., PII) contains no disulfide bond; and Ver112 displays higher thermal 
stability and stronger nematicidal/catalytic activity than PII (Liang et al. 2011a). 
Therefore, the presence of disulfide bonds not only enhances the local, but also 
the global stability of the protease, thus explaining the higher thermal stability 
of the alkaline protease Ver112 as compared to that of the neutral protease PII. 

Fig. 6.1   Homologous analysis of serine proteases from different nematophagous fungi. Proteases 
highlighted in grey are identified from the nematode-trapping fungi Arthrobotrys spp. and Mona-
crosporium spp. Non highlighted proteases are identified from nematode-trapping fungi reported 
in GenBank. The proteases highlighted in red are identified from Dactylella spp., and the proteases 
highlighted in yellow are identified from parasitic fungi. *the sequence of P32 is incomplete, thus 
the predicted identity is inaccurate
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Fig. 6.2   Alignment of deduced peptide sequences from different fungi. Areas highlighted in black 
are conserved regions (100 % similarity), areas highlighted in grey have high degrees of homol-
ogy (more than 75 % similarity) and non highlighted areas are regions of variability between 
these proteases. The predicted N-terminal sequences of mature peptides are marked with arrows. 
▲ indicates the Asp-His-Ser catalytic triad. C indicates cysteine
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The disulfide bonds also increase the flexibility of substrate-binding pockets locat-
ed relatively far from disulfide bonds, thus explaining why alkaline proteases have 
higher substrate affinity and catalytic activity than neutral proteases (Liu et  al. 
2011; Tao et al. 2010).

Serine proteases from nematophagous fungi cluster in clades A and B (Fig. 6.3), 
with those from nematode-trapping fungi clustering in clade A, and those from par-
asitic fungi clustering in clade B. Therefore, pathogenicity-related proteases from 
nematophagous fungi can be divided into two categories according to the differ-
ences of their biochemical properties and phylogenetic analyses. Class I compris-
ing proteases from nematode-trapping fungi and class II consists of proteases from 
parasitic fungi (Yang et al. 2005b, 2007a).

Previous results indicated that the higher pI value was important for the hydro-
lytic activity and binding of the enzyme to fragments to insect cuticles (St Leger 
et al. 1986). Serine proteases also showed different nematicidal activity against dif-
ferent nematodes (Wang et al. 2006a), suggesting that substrate recognition sites of 
these proteases might differ among fungi with different host preferences. Recently, 
two cuticle-degrading proteases were resolved with X-ray crystallography, experi-
mental studies showed that the shape, size and hydrophilicity or hydrophobicity 

Fig. 6.3   Phylogenetic analyses based on the deduced peptide sequences of serine protease from 
different fungi. The GenBank accession number of proteases was shown in Fig. 6.3. Aspergillus 
niger (accession number: AAA32703) is used as outgroup. The phylogenetic tree was obtained 
by the neighbor-joining method using the Mega 4.0 software package. The numbers below the 
branches indicate the percentage at which a given branch was supported in 1,000 bootstrap rep-
lications. (Reproduced from Yang et al. (2013) with kind permission from Springer Science and 
Business Media)
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of the substrate-binding pockets influence the affinity and specifity of proteases to 
substrates (Liang et al. 2011a).

Increasing evidence has shown that increasing the copy number of virulence 
genes can increase the pathogenicity of pathogenic fungi. This strategy has been suc-
cessfully used in nematophagous and entomopathogenic fungi (Åhman et al. 2002; 
St Leger and Wang 2011). PII is an important pathogenicity factor in Arthrobotrys 
oligospora, the transcript of PII was not detected during the early stages of infec-
tion (adhesion and penetration), but high levels were expressed concurrent with the 
killing and colonization of the nematode. Disruption of the PII gene by homologous 
recombination had a limited effect on the pathogenicity of the fungus. However, 
mutants containing additional copies of the PII gene developed a higher number of 
infection structures and had an increased speed of capturing and killing nematodes 
as compared to the wild type (Åhman et al. 2002). Recently, the encoding gene of 
cuticle-degrading proteases Ver112 (from Lecanicillium psalliotae) was transformed 
into the commercial biocontrol fungal agent Paecilomyces lilacinus by the restric-
tion enzyme-mediated integration transformation. Compared to the wild strain, the 
transformant P. lilacinus 112 showed significantly greater protease activity, with 
nematicidal activities increasing by 79 and 96 % to Panagrellus redivivus and 
Caenorhabditis elegans at the second day, respectively. The crude protein extract 
isolated from the culture filtrate of Paecilomyces lilacinus 112 also showed 20–25 % 
higher nematicidal activity than that of the wild-type strain (Yang et al. 2011b).

Serine proteases are the important virulence factors in nematophagous fungi, 
which can help fungi to penetrate the cuticle of hosts. In this part, the biochemical 
of serine proteases from different nematophagous fungi are compared, the amino 
acid sequences are aligned, and the phylogenetic relationships were analyzed. Re-
cently, increasing serine proteases have been identified from different nematopha-
gous fungi, they share similar biochemical properties and a high degree of simi-
larities in amino acid sequences, suggesting they play similar roles in infection of 
nematodes. However, the expression and regulation of serine proteases during the 
infection is unknown, which may be the key for improving the nematocidal activity 
of nematophagous fungi.

Chitinases

Chitin is an important structural polymer found in the cell walls of fungi and in the 
exoskeletons of invertebrates. It is an important component of the middle layer of 
nematode eggshells (Wharton 1980; Bird and Self 1995). Egg-parasitic fungi, such 
as Pochonia rubescens and P. chlamydosporia, must penetrate the nematode egg-
shell first to cause infection (Lýsek and Krajcí 1987). There is extensive evidence 
for the production of chitinases by fungal parasites during infection based on ultra-
structural studies (e.g., Lopez-Llorca and Robertson 1992; Tikhonov et al. 2002; 
Khan et al. 2004).
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An extracellular chitinase CHI43 was identified from Pochonia chlamydospo-
ria and P. rubescens, and it was found to serve as a nematicidal factor in infecting 
nematode eggs (Tikhonov et al. 2002). Chitinase activity was also observed in the 
culture supernatant of the nematophagous fungus Paecilomyces lilacinus strain 251 
in a minimal medium containing chitin, and after separation by isoelectric focusing, 
six proteins were detected that showed chitinolytic activity (Khan et al. 2003). Chi-
tinase activity was further confirmed on nondenaturing one-dimensional and two-
dimensional gels using a sandwich assay with glycol chitin as a substrate. Studies 
on extracellular enzymes of P. lilacinus revealed that the application of the protease 
and chitinase drastically altered the eggshell structures when applied individually or 
in combination (Khan et al. 2004).

Recently, four chitinases were cloned and identified from Paecilomyces lilacinus 
(Dong et al. 2007), Lecanicillium psalliotae (Gan et al. 2007a), Clonostachys ro-
sea (Gan et al. 2007b) and Pochonia chlamydosporia (Mi et al. 2010), they shared 
similar molecular weight and structure, they were synthesized as a preproenzyme, 
which consist of signal peptide, propeptide and mature chitinase, all belong the 
glycosyl hydrolase 18 (GH18) family. The alignment of chitinases from nematopha-
gous fungi with other reported chitinases from a large range of organisms indicated 
that the binding site S-X-G-G and catalytic domain D-X-D-X-E are highly con-
served (Fig. 6.4). The two motifs might be the chitinase catalytic centre (Henrissat 
et al. 1993). Among these residues, the locations of active sites Asp and Glu were 
the most conserved residues. Glu acts as a general acid catalyst which donates a 
proton to the glycosidic oxygen, and contributes to the lowering of the energy bar-
rier of the reaction by stabilizing the transient carbonium ion intermediate elec-
trostatically (Phillips 1967). Chemical modification and site-directed mutagenesis 
confirmed that Asp/Glu residues were essential for chitinase activity (Mileweski 
et al. 1992; Watanabe et al. 1993).

Fig. 6.4   Alignment of the amino acid sequences of chitinases from different fungi. Areas shaded 
in grey are high degree homology (more than 75 % identify) and unshaded areas are regions of 
variability between the chitinases. *** indicated the conserved substrate binding and catalytic 
domains (SXGG and DXXDXDXE) of glycosyl hydrolase family 18
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The gene families encoding the chitinases are large and the genes from the same 
as well as different families have undergone considerable divergence. However, the 
chitinases from pathogenic fungi are very conserved, the chitinase PCCHI44 from 
P. chlamydosporia share a high degree of similarity (range from 65.2–81.1 %) to 
chitinases from mycoparasitic, nematophagous and entomopathogenic fungi, and 
the PCCHI44 also share a moderate degree of similarity (about 50 %) to chitinases 
from member of genus Aspergillus, such as A. flavus (48.6 %), A. niger (51.7 %) and 
A. fumigatus (53.7 %), while they shared a low similarity (12.5 %) with S. cerevisiae. 
Chitinases from Metarhizium are very highly conserved, the chitinase from M. acri-
dum shares 95.3 % identity with M. anisopliae and 99.8 % identity with M. fla-
voviride. Chitinases identified from parasitic Beauveria bassiana (Bbchit1) and 
Hypocrea lixii (CHIT36) showed low similarity (16.7–21.4 %) to other members 
of glycosyl hydrolase family 18. Despite these differences, they all share conserved 
substrate binding and catalytic domains (SXGG and DXXDXDXE) (Fig. 6.4).

The phylogenetic tree (Fig.  6.5) revealed that chitinases from different fungi 
evolved in two branches, chitinases from mycoparasitic, nematophagous and en-
tomopathogenic fungi clustering in clade (A), suggesting that these chitinases play 
an important role in infection against hosts. However, these fungi did not cluster 
according to their hosts, suggesting that they may infect fungi, nematode and in-
sects (Li et al. 2010). More than one type of chitinases have been identified from 
the same fungal species, for example, 18 putative chitinases were identified from 
the Hypocrea jecorina (anamorph: Trichoderma reesei) by genome-wide analy-
sis, all of them belonging to GH18 family (Seidl et al. 2005). The genomes of the 
entomopathogenic fungi Metarhizium anisopliae and M. acridum have now been 
sequenced (Gao et al. 2011), and 30 and 21 putative chitinases respectively, were 
found in M. anisopliae and M. acridum. In the mycoparasitic Trichoderma, multiple 
chitinases also have been identified, however, only ech42 (Lorito et al. 1998) and 
chit33 (Limon et al. 1999) were found capable for biological activity enhancement. 
The multiplicity of the chitinase genes within the same species may reflect their 
functional differences between related proteins (Orikoshi et  al. 2005), and these 
chitinases may play different roles during the fungal growth and differentiation (St 
Leger et al. 1993).

The function of chitinase LPCHI1 from Lecanicillium psalliotae in infection 
against nematode eggs was identified by expression in Pichia pastoris. Incubation 
of eggs of the root-knot nematode ( Meloidogyne incognita) in the presence of pu-
rified chitinase for 3 days significantly inhibited egg hatching in vitro (Gan et al. 
2007a). The immature eggs of M. incognita were degraded after treatment with the 
purified chitinase; enzyme-treated eggs were swollen and the eggshells lost their 
original structural features as indicated by light microscopy (Fig. 6.6). There were 
large vacuoles in the chitin layer of nematode eggs after treatment with chitinase 
(Fig. 6.4b), the eggshell was partially degraded (Fig. 6.4c), and some eggs were 
deformed (Fig. 6.4d). The immature eggs did not hatch after treatment with chi-
tinase (Fig. 6.4f). The chitinase PCCHI44 from Pochonia chlamydosporia has been 
expressed in Eschericola coli BL21, and the recombinant chitinase PCCH144 was 
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shown to be harmful to eggs of the nematode Meloidogyne incognita, and also to 
the insect Bombyx mori (Mi et al. 2010).

Chitinases have been isolated and identified in opportunistic nematophagous 
fungi, however, no chitinase has been identified from nematode-trapping fungi. 
The genome of the nematode-trapping fungus Arthrobotrys oligospora has been se-
quenced (Yang et al. 2011a), and 16 putative chitinases were predicted, which pro-
vided a basis for studying the roles of chitinase in nematode-trapping fungi. Similar 
to serine proteases, an increase the copy number of chitinase in pathogenic fungi 
can enhance the biocontrol potential of pathogens (St Leger and Wang 2011). The 
chitinase gene, Bbchit1, was transformed into the fungus Beauveria bassiana, and 
insect bioassays revealed that overproduction of Bbchit1 enhanced the virulence 
of B. bassiana for aphids, as indicated by significantly lower 50 % lethal concen-
trations and 50 % lethal times of the transformants compared to the values for the 
wild-type strain (Fang et al. 2005).

Fig. 6.5   Phylogenetic tree showing the relationship of chitinases from different fungi. The tree 
was constructed with the Mega version 4.0 program packages. The chitinase (AAA34539) of Sac-
charomyces cerevisiae was used as an outgroup in order to root the tree. * indicated that partial 
fungi were reported to infect against nematode or insect. (Reproduced from Yang et al. (2013) with 
kind permission from Springer Science and Business Media)
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Collagenases and Other Hydrolytic Enzymes

Collagenases are enzymes that can catalyze the hydrolysis of collagen and gela-
tin rather than other proteinaceous substrates (Maclennan et al. 1953). Collagen is 
the main constitutive component of the nematode cuticle (Blaxter and Robertson 
1998). Therefore, collagenase from nematophagous fungi may play an important 
role in infection against nematodes. However, reports on collagenase production 
by nematopahgous fungi are relatively rare (Schenck et al. 1980; Tosi et al. 2001). 
Collagenases have been identified in Arthrobotrys spp. (Tosi et al. 2001) and all of 
the Arthrobotrys species examined produced collagenase when they were grown 
in liquid medium free of proteosepeptone (proteosepeptone induces collagenase 
production). This result shows that collagenase is a constitutive enzyme in these 
fungi. A putative gene encoding for collagenase was found in the genome of A. 
oligospora (Yang et al. 2011a).

Fig. 6.6   Eggs of the root-knot nematode Meloidogyne incognita after treatment with the purified 
chitinase. a and e the control; b large vacuole was observed in eggs; c the eggshell was partially 
degraded; d some eggs deformed; e immature eggs developed into eggs containing a juvenile after 
treating by control. f Immature eggs did not hatched after treating by chitinase. Photographs were 
taken on days 3. Scale bar, 10 ìm. (Reproduced from Gan et al. (2007a) with kind permission from 
Springer Science and Business Media)
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Other hydrolytic enzymes are also reported to be involved in the infection of 
nematodes by fungi. For example, eggs of Heterodera schachtii infected by fungi 
appeared to have their inner lipid layers degraded in comparison to uninfected eggs, 
and this was attributed to the lipolytic activity of the fungus (Perry and Trett 1986). 
In the future, the catalytic mechanism of these enzymes may be elucidated in detail.

Crystal Structure Analyses of Serine Proteases 
and Chitinase

Crystal Structures and Catalytic Properties 
of Cuticle-Degrading Proteases

Cuticle-degrading proteases are extracellular subtilisin-like serine proteases that are 
secreted by pathogenic fungi. These proteases can hydrolyze the host cuticle during 
invasion and serve as a group of important virulence factors during the infection 
of nematodes by nematophagous fungi (Yang et  al. 2007a). Increasing evidence 
have shown that cuticle-degrading proteases from nematophagous fungi are in-
volved nematode infection, however, little is known about the catalytic mechanism 
of these proteases due to lack of available tertiary structure. We have purified two 
cuticle-degrading proteases, Ver112 from Lecanicillium psalliotae. and PL646 from 
Paecilomyces lilacinus, the Ver112 protein and the complex between PL646 and 
the substrate-like tetrapeptide inhibitor methoxysuccinyl-Ala-Ala-Pro-Val-chloro-
methyl ketone were crystallized using the hanging-drop vapour-diffusion method, 
the crystals were analyzed by X-ray diffraction to resolutions of 1.65 and 2.2 Å (Ye 
et al. 2009), respectively.

Alignment of five cuticle-degrading proteases showed that they share a high 
degree of sequence identity, the sequence identities of PL646 with Pr1A, VCP1, 
Ver112, and PRK are 76.2, 69.0, 72.6, and 62.5 %, respectively. As expected, the 
amino acid residues within the catalytic triad, substrate binding sites, and Ca2+-
binding site are highly conserved (Fig. 6.7). Comparison of crystal structures of 
PL646 and Ver112 showed that they are very similar to each other, and similar to 
that of proteinase K (PRK) from the fungus Tritirachium album. Differences be-
tween the structures were found among residues of the substrate binding sites (S1 
and S4) (Fig. 6.7) (Liang et al. 2010).

Three substrates (PAPF, NAPF and AAPD) were designed according to the re-
ported substrate, Suc-AAPF-pNA (AAPF), and the catalytic properties of PRK, 
PL646 and Ver112 were compared. Kinetics analyses showed that three proteas-
es had different Km values to synthesized substrates. For the PRK, the strongest 
substrate affinity occurred toward AAPD due to the lowest Km value, as shown in 
Table 6.2. However, the cuticle-degrading enzyme PL646 showed relatively weak 
affinity toward AAPD, and this substrate may not bind to Ver112, as the kinetic 
parameters could not be determined. We speculate that it is the Asp165 in the S1 
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Fig. 6.7   Structural and sequence comparisons of cuticle-degrading proteases. a Multiple sequence 
alignment of PL646 (ABO32256), Ver112 (AAU01968), VCP1 (CAD20580), Pr1A (P29138), and 
PRK (P06873). Secondary structure elements are marked on top of the alignment; α-helices and 
β-strands are presented as curves and arrows, respectively. Residues belonging to the S1 site are 
circled by green frames; residues belonging to the S4 site are circled by blue frames; ~ indicates 
residues involved in both the S1 and S4 sites. Blue triangles showed the catalytic triad (Asp, His 
and Ser). Red triangles showed the cysteines involved in the disulfide bridge. b Superposition 
of the structures of Ver112 ( magenta), PL646 ( cyan), and PRK ( yellow). Structures of the three 
enzymes are highly identical, except for some surface-exposed loops such as the N and C termini 
( i), and those located between β4 and α3 ( ii), and between α6 and α7 ( iii). c Differences in residues 
in the S1 and S4 pockets between Ver112 ( magenta), PL646 ( cyan), and PRK ( yellow). Positions 
involved in amino acid variations are labelled (PL646 numbering); corresponding residues are 
shown as sticks. (Reproduced from Liang et al. (2010))
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pocket that hinders (in PL646) or abolishes (in Ver112) AAPD binding because of 
electrostatic repulsion. The kinetic parameters of PRK towards NAPF have also 
not determined, and likely caused by the relatively small S4 pocket of PRK when 
compared to that of Ver112 and PL646. Ver112 and PL646 both show high affinity 
towards substrates NAPF and PAPF, reflecting their capability of accommodating 
peptide substrate with large P1 and P4 residues. Interestingly, Ver112 binds with 
slightly higher affinity than does PL646 to NAPF and PAPF, which is probably 
caused by a larger S4 pocket in Ver112 than in PL646. In addition, the relatively 
smaller S4 pocket in PL646 may cause difficulty in stereochemical rearrangement 
when interacting with P1 Ala of AAPF and AAPD, thereby leading to PL646’s 
relatively weaker affinity toward these two substrates than Ver112 (Liang et  al. 
2010).

The crystal structures of PRK, Ver112, and PL646, in conjunction with the mul-
tiple sequence alignment of the cuticle-degrading proteases (Fig. 6.7), allowed us 
to infer the substrate specificities of these proteases at the amino acid level. The 
substrate-binding pockets within both enzymes are large and in the case of S1, 
hydrophobic. Therefore, the P1 substrate residues with bulky hydrophobic side 
chains (such as phenylalanine) are favoured by the S1 pocket. Although the S4 
pocket is smaller than the S1 pocket, it is still large enough to accommodate large 
P4 substrate residues, a fact that is reflected by the lower Km values of PL646 
towards PAPF and NAPF, than toward AAPD and AAPF. The possible reasons for 
this include that greater number of bonding contacts (such as hydrogen bonding, 
hydrophobic and van der Waals interactions) that can be formed between large P4 
residues and S4 pocket than between small P4 residues and S4 pocket. Cuticle-de-
grading proteases investigated here have a tyrosine (Tyr107) in the S4 pocket with 
the exception of Ver112. The side chain of the Tyr, which is a large phenoxyl ring, 
is located in the external region of the S4 pocket and acts as a lid to this pocket, 
thereby restricting to a certain extent the binding of the peptide substrate with large 
P4 side chains. The results of our kinetics analyses, i.e., the reduced affinities of 
PL646 toward NAPF and PAPF in comparison with those of Ver112, support this 
hypothesis.

Table 6.2   Kinetics analysis of Ver112, PL646 and PRK against synthesized substrates. (Repro-
duced from Liang et al. (2010))
Enzymes AAPFa AAPDa NAPFa PAPFa

Km Kcat/Km Km Kcat/Km Km Kcat/Km Km Kcat/Km
Ver112 0.145 27354 N/Ab N/Ab 0.164 2067 0.226 5206
PL646 1.42 17957 1.21 166 0.695 453 0.472 1576
PRK 0.31 33142 0.093 1229 N/Ab N/Ab 0.111 3558
a  AAPF, N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide; AAPD, N-succinyl-Ala-Ala-Pro-Asp-p-
nitroanilide; NAPF, N-succinyl-Asn-Ala-Pro-Phe-p-nitroanilide; PAPF, N-succinyl-Pro-Ala-Pro-
Phe-p-nitroanilide
b not available (kinetics parameters cannot be determined)
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Crystal Structure and Mutagenesis Analysis of Chitinase 
CrChi1 from Clonostachys rosea

CrChi1 is a chitinase from the nematophagous fungus Clonostachys rosea that plays 
a role in the infection against nematodes. The Crchi1 gene from C. rosea was cloned 
and expressed in E. coli and the recombinant CrChi1 protein was purified, the mo-
lecular weight of the protein was found to be 44 kDa. The recombinant CrChi1 was 
crystallized at 291 K using PEG 3350 and ammonium dihydrogen phosphate as 
precipitant and a 1.8 Å resolution X-ray data set was collected from a single flash-
cooled crystal (100 K). The crystals belonged to space group P21, with unit-cell 
parameters a = 44.1, b = 71.7, c = 59.1 Å, α = γ = 90, β = 91.3° (Gan et al. 2009).

The structure of apo CrChi1 consists of two parts: eight-strands of parallel 
β-barrels surrounded by eight α-helices to form the core domain. The core domain, 
which was named as a (β/α)8 TIM-barrel, have been observed in other family 18 chi-
tinases from Aspergillus fumigatus (afChi) (Rao et al. 2005a), Coccidioides immitis 
(cmChi) (Hollis et al. 2000), human chitotriosidase (huChi) (Fusetti et al. 2002), 
and chitinases A (chiA) (Papanikolau et al. 2003) and B (chiB) (Houston et al. 2002) 
from Serratia marcescens. An additional α/β domain, composed of five antiparallel 
β-strands and two α-helices, is inserted in the loop between strand β9 and helix α8, 
which might give the active site a groove character. Like all other family 18 chi-
tinases, the CrChi1 has the DXDXE motif at the end of strand β5 with Glu174 being 
the catalytic residue in the middle of the open end of the (β/α)8 barrel (Fig. 6.8). The 
chitinase CrChi1 showed sequence similarities with five other chitinases (afChi, 
cmChi, huChi, ChiA and ChiB) ranging from 24.2 to 54.8 %, but the amino acid 
residues around substrate binding sites and catalytic centre are very conserved. The 
main differences occurred in the N and C-terminal domains of chitinases (Fig. 6.8). 
These chitinases from different organisms shared low sequence similarity, but their 
structures were highly conserved, especially for the amino acid residues correspond-
ing to the substrate binding domain and catalytic domain (Fig. 6.8). Our analyses 
suggested that these chitinases might share a common catalytic mechanism.

In general, family 18 chitinases bind to their substrates in an extended recogni-
tion site. By convention, the sugars on the non-reducing end of the substrate are 
given negative numbers, and those on the reducing side giving positive numbers. 
Soaking experiment of CrChi1 with caffeine was carried out, and the structure of 
the CrChi1-caffeine complex was solved and refined against 1.6 Å resolution of the 
X-ray diffraction data (Yang et al. 2010). The structure of CrChi1 in complex with 
caffeine defined the active centre of CrChi1 (Fig. 6.9). In this complex, the scissile 
glycosidic bond lies between the − 1 and + 1 subsites. Previous structural studies of 
afChi, cmChi, huChi, ChiA and ChiB or substrate-inhibitor bound to them defined 
the GlcNAc subsites in the enzyme, which formed a deep groove on the surface 
of the protein, were also observed in the CrChi1 structure (Fig. 6.9a). The groove 
consists of six sugar-binding subsites, numbered from − 4 (non-reducing end) to 
+ 2 (reducing end), with hydrolysis taking place on the glycosidic bond between 
the − 1 and + 1 subsites (van Aalten et al. 2001; Fusetti et al. 2002). The subsites 



280 J. Yang et al.

− 2 to + 2 formed a deep groove, lined by side chains that were highly conserved 
in family 18 chitinases, including the conserved DXDXE motif. In the − 1 subsite, 
Asp172/Glu174 in CrChi1 are equivalent to Asp155/Glu157 in ScCTS1 ( Saccharo-
myces cerevisiae) (Hurtado-Guerrero and van Aalten 2007) and Asp125/Glu127 in 
hevamine (Terwisscha van Scheltinga et al. 1995), respectively, and they are located 
at the end of β5 and form the conserved DXDXE motif in family 18 chitinase. Like 

Fig. 6.8   Alignment of chitinase CrChi1 and homologues from different organisms. Background-
red residues indicate those that are conserved; background-yellow denotes residues identified to be 
more than 80 % conserved. The key DXDXE motif and residues, which are important for inhibitor 
binding are labelled out by using blue frame and arrows. (Reproduced from Yang et al. (2010))
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other family 18 chitinases, Glu174 is the catalytic residue, with Asp172 stabilizing 
the oxazolinium ring of the reaction intermediate. Trp381 is the most conserved 
residues in all family 18 chitinases, forming the bottom of − 1 subsite, with some 
conserved residues forming the sidewall.

The interactions between the caffeine moiety and the enzyme are similar to those 
observed in the AfChiB1-caffeine complex and the AfChiB1-C2-dicaffeine com-
plex (Rao et  al. 2005b; Schüttelkopf et  al. 2006). The active site Asp172 points 
down into the catalytic core. The electron density map shows that the primary caf-
feine moiety is sandwiched between Trp134 and Trp381, and accepts two hydro-
gen bonds, one from the backbone amide of Trp134 and one from the hydroxyl of 
Tyr242 (Fig. 6.9b).

Residues Tyr46, Trp134 and Tyr242 in CrChi1 play important roles in the forma-
tion of hydrogen bonds between the enzyme and caffeine (Fig. 6.9b). To establish the 
role of these residues in catalytic reaction, a mutagenesis study of CrChi1 was con-
ducted and biochemical properties were determined. These amino acid substitutions 

Fig. 6.9   a The crystal struc-
ture of caffeine in complex 
with CrChi1 is shown as 
a transparent surface. The 
substrate-binding cleft is 
represented by yellow circle. 
Caffeines are shown in blue 
stick representation. Three 
important residues (Asp170, 
Asp172 and Glu174) from 
the family 18 chitinase 
DXDXE motif are shown. 
b Caffeine bound to active 
site of CrChi1. The two 
bound caffeine molecules 
were shown as green sticks 
and covered with omit 
density map at 1.1σ. The resi-
dues, which are important to 
form the binding pocket and 
caffeine binding, were shown 
as gold sticks. (Reproduced 
from Yang et al. (2010))
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caused a decrease of over 1000-fold in the enzymatic activity (Table  6.3). Two 
mutations, E174Q and W134G, completely inactivated the enzyme, confirming 
the essential roles of these two residues in the catalytic process. The Glu174 resi-
due was considered to be a proton donor in its catalysis. Trp134 is located at the 
substrate-binding domain and forms hydrogen bond with caffeine (Fig. 6.9b). The 
benzene ring of Trp134 may be important for the formation and maintenance of the 
substrate-binding sites. From the sequence comparison (Fig. 6.8), the Glu174 and 
Trp134 were found conserved in all family 18 chitinases. The loss of function of 
E174Q mutation in CrChi1 is also consistent with the importance of the acid residue 
at that position, similar to a previous finding for the E144Q mutation of ChiB from 
S. marcescens (Houston et al. 2002). The W134G mutant abrogated the detectable 
fluorescence signal and showed no detectable binding in the tryptophan fluores-
cence binding experiments, similar to that reported previously (Rao et al. 2005a). 
Tyr242 was also conserved in family 18 chitinases and site-directed mutagenesis of 
Tyr242 in CrChi1 impaired the enzymatic activity, but did not completely eliminate 
the activity. Residue Tyr242 forms hydrogen bonds with caffeine.Changing residue 
Tyr242 to Gly and Phe reduced kcat by three orders of magnitude, while no large 
effects on Km were observed (Table 6.3). This result suggests that this residue is 
crucial for catalysis rather than substrate binding, mostly in agreement with mu-
tational studies of the residue in other family 18 chitinases (Bortone et al. 2002; 
Rao et al. 2005a; van Aalten et al. 2001). Tyr46 is also high conserved in family 18 
chitinase, the enzymatic activity was impaired when Tyr46 in CrChi1 was mutated. 
Tyr46 is located near the substrate binding domain (Fig. 6.9b), which suggests that 
it may influence substrate binding. Interestingly, when Tyr46 was changed to phe-
nylalanine, a highly conserved residue among family 18 chitinases, the protein was 
expressed as inclusion bodies in E. coli, suggesting that this residue may be required 
for proper structure formation. The kcat reduced by three orders of magnitude after 
renaturation and refolding of CrChi1, while no obvious effects on Km were ob-
served (Table 6.3), suggesting that mutation of Tyr46 affected the catalytic activity 
and resulted in kcat decrease, while the substrate binding was not affected.

Serine proteases and chitinases play important roles during the nematophago-
us fungi infection against nematodes (Åhman et al. 2002; Gan et al. 2007a; Yang 
et  al. 2007a). The crystal structures of serine proteases and chitinases from the 

Table 6.3   Mutagenesis and enzymology analysis of Crchi1a. (Reproduced from Yang et al. (2010))
Mutant sites Protein Km

uM
Vmax
uM s−1

kcat
s−1

kcat/Km
uM−1s−1

Control Soluble 9.5 ± 0.3 0.005 ± 0.00007 2.59 ± 0.03 0.27
Y46F Insoluble 11.5 ± 1.0 0.001 ± 0.00003 0.0062 ± 0.0002 0.0005
W134G Soluble ND ND ND ND
E174Q Soluble ND ND ND ND
Y242F Soluble 10.8 ± 2.4 0.001 ± 0.00003 0.0054 ± 0.0002 0.0005
Y242G Soluble 6. 9 ± 1.0 0.0009 ± 0.0001 0.005 ± 0.0005 0.0008
ND no significant signal
a All experiments were performed in triplicate
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nematophagous fungi were resolved, which can help us to identify the active site 
residues and to elucidate the catalytic mechanism of these enzymes involved in 
infection against hosts, and exploit more effective pesticides, fungicides, and anti-
malarial drugs.

Regulation of Subtilisin-Like Protease prC Expression 
in the Nematophagous Fungus Clonostachys rosea

PrC Functions as a Virulence Factor of Clonostachys rosea

Nematophagous fungi have been used as biological control agents against nema-
todes parasitic to plants and animals. These fungi can secret subtilisin-like extracel-
lular serine proteases during the infection of nematodes. Previous reports indicate 
that these proteases play an important role during the penetration of nematodes (Åh-
man et al. 2002; Ahrén et al. 2005; Yang et al. 2007a; Fekete et al. 2008) and over 10 
subtilisin-like serine proteases have been isolated from nematophagous fungi (Yang 
et al. 2007a; Li et al. 2010).

As a mycoparasite, Clonostachys rosea has been tested successfully as a bio-
logical control agent against divergent fungal plant pathogens (Sutton et al. 1997; 
Xue 2003). The mycoparasitic activity has been attributed to the secretion of its 
cell-wall degrading enzymes, including serine proteases and chitinases. We puri-
fied and cloned a subtilisin-like extracellular protease (designated PrC) from the 
nematophagous fungus C. rosea (Li et al. 2006; Liang et al. 2011b). The purified 
PrC could immobilize nematodes and hydrolyse proteins of the nematode cuticle. 
To investigate the potential role of PrC, the encoding gene was knocked-out by 
homologous recombination (Zou et al. 2010a). The effect of the gene prC on patho-
genicity in C. rosea was examined using a bioassay with the nematode Panagrellus 
redivivus. The bioassay was initiated by adding nematodes to each YNB agar plate 
innoculated with 104 of conidia of Clonostachys rosea. The conidia could adhere 
to passing nematodes and kill them. The percentage of dead nematodes was sig-
nificantly lower in the mutant strains than in the wild-type stains (Fig. 6.10). These 
results suggested that the protease PrC functions as a virulence factor in the infec-
tion of C. rosea against nematodes.

The Promoter Features and Transcription Regulation 
of the Gene prC

To investigate the mechanism underlying the regulation of prC expression by vari-
ous conditions in Clonostachys rosea, the 5′-upstream DNA sequence of prC was 
amplified by DNA walking strategy. The sequence data have been submitted to the 
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GenBank databases under accession no. FJ966246. The promoter region contains 
putative transcription control sites for nitrogen regulation (5′-GATA), carbon regu-
lation (5′-SYGGRG), pH regulation (5′-GCCARG), and stress response element 
(STRE) (5′-AGGGG), suggesting expression of prC may be regulated by nitrogen 
sources, environmental pH and other stress conditions (Zou et al. 2010a, b, c).

The Expression of PrC Is Regulated by Environmental pH

It is now widely accepted that extracellular pH functions as a critical signal for viru-
lence in fungal pathogens of humans, plants and insects (St Leger et al. 1999; Davis 
et al. 2000; Yakoby et al. 2000; Eshel et al. 2002). PrC, like many other subtilisin-
like proteases from nematophagous fungi, had the highest activity under alkaline 
conditions. Thus, environmental pH might be a determining factor for the patho-
genesis of nematophagous fungi against nematodes. Regulation of gene expression 
by ambient pH in fungi is mediated via a PacC/Rim101 pathway, including seven 
genes, palA, palB, palC, palF, palH, palI and pacC (Peñalva et al. 2008). PacC is 
the terminal element of the pH signalling pathway and the transcription factor for 
regulation of pH-dependent gene expression (Rollins and Dickman 2001). PacC has 
a Cys2His2 zinc finger DNA-binding domain for the cis-transcript element 5′-GC-
CARG-3′.

Fig. 6.10   Deletion of the gene pacC and analysis of nematicidal activity. a The sketch of dele-
tion of the gene pacC. Two truncated pacC fragments joining the hygromycin resistance cassette 
in the vector pPK2 were amplified by primers KO-1/KO-2 and KO-3/KO-4 from Clonostachys 
rosea genomic DNA to produce the gene replacement vector pPK2T. b Nematicidal activities of 
the wild and mutant strains. WT: wild-type strain; M1, M2 and M3: pacC mutant strains; Uninocu-
lation, without inoculation of the fungus C. rosea. Nematodes were added to plates for 48 h. At 
time intervals, the number of killed (not moving) nematodes was counted by using a microscope. 
(Reproduced from Zou et al. (2010a))
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The pacC gene of Clonostachys rosea was amplified by PCR using degenerate 
primers designed from conserved region of aligned pacC homologues. Then the 
5′- and 3′-flanking sequences were obtained by DNA walking strategy (Zou et al. 
2010a). The C. rosea PacC protein has considerable amino acid identities to other 
PacC homologues. Quantitative real-time RT-PCR was performed to investigate the 
expression of pacC from mycelia of C. rosea grown in defined medium at different 
pH values. As a result, pacC mRNA levels were much higher under alkaline condi-
tions than under acidic conditions, independent of the carbon source used (includ-
ing glucose, glycerol and acetate). The levels of pacC transcript at extreme acidic 
conditions (pH 3) were five fold lower than those at pH 4.

To investigate the role of pacC in Clonostachys rosea, the gene was knocked-out 
by homologous recombination. The wild-type strain of C. rosea grew better than the 
pacC mutant strain on potato dextrose agar (PDA) medium while the colony growth 
of pacC mutant strain was similar to that of the wild-type strain on minimum me-
dium at pH 4, and severely impaired on minimum medium at pH 8. These pheno-
types are similar to other pacC mutants, such as Aspergillus nidulans and Fusarium 
oxysporum (Tilburn et al. 1995; Caracuel et al. 2003).

In the sequence between − 699 and − 705 bp upstream of the start codon of C. 
rosea PrC there is one copy of the inverted PacC consensus binding site 5′-CCTG-
GC-3′. To determine whether PacC influence the expression of PrC, we examined 
the transcript level of PrC in mycelia from the wild-type and mutant strains of 
pacC in minimum medium using glucose as the carbon source and proline as the 
nitrogen source. The pacC mutant strain showed significantly lower mRNA levels 
of PrC than the wild-type strain (Fig. 6.11a). Additionally, the mRNA levels of PrC 
were significantly higher at pH 6 and 8 than that at pH 4 in the wild-type strain 
(Fig. 6.11b). These results suggest that the expression of PrC gene is regulated by 
the pH in a PacC-dependent manner.

To determine whether the pH regulate the expression of PrC under the tran-
scriptional level, we constructed two PrC promoter-GoxA reporter vectors: pGX-B, 
contained 890 bp of the 5′ promoter region with the inverted PacC consensus bind-
ing site 5′-CCTGGC-3′; pGX-B0 does not contain 5′-CCTGGC-3′. When these ex-
periments were performed using pGX-B, the promoter activities at pH 4 were only 
32 % of those at pH 8 (Fig. 6.11c). In contrast, when using pGX-B0, we observed 
approximately 80 % reduction in the promoter activities, even at pH 8. These results 
suggested that 5′-CCTGGC-3′ box in the promoter region was probably required for 
the activity of the gene promoter at pH 8. An electrophoretic mobility shift assay 
(EMSA) was then performed (Fig. 6.11d). Protein extract from the strain grown at 
pH 8 contained significantly higher amounts of slow-migrating and fast-migrating 
PacC-DNA complexes than the strain grown at pH 8. This indicated that the PacC 
DNA binding activities were higher at pH 8 than those at pH 4.

Besides of the pH regulation by the pacC, we also found that the expression of 
PrC was not stimulated by the addition of nematode cuticles in the pacC mutant 
strain. Furthermore, the inducible expression of PrC by nematode cuticles was lost 
in the wild-type strain at pH 4.
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Fig. 6.11   PacC is required for regulating the expression of a subtilisin-like protease PrC. a Myce-
lia of C. rosea wild-type (WT) and pacC mutant strains (M1, M2 and M3) were grown on PDA. b 
Mycelia of Clonostachys rosea wild-type strains were grown in minimum medium containing 1 % 
(w/v) glucose as the carbon source and 0.1 % proline as the nitrogen source for 12 h at different pH 
values, then total RNA was extracted. The mRNA levels were detected by real-time PCR. c PrC 
promoter-GoxA reporter vectors pGX-B and pGX-B0 were transformed with C. rosea, respec-
tively. The strains were grown in minimum medium containing 1 % (w/v) glucose as the carbon 
source and 0.1 % proline as the nitrogen source for 12 h at pH 4 and pH 8, respectively. d EMSA 
using the C. rosea PrC promoter fragment as a probe with protein extracts from C. rosea wild-type 
grown in minimum medium at pH 4 and pH 8 respectively. (Reproduced from Zou et al. (2010a))
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The Expression of prC Is Regulated by Nitrogen Sources

The expression of prC regulated by nitrogen sources was investigated. Firstly, the 
basal expression of prC were tested from mycelia of C. rosea grown in YNB me-
dium with glucose as the carbon source and with and without one of the preferred 
nitrogen sources, glutamine or ammonia. As a result of real-time PCR test, the prC 
mRNA levels were down regulated approximately three fold by glutamine. The 
inhibitory effect of glutamine on the basal expression of prC was dose-dependent, 
and 1 % was sufficient to achieve a maximal effect. Similar results were obtained 
when using ammonia as the preferred nitrogen source. However, pre-treatment us-
ing rapamycin (a specific inhibitor of TOR) can suppress the inhibitory effect of 
prC expression by glutamine or ammonia.

The basal level of PrC was found essential for its inducible expression by nema-
tode cuticle. When adding nematode cuticle extracted from the nematode, Pana-
grellus redivivus, there was increased by threefold in the expression of prC after 
12 h. However, when pre-treated with PMSF (1 mM), the inducible expression of 
prC by nematode cuticle as well as the protease activity were significantly inhib-
ited. Thus, it seems that the cuticle degrading product by the protease prC may be 
mediated the up regulation of prC gene. The effects of the mixture of degrading 
products by purified prC were investigated. As a result, only materials with mol-
ecule weights less than 3 kD were capable of inducing prC expression.

To investigate the transcriptional regulation of prC by nitrogen sources or nema-
tode cuticle, three prC-promoter glucose oxidase ( goxA) reporter vectors were con-
structed: pGX-A1, A2 and A3, which include three, two and one consensus binding 
site 5′-GATA-3′, respectively. Transformants were grown in YNB medium using 
glucose as the carbon source. The promoter activity assays indicated that the region 
− 404 to − 202, containing one GATA element, was involved in the basal expres-
sion of prC in the absence of preferred nitrogen sources. Glutamine (1 %) signifi-
cantly inhibited promoter activities. In contrast, the addition of nematode cuticle 
(1 mg/ml) did not influence the activities of the gene promoter.

An EMSA was performed with nuclear extracts from Clonostachys rosea my-
celia by using three prC promoter fragments as probes. Each probe contained one 
GATA element in the prC promoter. As a result, only the probe P2 containing the 
second GATA element located in the − 246 to − 242, had protein DNA binding activ-
ities. Protein extracts from the strain grown in YNB medium contained significantly 
higher amounts of protein-DNA complexes than the strain grown in the YNB-glu-
tamine medium. These results indicated that the GATA protein DNA binding activi-
ties were suppressed in the presence of glutamine. In contrast, nematode cuticle did 
not influence the DNA binding activities, suggesting that glutamine, rather than 
nematode cuticle, regulated prC expression at the transcript level (Zou et al. 2010b).

Based on above data, we propose the scheme given in Fig. 6.12 by which nema-
tode cuticle may induce the expression of subtilisin-like extracellular protease prC. 
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In the absence of preferred nitrogen sources, Clonostachys rosea prC is expressed 
at a high basal level through a mechanism involving in GATA factors. The enzyme 
is released into the medium. After the addition of nematode cuticle, PrC digests a 
small amount of nematode cuticle to produce the degradation products. The low 
molecule weight materials of the degradation products enter into C. rosea cells, 
which in turn cause a significantly higher inducible expression of prC. The pre-
ferred nitrogen sources inhibit the basal expression of prC, eventually resulting in 
reduced inducible expression of this enzyme.

The Expression of PrC Is Regulated by Oxidative Stress

When growing in the soil, fungi likely encounter many stressful conditions such as 
osmotic shock, high temperature, heavy metals, and UV irradiations. To survive and 
grow in such conditions, fungi have evolved multiple defence systems with some 
relying on enzymatic actions, among which, one system is characterized by a rapid 
increase in transcriptional expression of stress response element (STRE) gene upon 

Fig. 6.12   A proposed mechanism of nematode cuticle-induced prC expression in C. rosea. The 
extracellular subtilisin-like protease prC is expressed at a basal level mediated by the GATA factors 
in the absence of the preferred nitrogen sources (PNS). The enzyme is secreted into the medium 
and digests nematode cuticle to produce the degradation products. The degradation products enter 
into cells, which in turn cause a significantly higher inducible expression of prC. The preferred 
nitrogen sources inhibit the basal expression of prC. (Reproduced from Zou et al. (2010b))
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stress (Gasch et al. 2000; Bose et al. 2005). Given that the promoter of Clonostachys 
rosea prC contains three conserved STRE sites, investigation of the effect of envi-
ronmental stress on the expression of prC were carried out.

Several stressful conditions were tested for prC expression, as a result, we found 
that prC expression (in the mRNA level) increased by oxidant treatments, and this 
effect is dose-dependent. The expression of prC was also rapidly induced after shift-
ing cells from 28 °C to higher temperature (33–37 °C). In contrast, hyperosmotic 
shock (0.5–1.5  M NaCl) and treatment with cadmium (0.01–0.1  mM) and lead 
(0.02–0.2 mM) did not affect the expression of prC. The activity of the protease 
secreted into the media was found to be consistent with the transcript level (Zou 
et al. 2010c).

To determine whether the up-regulation of prC expression by oxidants and heat 
shock were the result of transcriptional activation, two reporter vectors were con-
structed. One contains 844 bp of the 5′ promoter region, including the three consen-
sus STRE sites and the other one contains 422 bp of the 5′ promoter with no STRE 
site. When treated with oxidate or heat shock, only transformants containing the 
first vector have significant increase of reporter gene expression, indicating that the 
region containing three STRE sites was involved in the regulation of prC expression 
upon environmental stress.

The oxidate stress can markedly inhibited conidial germination (Fig. 6.13a), but 
when treated with oxidants (H2O2 or manadione) in the presence of nematode cuti-
cle, the conidial germination rate of wide type was significantly higher than a prC 
mutant (Fig. 6.13b). The germination rates of conidia in the prC mutant strain were 
similar to those in the wild-type strain in the absence of nematode cuticle at 37 °C. 
In contrast, 56 % of conidia in the wild-type strain germinated 15 h after the addition 
of nematode cuticle at 37 °C, whereas only 32 % of conidia in the prC mutant strain 
germinated under the same conditions (Fig.  6.13c). When applied with a serine 
protease inhibitor PMSF, the protective effect of nematode cuticle against oxidants-
induced inhibition of conidial germination in the wild type strain was attenuated 
(Fig. 6.13d).

The reactive oxygen species (ROS) level in the conidia were examined using 
a fluorescence dye 2′, 7′-dichlorodihydrofluorescein diacetate (H2DCFDA). The 
ROS production induced by H2O2, menadione or heat shock was found markedly 
reduced by the addition of nematode cuticle in the wild type strain, but not in the 
prC mutant strain. In addition, the degrading products of nematode cuticle by prC 
can directly antagonize the inhibitory action on conidial germination by oxidation 
and heat shock, and this effect was not affected by PMSF. In conclusion, the sub-
tilisin-like extracellular protease prC was regulated by environmental stress, such 
as oxidants and heat shock. The increase expression of prC acts as another role 
besides of degrading nematode, but participation in the detoxification of ROS. The 
above results showed protease PrC is not only involved in degradation of nematode 
cuticle, but play a role in fungi to adapt to environmental stress.
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Genomic and Proteomic Analyses of the Nematode-
Trapping Fungus Arthrobotrys oligospora

The Life Cycle of Arthrobotrys oligospora

Nematode-trapping fungi are a heterogeneous group of organisms broadly distrib-
uted in terrestrial and aquatic ecosystems (Nordbring-Hertz et al. 2006). These fungi 
are capable of developing specific trapping devices such as adhesive networks, ad-
hesive knobs, and constricting rings to capture nematodes and then extract nutrients 
from their nematode prey (Nordbring-Hertz et al. 2006; Schmidt et al. 2007; Yang 
et al. 2007d). The ultrastructure of the nematode-trapping structures has been ex-
amined extensively. These studies have shown that despite the large variation in 
morphology, the adhesive types of trap (branches, nets and knobs) have a unique 
ultrastructure that clearly distinguishes them from vegetative hyphae (Dijksterhuis 
et al. 1994; Nordbring-Hertz 2004). First, which is common to all of these traps, is 

Fig. 6.13   The prC mutant is more sensitive to oxidants and heat shock. a Microscopic examina-
tion (X100) of germinated conidia after 9 h at 28 °C in YNB agar in the presence or absence of 
menadione (5 mM) or nematode cuticle (NC) (1 mg/ml). b Germination frequency of the wild-type 
(WT) and the prC mutant (MT) strains under oxidative stress conditions. c Germination frequency 
of the wild-type and the prC mutant strains under heat shock conditions. d PMSF inhibited the 
protective effect of nematode cuticle (1 mg/ml) on conidial germination in the wild-type strain. 
(Reproduced from Zou et al. (2010c))
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the presence of numerous cytosolic organelles, the so-called dense bodies. Although 
the function of these organelles is not yet clear, the fact that they exhibit catalase and 
D-amino acid oxidase activity indicates that the dense bodies are peroxisomal in na-
ture (Dijksterhuis et al. 1994). Another feature common to the trap cells is the pres-
ence of extensive layers of extracellular polymers, which are thought to be important 
for attachment of the traps to the surface of the nematode (Tunlid et al. 1991).

Arthrobotrys oligospora (teleomorph Orbilia auricolor) is one of the best-stud-
ied nematode-trapping fungi (Nordbring-Hertz 2004, 2006). A. oligospora have 
been found in diverse soil environments including heavy metal-polluted soils and 
decaying wood (Pfister and Liftik 1995; Mo et al. 2006) where they live mainly as 
saprobes. In the presence of nematodes, A. oligospora enters the parasitic stage by 
forming complex three-dimensional networks to trap nematodes (Fig. 6.14). The 
trapping initiates a series of processes including adhesion, penetration, and im-
mobilization of nematodes (Nordbring-Hertz 2004; Nordbring-Hertz et al. 2006). 
The ability to trap nematodes makes it an attractive candidate agent for controlling 
parasitic nematodes of plants and animals.

Fig. 6.14   The lifestyle of nematode-trapping fungus Arthrobotrys oligospora. The life cycle of A. 
oligospora includes three stages: saprophytic stage, transitional stage, and parasitic stage. The par-
asitic stage can be divided into the following six steps: I. Trap formation; II. Attraction; III. Adhe-
sion; IV. Capturing; V, Penetration and immobilization; and VI. Digestion and assimilation. The 
saprobic stage (VII) and sexual stage (VIII) are also shown. (Reproduced from Yang et al. (2011a))
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Traps may be formed directly on germination of conidia (spores) to form the 
so-called conidial traps. This developmental pattern occurs in practically all trap-
forming species when conidia are allowed to germinate in natural substrates, such 
as cow dung or rhizosphere soil (Persmark and Nordbring-Hertz 1997). The co-
nidial trap of Arthrobotrys oligospora (ATCC 24927) was first detected during a 
study where the efficiency of A. oligospora as a biological control agent against an-
imal-parasitic nematodes in cow faeces was evaluated. The production of conidial 
traps may indicate an increased potential of these fungi as antagonists to nematodes 
(Nordbring-Hertz 2004). The conidial trap also contains numerous electron-dense 
bodies characteristic of normal hyphal network traps (Nordbring-Hertz et al. 1995). 
Conidial traps are fully functional in trapping nematodes. They adhere to a passing 
nematode and may be carried away and spread by the nematode in a way similar to 
adhesive conidia of endoparasitic nematophagous fungi.

Apart from attacking nematodes, nematophagous fungi also have the capacity to 
infect other fungi. Arthrobotrys oligospora attack their host fungi by coiling of the 
hyphae around the host hyphae, which results in disintegration of the host cell cyto-
plasm without penetration of the host. It was shown that nutrient transfer took place 
between the A. oligospora and its host Rhizoctonia solani using radioactive phos-
phorous tracing (Olsson and Persson, 1994). Moreover, Arthrobotrys oligospora 
and other nematophagous fungi, such as Pochonia chlamydosporia have the capac-
ity to colonize plant roots (Bordallo et al. 2002). The growth of the nematophagous 
fungi in plant roots is endophytic, and endophytic growth of P. chlamydosporia in 
barley and wheat roots appeared to increase plant growth and reduce growth of the 
plant parasitic take-all fungus Gaeumannomyces graminis var. tritici (Monfort et al. 
2005). Mycoparasitism and plant endophytism may be important issues for exten-
sion of the biological control potential of the nematophagous fungi.

Genome Sequencing and Assembly

High molecular weight DNA was used to construct plasmid libraries with insert size 
of 4–5 kb and fosmid libraries with insert size of 35 kb. In total, 78 Mb high quality 
paired-end data was generated by AB 3730 Sanger sequencing platform from plas-
mid and fosmid libraries. In addition, 1009 MB pyrosequencing data with average 
read length of 345 bp and 375 Mb pyrosequencing data with average read length 
of 242 bp were obtained using the Roche 454 Genome Sequencer Titanium/FLX 
platforms. Pyrosequencing reads and Sanger sequencing reads were assembled by 
gsAssembler (Margulies et al. 2005) with default parameter settings. Resequencing 
of low quality regions and closing of gaps were performed by walking on plasmid 
and fosmid clones and by PCR using custom primers designed by Consed (Gordon 
et al. 2001).

Ab initio gene prediction was performed on the genome assembly by Augustus 
(Stanke and Waack 2003), Glimmer HMM (Majoros et al. 2004), and SNAP (Korf 
2004) trained with transcript sequences of Arthrobotrys oligospora from this study, 
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and by GeneMark (Ter-Hovhannisyan et al. 2008) formulated for fungal genomes. A 
final set of gene models were selected by EvidenceModeler (Haas et al. 2008) with 
weight for evidence from each gene prediction software determined by comparing 
ab initio predicted genes with transcript sequences of A. oligospora using Exoner-
ate (Slater and Birney 2005), and with transcript alignment supports from using 
Exonerate to align transcript sequences of A. oligospora and other fungal species 
downloaded from NCBI and TGI (Quackenbush et al. 2001). Predicted genes were 
annotated by BLASTP (Altschul et  al. 1997) searches against protein databases 
with E-value 1e−10: NR (www.ncbi.nlm.nih.gov), KOGs and COGs (Tatusov et al. 
2003), KEGG (Kanehisa et  al. 2004), UniRef100 (Jensen et  al. 2009), STRING 
(Chang et al. 2009), and by InterProScan (Quevillon et al. 2005) searches against 
protein domain databases with default parameter settings. Pathway mapping was 
conducted by associating EC assignment and KO assignment with KEGG meta-
bolic pathways based on BLASTP search result. Multiple gene families were con-
structed by searching each annotated gene against all other genes using BLASTP. 
The matches with E ≤ 1e−5 and at least 30 % sequence identity over 60 % of both 
gene lengths were used for clustering genes based on single linkage transitive clo-
sure (Galagan et al. 2003).

The genome of Arthrobotrys oligospora strain ATCC24927 was sequenced to 
36.6-fold coverage through a Sanger/pyrosequencing hybrid shotgun approach 
from multiple clone types. The 40.07 Mb genome is similar in size to that of the 
model ascomycete fungus Neurospora crassa (Galagan et al. 2003). The A. oligos-
pora genome was assembled into 215 scaffolds, containing a long-range continu-
ity as reflected by N50 scaffold size of 2037 Kb and N50 contig size of 575.8 Kb 
(Table 6.4). The assembly represents 99 % of the coding regions of the genome, as 
assessed by mapping 50,121 assembled transcript sequences (8.9 Mb) to the genome 
assembly. Almost all of the transcripts (99.6 %) were mapped onto the genome. 

General features Value
Size of assembled genome including gaps (bp) 40,072,829
Number of scaffolds larger than 2 kb 215
Number of scaffolds 323
Length of gaps within scaffolds (bp) 106,613
N50 scaffold size (bp) 2,037,373
N50 contig size (bp) 575,766
GC content (%) 44.45
Repeat regions (%) 0.47
Coding regions (%) 48.47
Number of predicted gene models 11,479
Number of single-exon genes 2616
Average gene length (bp) 1690
Average number of introns per multi-exon gene 2.8
Average intron size (bp) 89
Average exon size (bp) 473
Number of tRNA genes 145

Table 6.4   Properties of the 
Arthrobotrys oligospora 
genome. (Reproduced from 
Yang et al. (2011a))
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A total of 11,479 protein-coding genes were predicted: 23.6 % belonged to multi-
gene families and 44.6 % were mapped in the KOG/COG database. The average 
gene density was one gene per 3.50 kb, with an average gene length of 1.69 kb, 
similar to that of Neurospora crassa (1.67 kb) (Galagan et  al. 2003). Compared 
to N. crassa, genes in Arthrobotrys oligospora have more introns (2.8 VS. 1.7) 
but with a shorter average intron length (90 bp VS. 134 bp) (Galagan et al. 2003). 
As is typical of ascomycete fungal genomes, approximately one-third (34.6 %) of 
the predicted A. oligospora genes lacked significant homologies to known proteins 
from public databases (Table 6.4).

Comparative Analysis

Predicted proteins in Arthrobotrys oligospora were compared with the predicted 
proteins of ten sequenced fungal genomes. All proteins were searched against all 
other proteins in these genomes using BLASTP. The matches with E ≤ 1e−5 and at 
least 30 % sequence identity (Rost 1999) over 60 % of both protein lengths (Galagan 
et al. 2003) were taken as homologous sequences. The orthologous genes between 
A. oligospora and other 10 fungal genomes were identified based on bidirectional 
best hits (BBHs) using BLAST (Overbeek et al. 1999). The other 10 genomes used 
for comparison were divided into non-pathogen ( Aspergillus nidulans, Neurospora 
crassa and Saccharomyces cerevisiae) and pathogen ( Fusarium graminearum, 
Magnaporthe oryzae, Verticillium dahliae, Aspergillus fumigatus, Coccidioides im-
mitis, Histoplasma capsulatum and Chaetomium globosum) groups. A total of 529 
orthologous proteins were found in all the 11 analyzed fungal genomes. These or-
thologous sequences were concatenated to infer phylogenomic relationships among 
these fungi using Neighbor-joining, Maximum parsimony and Maximum likelihood 
methods (Tamura et al. 2007). The same tree topology was found by all the three 
phylogenetic methods. From the phylogenomic trees, Eurotiomycete fungi ( Asper-
gillus nidulans, A. fumigatus, Coccidioides immitis and Histoplasma capsulatum) 
clustered into one clade, Sordariomycete fungi ( Fusarium graminearum, Verticil-
lium dahliae, Chaetomium globosum, Neurospora crassa and Magnaporthe grisea) 
clustered into a different clade, while Arthrobotrys oligospora formed a separate 
branch.

Based on orthology analysis, the genes in Arthrobotrys oligospora can be 
classified into four categories: ao (only found in A. oligospora, 6157 genes), ao/
pathogen (found in A. oligospora and pathogen genomes, 961 genes), ao/patho-
gen/non-pathogen (found in all genomes, 4249 genes), and ao/non-pathogen (found 
in A. oligospora and non-pathogen genomes, 112 genes) (Fig. 6.15a). The results 
showed that A. oligospora shared many more genes with pathogenic fungi than with 
non-pathogenic fungi. The genes shared between A. oligospora and other patho-
genic fungi may be functionally related to pathogenicity in these fungi. The whole 
genome blast analysis against the pathogen-host interaction (PHI) gene database 
(Winnenburg et al. 2006) identified 398 putative PHI genes in A. oligospora, 294 of 
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which belong to 86 multigene families. The gene number expanded to 706 if single 
linkage transitive closure was applied. The distribution analysis of the othologous 
sequences showed that the putative PHI genes included 80 ao-specific genes and 
73 genes only found in pathogen genomes, more than those in the ao/non-pathogen 
category (Fig. 6.15b). It should be noted that many putative PHI genes were not 
included in the pathogenicity-related gene families, suggesting that there are poten-
tially more pathogenicity-related genes that remain to be experimentally confirmed.

Multigene families were constructed from the homologous sequences based 
on single linkage transitive closure (Galagan et al. 2003). A total of 2882 of the 
11479 genes clustered into 789 multigene families. Moreover, the number of genes 
in several gene families related to fungal pathogenicity was found expanded in the 
Arthrobotrys oligospora genome (Fig. 6.16). For example, subtilisins, a group of 
proteases essential for infection (Åhman et al. 2002; Yang et al. 2007a), were found 
in a greater number in A. oligospora (24) than in several model ascomycetes such 
as the animal pathogens Aspergillus fumigatus (4), Coccidioides immitis (15) and 
Histoplasma capsulatum (3), plant pathogens Fusarium graminearum (15), Verti-
cillium dahliae (16) and Magnaporthe grisea (22), and non-pathogens Aspergil-
lus nidulans (3), Neurospora crassa (5). Besides subtilisin genes, the Arthrobotrys 
oligospora genome also contains a larger number of genes within enzyme families 
of cellulases (58), pectinesterases (18) and cellobiohydrolases (17) than other se-
quenced model fungi (Fig. 6.16). As a comparison, the M. grisea genome contains 
the highest number of genes within the cytochrome P450 family (P450; 112); the 
Aspergillus fumigatus genome contains the highest numbers of genes within en-
zyme families of non-ribosomal peptide synthases (NRPS; 21), chitinases (18), 
and polygalacturonases (16); the Verticillium dahliae genome contains the highest 

Fig. 6.15   The distributions of Arthrobotrys oligospora genes and PHI putative genes in different 
categories. The other 10 fungal genomes were divided into non-pathogen and pathogen genomes. 
Based on orthology analysis, the genes in A. oligospora were classified into four categories: ao-
specific (only found in A. oligospora), ao/pathogen (also found in pathogenic fungi), ao/pathogen/
non-pathogen (found in all genomes) and ao/non-pathogen (also found in non-pathogenic fungi). a 
The distribution of all A. oligospora genes in different categories. b The distribution of PHI puta-
tive genes in different categories. (Reproduced from Yang et al. (2011a))
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numbers of genes within enzyme families of polygalacturonases (16), pectinester-
ases (29), and pectate lyases (29); and the Chaetomium globosum genome contains 
the highest numbers of genes within enzyme families of cellulases (66) and xyla-
nases (27).

Proteomic Analysis Under Induced by Nematode Extraction

The formation of traps likely involves other genes and is a prerequisite for infection, 
and serving as the indicator for lifestyle switch from saprobic to predacious stages in 
nematode-trapping fungi (Nordbring-Hertz et al. 2006; Yang et al. 2007d; Schmidt 
et al. 2007). At present, little is known about the molecular mechanism of trap for-
mation. To identify the proteins involved in trap formation, a proteomic study was 
performed and the profiles of intracellular proteins from Arthrobotrys oligospora 
cells at two developmental stages representing the early nematode extract (NE) in-
duction stage (10 h after treatment with NE) and the late stage of trap formation 
(48 h after treatment with NE) were compared. A. oligospora was cultured in the 
liquid PL-4 medium for 6 days. The vegetative hyphae were harvested by filtration 
through sterile cheesecloth, washed with sterile deionized water for three times, and 
then induced using the diluted Caenorhabditis elegans extract (10 %, v/v) in 88-mm 

Fig. 6.16   Comparison of pathogenicity-related gene families between Arthrobotrys oligospora 
and other sequenced fungi. Several pathogenicity-related enzyme families were compared between 
A. oligospora and other 10 sequenced fungi including Aspergillus fumigatus ( afu), Chaetomium 
globosum ( cgl), Coccidioides immitis ( cim), Aspergillus nidulans ( eni), Fusarium graminearum 
( fgr), Histoplasma capsulatum ( hca), Magnaporthe grisea ( mgr), Neurospora crassa ( ncr), Sac-
charomyces cerevisiae ( sce) and Verticillium dahliae ( vda). (Reproduced from Yang et al. (2011a))
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petri dishes at 26 °C. Crude C. elegans extract was obtained by ultrasonication for 
15 min and centrifugation at 10,000 × g for 30 min at 4 °C. About 30 ml extract was 
obtained from 10 g C. elegans (wet weight). The extract was sterilized by passing 
through a 0.22 μm membrane. In each Petri dish, about 200 mg hyphae were incu-
bated in the dilute C. elegans extract (40 ml). Hyphae incubated with an equal vol-
ume of sterile deionized water at the same condition were considered as a negative 
control. After induction, hyphae were collected by filtration through sterile cheese-
cloth, washed with sterile deionized water three times, and frozen immediately in 
liquid nitrogen and maintained at − 80 °C prior to use.

To extract cytosolic proteins, approximately 2 g mycelia were ground to a fine 
powder in liquid nitrogen using a cooled mortar. Mycelium powder was resus-
pended in 10 % (w/v) trichloroacetic acid in acetone, and proteins were allowed to 
precipitate for 2.5 h at − 40 °C. The protein pellet was recovered by centrifugation 
at 20,200 × g for 30 min, rinsed twice with 90 % acetone, air dried, and solubilized 
in 8 M urea, 2 M thiourea, 4 % CHAPS (w/v), 1 % dithiothreitol (DTT) (w/v) and 
0.8 % Bio-lyte 3/10 ampholyte (Bio-Rad Laboratories, Hercules, California) by ul-
trasonication for 15 min using a UP200S sonicator (Fernández-Acero et al. 2007) 
(Hielscher, Teltow, Germany). Insoluble material was removed by centrifugation at 
20,200 × g for 30 min. The supernatant was collected and stored at − 80 °C prior to 
use. Protein concentration was determined by the method of Bradford (1976) with 
bovine serum albumin as the standard.

Approximately 1 mg of protein samples were applied on 17 cm IPG strips, pH 
4-7 (Bio-Rad Laboratories) or pH 6-11 (GE Healthcare Life Sciences, Piscataway, 
New Jersey), using the anode Ettan IPGphor Cup Loading Manifold (GE Healthcare 
Life Sciences). The first dimension (IEF) was performed in the IPGphor Isoelectric 
Focusing System (GE Healthcare Life Sciences) by stepwise increase of the voltage 
as follows: 0V-500V for 2 h, 500V for 5 h, 500V-3500V for 3 h and finally 3500V 
continuing until the total volt-hours reached 54 kVh. After completion of IEF, IPG 
strips were incubated for 15 min in equilibration solution I (50 mM Tris pH6.8, 6 M 
urea, 30 % glycerol, 2 % SDS, 2 % DTT, trace bromophenol blue) and 15 min in 
equilibration solution II (solution I with 2.5 % iodoacetamide instead of DTT). The 
second dimension was performed on 12 % SDS-PAGE gels using Bio-Rad Protean 
Plus Dodeca Cell, at 15 mA per gel for first 15 min and then at a constant voltage 
of 250V, until the dye front reached the bottom of the gel. Low-molecular-weight 
markers were applied next to the acidic end of the IPG strips. Proteins were visual-
ized by Coomassie Brilliant Blue G-250 (BBI Research, Madison, Wisconsin).

The gel images were acquired by scanning with a UMAX Powerlook 2100XL 
scanner. Analysis of profiles and statistical analysis of protein spot data were per-
formed with the PDQuest 7.3.0 software (Bio-Rad Laboratories). Gels were nor-
malized based on the total spot integrated volume (area × density) in each gel of the 
match set. The value assigned to a protein spot was calculated as a percentage of the 
sum of volumes of all spots detected and multiply a factor of 1,000,000.

Protein spots were manually excised from Coomassie Brilliant Blue G-250 
stained gels. Excised gel spots were first washed with pure water for 15 min and 
then with 50 % (v/v) acetonitrile containing 25  mM NH4HCO3 three times for 
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15 min, then again with pure water for 15 min. The gel spots were dehydrated by in 
50 μl 100 % ACN for 20 min at room temperature and digested in 25 mM NH4HCO3 
containing 5 μg/ml modified trypsin (Promega, Madison, Wisconsin) for 16–20 h at 
37 °C to generate peptides.

Peptides were spotted on a MALDI sample plate with the same volume of matrix 
(10 mg/ml α-Cyano-4-hydroxycinnamic acid in 50 % acetonitrile, 0.1 % trifluoro-
acetic acid), and analyzed on a 4700 series Proteomics Analyzer (Applied Biosys-
tems). Peptide mass spectra were obtained by averaging 1000 aquired spectra in the 
positive ion reflector mode with a m/z range of 700–4000, and internally calibrated 
with a mass standard kit for the 4700 Proteomics Analyzer. The 4000 series explorer 
software 3.0 (Applied Biosystems) was used for peak list generating (S/N > 10). 
Proteins were identified by automated peptide mass fingerprinting using the mascot 
algorithm of the GPS Explorer 3.5 software (Applied Biosystems) against an in-
house sequence database of Arthrobotrys oligospora. Positive identifications were 
accepted up to 95 % of confidence level. The following criteria were used for the 
database searches: at least four matching peptide masses; maximum one missed 
cleavage per peptide; mass tolerance of 0.1 Da, and the acceptation of carbamido-
methylation for cysteine and oxidation for methionine.

The expressions of 91 and 16 proteins were found up-regulated ( P < 0.05), while 
24 and 95 were down-regulated ( P < 0.05) at 10 h and 48 h, respectively. Most of the 
proteins up-regulated at 10 h were involved in translation, posttranslational modifi-
cation, amino acid metabolism, carbohydrate metabolism, energy conversion, cell 
wall and membrane biogenesis (Table 6.5). The results suggest very active growth 
and metabolism during the transition from vegetative hyphae to trap cells. In con-
trast, compared to those at the saprobic stage, the expressions of most proteins up-
regulated at 10 h were found either down-regulated or unchanged at 48 h when 
the traps were already formed, consistent with the hypothesis that the proteins up-
regulated at 10 h were likely involved in trap formation of Arthrobotrys oligospora.

Real Time PCR Analysis

Total RNA was extracted with Trizol Reagent (Invitrogen, Carlsbad, California), 
purified with a RNAse Mini Kit (Qiagen, Valencia, Califonia), and then reverse 
transcribed with PrimeScript RT reagent Kit (Takara Bio Inc., Shiga, Japan) by fol-
lowing the manufacturer’s instructions. Quantitative real-time PCR was conducted 
with 2 μl reverse transcribed product in a 7300 Real-Time PCR system (Applied Bi-
osystems, California, USA) using Power SYBR Green PCR Master Mix (Applied 
Biosystems). 18S rDNA gene was used as the internal control. Fold changes were 
calculated using the formula 2−(ΔΔCt), where ΔΔCt is ΔCt (treatment)-ΔCt (control), 
ΔCt is Ct (target gene)—Ct (18S), and Ct is the threshold cycle (User’s Manual for 
ABI 7300 Real-Time PCR System).

Fifty-three genes were selected for analyzing the change of transcriptional level 
during the formation of traps (treated with NE for 10  h) in comparison to veg-
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etative mycelia by Real time PCR. These genes involved in different biological 
processes, for example, TCA and glyoxylate cycle, cell division and biosynthesis 
of adhesive proteins, cell wall, peroxisomal proteins and glycerol (Table 6.6). The 
transcriptional level of 40 % genes (21/53) was up-regulated during the formation 
of traps, especially, the expression level of several genes (e.g., adhesive proteins 
AOL_s00043g50 and AOL_s00210g231, Glycerol-3-phosphate dehydrogenase 
AOL_s00054g748, and serine proteases AOL_s00170g103 and AOL_s00215g702) 
increased by more than 5-fold (Table 6.6), suggesting that they involved in trap 
formation.

The Mechanism of Trap Formation

According to the proteomic and real time PCR analysis, the expression levels of 112 
genes/proteins were up-regulated during the trap formation, these genes involved 

Table 6.5.   Differentially expressed genes in Arthrobotrys oligospora during the formation of 
traps (treated with NE for 10 h) in comparison to vegetative mycelia as revealed by proteomics 
analysis. Proteins with changes greater than 1.5 folds between the two conditions are listed
COD/KOG classification Induced by10h Induced by 48h

Up-
regulated

Down-
regulated

Up-
regulated

Down-
regulated

Signal transduction mechanisms 5 0 0 4
Translation, ribosomal structure and 

biogenesis
8 0 2 10

Posttranslational modification, protein 
turnover, chaperones

10 2 2 8

Replication, recombination and repair 2 0 0 1
RNA processing and modification 0 1 0 2
Nucleotide transport and metabolism 3 0 0 1
Proteases 0 1 1 0
Amino acid transport and metabolism 6 1 6 15
Carbohydrate transport and metabolism 10 2 3 8
Lipid transport and metabolism 3 2 2 5
Energy production and conversion 15 1 3 12
Cell wall/membrane/envelope biogenesis 3 0 1 0
Cytoskeleton 5 0 0 3
Cell cycle control, cell division 2 1 0 1
Coenzyme transport and metabolism 1 0 0 5
Secondary metabolites biosynthesis, 

transport and catabolism
2 0 1 0

Inorganic ion transport and metabolism 1 0 1 2
Intracellular trafficking, secretion, and 

vesicular transport
3 0 0 3

General function prediction only 3 1 1 10
Others 9 4 1 5
Total 91 16 24 95
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Gene ID Gene annotation Real time PCR results
1 2 3

Adhesive proteins
AOL_s00043g50 Cell adhesion complex protein (bystin) 4.36 7.71 4.19
AOL_s00083g511 Jacalin-like lectin domain-containing protein 0.99 2.86 1.47
AOL_s00007g5 Putative cell agglutination protein 6.76 2.45 3.48
AOL_s00080g55 Cell membrane glycoprotein 2.0 1.26 1.29
AOL_s00004g121 Adhesin (aidA-I) 0.83 0.99 1.06
AOL_s00076g567 Adhesin protein Mad1 [Metarhizium anisopliae] 2.04 1.65 1.43
AOL_s00081g40 Fasciclin and related adhesion glycoproteins 0.68 0.65 0.78
AOL_s00076g207 Collagen adhesion protein 1.71 1.40 1.74
AOL_s00043g531 Lectin, (mannose-binding 1) 1.65 1.41 1.15
AOL_s00043g494 Lectin, mannose-binding 2 0.95 1.21 0.81
AOL_s00097g409 Fasciclin and related adhesion glycoproteins 0.91 1.52 1.76
AOL_s00210g231 Carcinoembryonic cell adhesion molecule 11.28 9.32 44.58
AOL_s00054g942 Extracellular matrix glycoprotein 1.08 4.12 0.51
AOL_s00215g185 GPI-anchored cell surface glycoprotein 0.57 0.92 1.02
AOL_s00054g276 Fucose-specific lectin [Aspergillus fumigatus] 1.09 0.82 0.69
Cell wall biosynthesis
AOL_s00079g31 Chitin synthase/hyaluronan synthase 0.79 0.81 0.79
AOL_s00210g143 Chitin synthase/hyaluronan synthase 1.16 0.65 2.29
AOL_s00004g638 Glucosamine-phosphate N-acetyltransferase 1.58 1.26 1.31
AOL_s00215g548 Protein involved in beta-1,3-glucan synthesis 1.06 1.41 1.27
AOL_s00210g38 Chitin synthase/hyaluronan synthase 1.39 1.54 1.31
AOL_s00210g37 Chitin synthase/hyaluronan synthase 2.19 2.27 2.46
AOL_s00075g119 Chitin synthase/hyaluronan synthase 1.83 0.75 1.76
AOL_s00075g153 Chitin synthase/hyaluronan synthase 0.46 0.40 0.76
AOL_s00054g465 Phosphoglucomutase/phosphomannomutase 0.43 0.35 0.36
AOL_s00054g491 1,3-Beta-glucan synthase 2.12 1.71 1.76
AOL_s00215g806 Alpha-1,3/alpha-1,6-mannosyltransferase 1.15 1.32 0.92
AOL_s00110g288 1,3-Beta-glucan synthase 2.01 1.45 1.49
AOL_s00076g99 Glucosamine 6-phosphate synthetases 5.44 4.73 3.28
AOL_s00078g76 Chitin synthase/hyaluronan synthase 1.98 2.91 2.19
TCA and Glyoxylate cycle
AOL_s00004g654 Fumarase 2.00 0.97 2.58
AOL_s00210g140 NAD-dependent malate dehydrogenase 3.01 0.78 2.98
AOL_s00215g565 NAD-dependent malate dehydrogenase 1.56 2.03 1.57
Peroxisomal proteins
AOL_s00081g131 Peroxisomal long-chain acyl-CoA transporter, 1.31 1.10 0.51
AOL_s00004g606 ABC superfamily 1.92 1.42 1.51
AOL_s00007g540 Peroxisomal biogenesis protein (peroxin 16) 1.50 2.19 1.64
AOL_s00083g431 Peroxisomal biogenesis protein (peroxin 11) 2.46 1.46 2.88
AOL_s00043g697 Peroxisome assembly factor 2 (peroxin 6) 1.38 1.26 1.13
AOL_s00080g243 Peroxisomal biogenesis factor 2 (peroxin 2) 1.35 1.25 0.92
AOL_s00081g263 Peroxisomal membrane anchor protein (Pex14p) 0.77 1.35 0.93
AOL_s00215g610 Peroxisomal assembly protein (PEX3) 1.49 1.36 1.07
AOL_s00215g40 Peroxisomal biogenesis protein (peroxin 11) 1.22 1.85 1.32

Table 6.6   Differentially expressed genes in Arthrobotrys oligospora during the formation of traps 
(treated with NE for 10 h) in comparison to vegetative mycelia as revealed by Real time PCR 
analysis
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in different biological processes in Arthrobotrys oligospora, such as signaling 
pathways and energy synthesis. For example, genes encoding the components of 
common fungal signal transduction pathways are all found in the A. oligospora 
genome. Specifically, glycosylphosphatidylinositol-specific phospholipase C 
(AOL_s00109g54), mitogen-activated protein kinase (MAPK, AOL_s00173g235), 
serine/threonine protein phosphatase 2A (regulatory subunit, AOL_s00007g146), 
calcyclin binding protein (AOL_s00054g214), and Ca2+/calmodulin-dependent 
protein kinase (AOL_s00078g95) were all up-regulated during the formation of 
traps. This result is consistent with the importance of signal sensing and transduc-
tion in the shift from saprobic to carnivorous lifestyles in A. oligospora. Moreover, 
in A. oligospora, the tricarboxylic acid (TCA) cycle was up-regulated in response 
to NE, as indicated by the enhanced expression of genes in the TCA cycle, such 
as citrate synthase (AOL_s00079g361), aconitase (AOL_s00110g24), isocitrate 
dehydrogenase (AOL_s00075g141), succinyl-CoA synthetase (AOL_s00043g45), 
and malate dehydrogenase (AOL_s00210g140 and AOL_s00215g565). In addition, 
malate synthase (AOL_s00112g112) and isocitrate lyase (AOL_s00075g130), two 
key enzymes in the glyoxylate cycle, were up-regulated at 10 h, indicating that this 
pathway is also important for trap formation.

A model of nematode trap formation in Arthrobotrys oligospora (Fig. 6.17) was 
suggested by combined the genomic, proteomic, and qPCR data. In this model, A. 
oligospora recognizes nematode signals and activates a diversity of downstream 
cellular processes (Yang et al. 2011a). These processes include (i) increased cell 
proliferation and septum formation with enhanced cell wall biosynthesis and cy-
toskeleton assembling; (ii) enhanced glycerol synthesis and accumulation leading 
to increased intracellular turgor pressure in preparation for host colonization and 
penetration within the nascent trapping cells; (iii) formation of dense bodies pos-
sibly involving the peroxisome biogenesis; and (iv) synthesis of adhesive proteins 

Gene ID Gene annotation Real time PCR results
1 2 3

AOL_s00054g525 Peroxisomal biogenesis protein (peroxin 13) 1.56 1.49 2.46
Cell division
AOL_s00054g368 Protein kinase of the CDC7 subfamily 1.09 1.06 0.90
AOL_s00083g388 DNA polymerase delta catalytic subunitCdc2 1.28 1.84 0.88
AOL_s00188g11 Cell division control protein 7 0.83 0.98 0.84
AOL_s00188g9 Cell division control protein7 0.55 0.71 0.82
Serine proteases
AOL_s00075g8 Serine protease [Dactylella varietas] 1.486 1.29 1.03
AOL_s00170g103 Serine protease [Monacrosporium 

megalosporum]
3.16 5.22 9.27

AOL_s00076g4 Serine protease [Arthrobotrys oligospora] 0.98 0.94 0.56
AOL_s00215g702 Serine protease [Dactylella varietas] 31.93 24.08 14.06
Glycerol biosynthesis
AOL_s00112g97 Glycerol 3-phosphatase 1 1.47 2.27 0.67
AOL_s00054g748 Glycerol-3-phosphate dehydrogenase (NAD+) 4.48 1.09 6.84

Table 6.6  (continued)
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on the surface of the trapping cells to enhance nematode capture. These complex 
and coordinated processes are fueled by energy and building blocks supplied from 
the glyoxylate and TCA cycles (Yang et al. 2011a).

Arthrobotrys oligospora is the first orbiliomycete fungus to have its whole ge-
nome sequenced. Compared with other pathogenic and non-pathogenic fungi, A. 
oligospora contained abundant orphan genes not found in other sequenced fungi 
(53.64 %) (Fig. 6.15a), a result consistent with the phylogenomic analysis that A. 
oligospora is phylogenetically very distant from other sequenced Ascomycota. The 
A. oligospora specific genes may be related to its complex life-styles. Specifically, 
A. oligospora is not only a saprobe, but also a nematode pathogen, a pathogen of 
other fungi, and a endophyte colonizer of plant roots (Bordallo et al. 2002). The 
genes shared between A. oligospora and ten other pathogenic and non-pathogenic 
ascomycetous fungi (37.02 %, Fig. 6.15a) likely represent housekeeping genes for 
this group of organisms. Interestingly, A. oligospora share many more genes with 
pathogenic fungi than with non-pathogenic fungi. Those shared between A. oligos-
pora and pathogens are likely to contribute to fungal pathogencity in general.

Fig. 6.17   A proposed model for trap formation in Arthrobotrys oligospora. In this model, multiple 
fungal signal transduction pathways are activated by its nematode prey to further regulate down-
stream genes associated with diverse cellular processes such as energy metabolism, biosynthesis 
of the cell wall and adhesive proteins, cell division, glycerol accumulation and peroxisome bio-
genesis. Black letters in red background represented the up-regulated proteins. Oval represented 
the 2-D results and quadrate represented the qPCR results. (Reproduced from Yang et al. (2011a))
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Fungi that are pathogenic to invertebrates, especially those targeting nematodes 
and insects, are of great importance for maintaining ecological balance in natural 
environments and for improving agricultural production (Nordbring-Hertz et  al. 
2006; St Leger and Wang 2011). Here the first genome of this group of fungi was 
reported and the key features related to their pathogenicity were described. The 
information presented here on a nematode-trapping fungus should facilitate our 
understanding of these fascinating carnivorous fungi, and provide a basis to ana-
lyze the similarities and differences between nematophagous and other pathogenic 
fungi. These data also have important ramification for the practical development of 
improved biological control agents.

Conclusion

Nematopahous fungi are a heterogeneous group of organisms that are ubiquitous in 
terrestrial and aquatic ecosystems (Nordbring-Hertz et al. 2006). They play impor-
tant roles in maintaining nematode population dynamics in natural environments. 
Most nematophagous fungi can live as saprophytic and parasitic life. Their ability 
to live both saprophytically and parasitically makes them great value in ecology 
and agricultural economy, such as for controlling parasitic nematodes of plants and 
animals. In this chapter, we discussed the extracellular enzymes, especially serine 
proteases and chitinases, which involved in the infection of fungi against nema-
todes. Recent year, increasing extracellular enzymes were identified from different 
fungi, especially, the structures of proteases and chitinases were resolved, which 
provided a basis for elucidating the catalytic mechanism of these enzymes. Mean-
while, we discussed the regulation of serine protease PrC in Clonostachys rosea, 
the expression of PrC was regulated by environmental pH, nitrogen sources and 
oxidative stress, which enhance our knowledge about the expression and regulation 
of a virulence factor in nematophagous fungi. Finally, we discussed the molecular 
mechanism of nematode trap formation by genome sequencing, proteomic and real 
time PCR analyses. These studies help us to partialy elucidate the molecular mecha-
nism of trap formation and infection. We have a better understanding of nematopha-
gous fungi with the application of biochemical and molecular biology technology, 
especially developing sequencing technology, which opens ways to find the secrets 
of these special organsisms.
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Abstract  This chapter summarizes more than 200 compounds from fungi that have 
been shown to possess nematicidal activities. These compounds belong to diverse 
chemical groups including alkaloid, quinone, isoepoxydon, pyran, furan, peptide, 
macrolide, terpenoid, fatty acid, diketopiperazine, aphthalene and simple aromatics. 
They have mainly been isolated from a variety of ascomycetous and basidiomycet-
ous fungal taxa. Their nematicidal activities are described and their potential roles 
in the biocontrol of nematodes are discussed.

Keywords  Fungi • Nematode • Nematicidal compounds • Biocontrol
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Introduction

Nematodes can attack, infect and consume a wide variety of organisms, including 
animals, microorganisms and plants. In recent years, the use of synthetic chemical 
compounds has been the most common strategy for controlling parasitic nematodes 
(Haydock et al. 2006). While these have been effective in certain circumstances, 
the widespread use of man-made chemical nematicides has caused significant prob-
lems to both the environment and human health. Consequently, their use for pest 
control in agriculture and forestry has been reduced significantly. The reduced use 
of synthetic chemical nematicides has generated significant demands for environ-
mentally friendly alternative strategies (Meira et al. 2006). Biological control is a 
potentially effective alternative for the management of nematode pests. Biological 
agents include both live organisms as well as their metabolic products (Willis and 
Thomas 1998). Fungi are known to possess a huge diversity of metabolic pathways 
and they have provided several large classes of commercial compounds, including 
many antibiotics used in medicine (Harvey 2000). Therefore, secondary metabo-
lites in fungi could have much potential in their novel structures and nematicidal 
activities.

Many nematicidal compounds had been discovered from nematode-toxic fungi, 
a group of nematophagous fungi. The aim of this chapter is to review the nematode-
toxic fungi, the different types, their structure and the nematicidal activity of com-
pounds isolated from nematode-toxic fungi.

Nematode-Toxic Fungi and Their Nematicidal Metabolites

About 280 fungal species in 150 genera of Ascomycota and Basidiomycota have 
been reported to possess nematicidal activity as they produce toxic compounds 
which are active against nematodes. More than 200 of these compounds with ne-
maticidal activities are summarized in this chapter.

Nematode-Toxic Ascomycetes and Their Nematicidal 
Metabolites

About 80 genera comprising more than 120 species have been reported to produce 
nematicidal active components. Lachnum papyraceum ( Hyaloscyphaceae) is one 
of the most prolific producers of nematicidal secondary metabolites and a number 
of nematicidal metabolites have been isolated from this taxa, culturing under dif-
ferent conditions. The structures of 30 compounds isolated from L. papyraceum 
have been elucidated to be isoepoxydon, isocoumarin, mycorrhizin and furan, and 
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24 compounds including 15 new isolates having nematicidal activities (Stadler and 
Anke 1993a, b; Stadler et al. 1995a, b, c, d, e; Shan et al. 1996).

The production of nematicidal compounds by three species of Nematoctonus 
have been demonstrated by Giuma and Cooke (1971) and Giuma et  al. (1973), 
and these compounds were termed nematoctoxins. The result indicated that Nema-
toctonus species quickly retard and kill their nematode hosts by the production of 
toxin, but the toxin had not been identified. Nematoctonus robustus was shown to 
have nematode-immobilizing activity in culture filtrate (Kennedy and Tampion 
1978). The nematicidal effect of filtrates from 15 asexual ascomyctes were tested 
against Meloidogyne incognita, and Acremonium strictum, Alternaria alternata, 
Curvularia pallescens, Nigrospora sphaerica, Paecilomyces lilacinus, Penicil-
lium spinulosu, Trichoderma harzianum, were most effective hatch inhibitors of 
root-knot nematodes and the nematicidal action of culture filtrates against nema-
tode might be attributed to the production of certain toxic metabolites (Khan and 
Kgan 1992).

Besides producing special structures that trap nematodes, some trapping fungi 
can produce nematicidal compounds at the same time as the process of trap-
ping nematodes. The nematicidal compound linoleic acid was isolated from the 
nematophagous Arthrobotrys brochopaga, A. conoides, A. dactyloides, A. oli-
gospora, and oligosporon, with 4’,5’-dihydro-oligosporon and arthrobotrisin A 
being obtained from A. oligospora (Stadler et  al. 1993; Anke et  al. 1995; An-
derson et al. 1995; Wei et al. 2011). These compounds have nematicidal activity 
and thus the process by which these fungi overcome and capture the nematode 
is complex.

Beauveria bassiana is an important insect pathogenic fungus which produces 
the bioactive substance beauvericin which has nematicidal activity against Me-
loidogyne incognita (Hamill et  al. 1969; Mayer 1995), Caenorhabditis elegans 
and Bursaphelenchus xylophilus (Shimada et  al. 2010). The compound is also 
produced by Fusarium sp. (Mayer 1995) and Paecilomyces fumoso-roseus (Ber-
nardini et al. 1975).

Isolates of 130 freshwater fungal taxa have been assayed for nematicidal ac-
tivity against B. xylophilus and 22 filtrates and 13 water-soluble extracts of bro-
ken fungal mycelia were found to be active against the nematode. The mobility 
of over 90 % of nematodes were inhibited by filtrates from Annulatascus sp., 
Caryospora callicarpa, Massarina thalassioidea, Ophioceras commune, Pseu-
dohalonectria adversaria, Pseudohalonectria lignicola, and mycelia extracts 
from Helicomyces roseus, Phomatospora berkeleyi and P. lignicola (Dong et al. 
2003). Several new nematicidal compounds were obtained from these freshwa-
ter fungi (Dong et  al. 2007, 2008, 2010). A novel class of potent nematicidal 
thermolides was isolated from a thermophilic fungus Talaromyces thermophilus. 
Thermolides A and B showed the strongest activities against nematodes with 
similar activity of avermectins (Guo et  al. 2012). These and other nematode-
toxic ascomycetes (and anamorphs), and their nematicidal compounds are lised 
in Table 7.1.
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Nematicidal Metabolites from Alternaria, Ascochyta, Aspergillus, 
Hemicarpenteles, Paecilomyces and Penicillium Species

Brefeldin A (1) is identical to two known chemicals ascotoxin and decumbin. It was 
first obtained from Penicillium decumbens (Singleton et al. 1958), and subsequently 
isolated from several other fungal species including P. brefeldianis (Kima and 
Kochevar 1995), P. camemberti (Abraham and Arfmann 1992), Hemicarpenteles 
paradoxus (Anke et al. 1995), Alternaria carthami, A. zinniae (Vurro et al. 1998), 
Paecilomyces sp., Aspergillus clavatus (Wang et al. 2002) and Ascochyta imper-
fecta (Suzuki et al. 1970). Screening against the nematode A. aceti with brefeldin A 
(1) resulted in significant nematicidal activity (BačÍkovÁ et al. 1965). A symmet-
ric 16-membered macrodiolide helmidiol (2) was produced by Alternaria alternata 
(Kind et al. 1996). The compound had activity against Haemunchus cortortus (Kind 
et al. 1996) and Meloidogyne incognita (Khan and Kgan 1992).

Nematicidal Metabolites from Apiocrea Chrysosperma

Four linear lipophilic peptides chrysospermins A (3), B (4), C (5) and D (6) were iso-
lated from the mycelium of Apiocrea chrysosperma Ap101 (Dornberger et al. 1995). 
These compounds have been patented as nematicidal and anthelminthic agents 
(Metzger et al. 1994). Each of these four peptides contains 19 amino acids and pos-
sesses a C-terminal Trpol and one labile Aib-Pro bond (Table 7.2, Bodo et al. 1985).

Nematicidal Metabolites from Nematode-Trapping Fungi 
Arthrobotrys, Chlorosplenium, Dactylella and Monacrosporium

An aliphatic compound linoleic acid (7) was detected in the mycelial extracts of the 
nematode-trapping fungi Arthrobotrys conoides, A. brochopaga, A. dactyloides, A. 
oligospora, Dactylella candida and Monacrosporium doedycoides. The LD50 of the 
compound towards Caenorhabditis elegans was 10 µg mL−1 and the LD30 to Meloi-
dogyne incognita was 100 µg mL−1 (Stadler et al. 1994c; Anke et al. 1995). Besides 
linoleic acid (7), two isoepoxydon compounds oligosporon (8) and its dihydro-de-
rivative 4’,5’-dihydro-oligosporon (9) were isolated from Arthrobotrys oligospora. 
These two compounds were active against Haemunchus cortortus with LD50 val-
ues of 25 and 50–100 µg mL−1. However, they were inactive against the nematode 
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Caenorhabditis elegans at concentrations up to 100 µg mL−1 (Anderson et al. 1995; 
Stadler et al. 1993). Recently, three novel oligosporons, named arthrobotrisins A-C 
(10–12) were isolated from A. oligospora, but only arthrobotrisin A (10) had nemati-
cidal activity against Panagrellus redivivus (Wei et al. 2011). Linoleic acid (7) was 
also found in Chlorosplenium sp. (Anke et al. 1995), and the basidiomycete Hericium 
coralloides (Xiang and Feng 2001) and Pleurotus pulmonarius (Stadler et al. 1994c).

Nematicidal Metabolites from Aspergillus Fumigatus, Penicillium 
Nigricans, Gliocladium Fimbriatum and Penicillium Sp.

A terpenoid, fumagillin (13), isolated from both Aspergillus fumigatus and Penicil-
lium nigricans, was reported to be moderately active against nematode Anguillula 
aceti (Tarbell et al. 1960; BačÍkovÁ et al. 1965; Beecham et al. 1966). Gliotoxin 
(14), a known antibiotic, was also weakly active against A. aceti (BačÍkovÁ et al. 
1965). Gliotoxin (14) had been isolated from Gliocladium fimbriatum, Aspergillus 
fumigatus, Penicillium sp. and other fungi (Tarbell et al. 1960; Beecham et al. 1966). 
Besides the two compounds, five compounds including two new active fumiqui-
nones A (15), B (16) and three known spinulosin (17), LL-S490 (18) and pseurotin 
A (19) were also isolated from A. fumigatus. Fumiquinone A (15) showed effective 
nematicidal activities against Pratylenchus penetrans and Bursaphelenchus xylo-
philus, but fumiquinone B (16) and the three known compounds only showed activ-
ity against B. xylophilus. All of these five compounds had no nematicidal activities 
against Caenorhabditis elegans (Hayashi et al. 2007).
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Nematicidal Metabolites from Aspergillus Glaucus, 
A. Melleus and A. Niger

A widely distributed anthraquinone in plants, emodin (20) was also obtained from 
Aspergillus glaucus (Anke et al. 1980a, b). Emodin (20) has shown activity against 
Meloidogyne incognita (Mayer 1995). Aspyrone (21) was isolated from Aspergil-
lus melleus and showed a nematicidal activity against Pratylenchus penetrans with 
killing rates of 39 % and 80.8 % at concentrations of 100 mg L−1 and 300 mg L−1, 
respectively (Kimura et al. 1996). Nafuredin (22) was isolated as an inhibitor of an 
anaerobic electron transporter from the culture broth of Aspergillus niger FT-0554 
(Ui et al. 2001; Ōmura et al. 2001). In vivo trials with sheep indicated that nafuredin 
(22)had significant nematicidal activity against Haemunchus cortortus. Nafuredin 
(22) could be easily converted to nafuredin-γ (23) by weak alkaline treatment. The 
latter also showed an inhibitory activity similar to nafuredin (22) (Shiomi et  al. 
2005). The IC50 values of nafuredin (22) and nafuredin-γ (23) were 9.7 nM and 
6.4 nM respectively in their inhibition against NADH-fumarate reductase (NFRD) 
of Ascaris suum (Shiomi et al. 2005). Two new nematicidal ophiobolins, ophiobolin 
K (24) and 6-epiophiobolin K (25) were obtained from Aspergillus ustus (Singh 
et al. 1991). The two compounds were also isolated from Cochliobolus heterostro-
phus (Rosegay et al. 1996).

Nematicidal Metabolites from Aspergillus Spp.

Four macrolides including a new compoundββ,γ-dehydrocurvularin (26) and three 
known ones αβ-dehydrocurvularin (27), 8-β-hydroxy-7-oxocurvularin (28) and 
7-oxocurvularin (29) were obtained from Aspergillus sp. These four macrolides 
have shown nematicidal activities against the root-lesion nematode Pratylenchus 
penetrans (Kusano et  al. 2003). However, none of the four compounds had any 
observable effects on Caenorhabditis elegans at the tested concentrations (1–
1000 mg L−1). The three known compounds are produced by many species in the 
genera Alternaria, Cochliobolus, Curvularia and Penicillium (Munro et al. 1967; 
Hyeon et al. 1976; Robeson and Strobel 1981, 1985; Kobayashi et al. 1988; Arai 
et al. 1989; Lai et al. 1989, 1990; Ghisalberti and Rowland 1997). Two members of 
a new class of anthelmintics, aspergillimide (VM55598) (30) and 16-keto aspergil-
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limide (SB202327) (31), were isolated from Aspergillus sp. IMI 337664 (Banks 
et  al. 1997). In addition, three new paraherquamides SB203105 (32), SB200437 
(33) and VM54159 (34) were also isolated from this strain. This study was the 
first to report paraherquamides from an organism outside the fungal genus Peni-
cillium. These compounds had activity against Trichjostrongylus columbriformis. 
Tests showed that the 16-keto analogue of aspergillimide (31) was active against 
Haemunchus contortus L3 larvae in vitro but not in vivo (Banks et al. 1997). A new 
nematicide 5-hydroxymethyl-2-furoic acid (35) was obtained from the cultures of 
an Aspergillus sp. The compound showed effective nematicidal activities against 
Bursaphelenchus xylophilus and Caenorhabditis elegans (Kimura et al. 2007). A 
pyran compound patulin (36) was proven to be active against Meloidogyne incog-
nita with the LD30 dose at 100 µg mL−1 and a oxygen heterocycle penicillic acid 
(37) was found to possess weak activities against Anguillula aceti (BačÍkovÁ et al. 
1965; Mayer 1995). Patulin (36) was found in several fungi including Aspergillus 
spp. (Lopez-Diaz and Flannigan 1997), Penicillium spp. (Adams et al. 1976; Al-
faro et al. 2003; Dombrink-Kurtzman and Blackburn 2005), and Byssochlamys spp. 
(Moulé and Hatey 1977). Penicillic acid (37) has been isolated from several fungal 
species and strains belonging to Aspergillus (He et al. 2004; Kang and Kim 2004), 
Penicillium (Wirth et al. 1956; Reimerdes et al. 1975), and Malbranchea auranti-
aca (Martínez-Luis et al. 2005).

Nematicidal Metabolites from Beauveria Bassiana, Bulgaria 
Inquinans and Paecilomyces Fumoso-Roseus

The cyclic depsipeptide beauvericin (38) was weakly active against Meloidogyne 
incognita (Mayer 1995), and then was proved to be active against Caenorhabdi-
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tis elegans and Bursaphelenchus xylophilus (Shimada et  al. 2010). This peptide 
was isolated from Beauveria bassiana (Hamill et al. 1969), Paecilomyces fumoso-
roseus (Bernardini et al. 1975), Fusarium spp. (Bernardini et al. 1975), Beauveria 
sp. FKI-1366 (Fukuda et al. 2004), Fusarium bulbicola (Shimada et al. 2010) and 
F. redolens (Xu et  al. 2010), and the basidiomycete Polyporus sulphureus (Deol 
et al. 1978). Two new azaphilones, bulgarialactone A (39) and B (40) were isolated 
from both the mycelia and fruit bodies of the Bulgaria inquinans. The LD50 value 
of bulgarialactone A (39) and B (40) against the nematode Caenorhabditis elegans 
was 5 µg mL−1 and 10–25 µg mL−1 respectively (Stadler et al. 1995).

Nematicidal Metabolites from Caryospora Callicarpa

Three new macrolide caryospomycins A (41), B (42) and C (43), and four known 
compounds (44–47) were isolated from the mycelium and fermentation broth of 
freshwater taxon C. callicarpa YMF1.01026 (Dong et al. 2007; Zhu et al. 2008). 
These compounds were active against Bursaphelenchus xylophilus (Dong et  al. 
2007; Zhu et al. 2008).
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Nematicidal Metabolites from Chaetomium Globosum, 
Cladobotryum Rubrobrunnescens, Clonostachys Cylindrospora, 
Coelomycetes Sp., Epicoccum Nigrum and E. Purpurascens

A simple aromatic flavipin (48), produced by Chaetomium globosum, could inhibit 
in vitro egg hatch and juvenile mobility of Meloidogyne incognita, and could also 
inhibit the hatch of Heterodera glycines (Nitao et al. 2002). Flavipin (48) was also 
found in Epicoccum nigrum (Burge et al. 1976) and E. purpurascens (Brown et al. 
1987). Cladobotrin I (49) exhibited nematicidal activity towards Meloidogyne in-
cognita with an LD50 at 100 µg mL−1, and it was isolated from Cladobotryum rubro-
brunnescens (Wagner et al. 1998). A 14-membered macrodiolide clonostachydiol 
(50) was isolated from the Clonostachys cylindrospora (Grabley et al. 1993). Its 
synthesis in vitro has been achieved (Rao et al. 1995). A dose of 2.5 mg kg−1 sub-
cutaneously administered to sheep artificially infected with the nematode Haemun-
chus cortortus caused 80 to 90 % reduction of nematode (Grabley et al. 1993). Five 
nematicidal compounds preussomerin C (51), preussomerin D (52), preussomerin E 
(53), (4RS)4,8-dihydroxy-3,4-dihydronaphthalen-1(2H)-one (54) and 4,6,8-trihy-
droxy-3,4-dihydronaphthalen-1(2H)-one (55) were isolated from an aquatic fungus 
Coelomycetes sp. YMF 1.01029 (Zhou et al. 2009).

Nematicidal Metabolites from Cochliobolus Heterostrophus, 
C. Miyabeanus, Helminthosporium Leersii and H. Sativum

Four ophiobolane-type sesterterpenes including ophiobolin M (56), 6-epiophiobolin 
M (57), ophiobolin C (58) and 6-epiophiobolin C (59) have been isolated from Coch-
liobolus heterostrophus (Tsipouras et al. 1996). Ophiobolin C (58) was first obtained 
from Helminthosporium species (Cutler et al. 1984) and it was the most active com-
pound among these compounds with an LD50 value of 5 µM against Caenorhabditis 
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elegans. These compounds are non-competitive inhibitors of ivermectin binding to 
membranes prepared from C. elegans (Tsipouras et al. 1996). A quinone cochlioqui-
none A (60) has been isolated from Cochliobolus miyabeanus, Helminthosporium 
leersii and H. sativum (Barrow and Murphy 1972; Schaeffer et al. 1990). The ED50 
of cochlioquinone A (60) against Caenorhabditis elegans was 135 µM (Snook et al. 
1998). Cochlioquinone A (60) may have a similar mode of action as that of the 
widely used avermectin because the compound is a competitive inhibitor of [3H]
ivermectin and both can bind to the cell membrane of Caenorhabditis elegans.

Nematicidal Metabolites from Coronophora Gregaria 
and Cylindrocarpon Olidum

A highly methylated polyketide MK7924 (61) was isolated from the culture broth of 
Coronophora gregaria L2495 and the compound exhibited significant nematicidal 
activity against Caenorhabditis elegans at 100 µg mL−1 (Kumazawa et al. 2003). 
There were significant structural differences between MK7924 (61) and other 
known anthelmintic agents. Therefore, MK7924 (61) could be developed as a prom-
ising new type of anthelmintic. Two nematicidal compounds cannabiorcichromenic 
acid (62) and its 8-chloro derivative (63) were isolated from Cylindrocarpon olidum 
(Quaghebeur et al. 1994). The mixture of these two compounds could kill 50 % of 
Heterorhabditis nematodes at 20 µg mL−1 (Quaghebeur et al. 1994).
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Nematicidal Metabolites from Daldinia Concentrica, 
Emericellopsis Poonensis and E. Synnematicola

Two naphthalenes 1-methoxy-8-hydroxynaphthalene (64) and 1,8-dimethoxynaphtha-
lene (65) were isolated from Daldinia concentrica (Dasenbrock 1994) and both were 
active against C. elegans with LD50 values at 10 µg mL−1 and 25 µg mL−1 respec-
tively. However, these two compounds were only weakly active against Meloidogyne 
incognita (Anke et al. 1995). The N-terminally acetylated lipophilic linear polypeptide 
antiamoebin I (66) had been obtained from fungal species Emericellopsis poonensis 
and E. synnematicola, which showed activity against helminthes (Thirumalachur 1968; 
Pandey et al. 1977). The structure of antiamoebin I (66) was determined by several spec-
tral methods including X-ray crystallography (Brückner et al. 1980; Snook et al. 1998).

Nematicidal Metabolites from Fusarium Roseum, 
Trichothecium Roseum, Fusarium Sp. and Geotrichum Sp.

Trichothecolone (67) was obtained from Fusarium roseum and Trichothecium roseum, 
which had weakly activity against the nematode Anguillula aceti (Freeman et al. 1959; 
BačÍkovÁ et al. 1965; Konishi et al. 2003). Two cyclodepsipeptides, enniatin A (68) 
and enniatin B (69), were isolated from the culture broth of Fusarium spp. (Tomoda 
et al. 1992), and both were weakly active against Meloidogyne incognita (Mayer 1995). 
An endophytic fungus Geotrichum sp. AL4 was isolated from the leaf of Azadirachta 
indica. Two new metabolites, 1-((2R,4S,5S)-2-chloro-4-methyl-1,3-oxazinan-5-yl)
ethanone (70) and 1-((2R,4S,5R)-2-chloro-4-methyl-1,3-oxazinan-5-yl)ethanone (71) 
as well as one known compound 2’,4’-dihydroxyacetophenone (72) were isolated 
from this strain. The three compounds exhibited nematicidal activity against nema-
todes Bursaphelenchus xylophilus and Panagrellus redivivus (Li et al. 2007).
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Nematicidal Metabolites from Gliocladium Roseum, 
G. Virens and Gymnoascus Reesii

A series of diketopiperazine compounds were isolated from the solid-substrate fer-
mentation cultures of Gliocladium roseum (Dong et al. 2005, 2006). These com-
pounds include gliocladine A (73), B (74), C (75), D (76), E (77), verticillin A (78), 
11’-deoxyverticillin A (79), Sch52900 (80), Sch52901 (81) and glioclasine (82). 
The compounds showed nematicidal activities against Caenorhabditis elegans and 
Panagrellus redivivus. However, they showed little activity against Bursaphelen-
chus xylophilus. Compared to the other compounds in this group, glioclasine (82) 
showed the strongest activities against Bursaphelenchus xylophilus, Caenorhabditis 
elegans and Panagrellus redivivus with LD50 values at 15, 50 and 200 µg mL−1, re-
spectively (Dong et al. 2005). A sterol, viridian (83) was obtained from Gliocladium 
virens and some strains of Trichoderma (Blight et al. 1968), and it has been found to 
possess weak activity against Anguillula aceti (BačÍkovÁ et al. 1965). A nematicidal 
metabolite (3E,5E)-2,5-dihydroxy-2,7-dihydrooxepine-3-carboxylic anhydride (84) 
was isolated based on bioassay-guided fractionation from the extracts of the fungus 
Gymnoascus reesii, which showed activity against M. incoginta (Liu et al. 2011).
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Nematicidal Metabolites from Hirsutella Thompsonii 
Var. Synnematosa, Nigrospora Sphaerica, Verticillium 
Chlamydosporium and Hypomyces Sp.

A nematicidal compound phomalactone (85) was obtained by bioassay-directed 
fractionation from Verticillium chlamydosporium (Khambay et al. 2000). The mor-
tality of Meloidogyne incognita reached 84 % in 96 h when the concentration of 
phomalactone (85) was 500 mg L−1 (Khambay et  al. 2000). This compound has 
been found in other fungi, e.g the entomopathogenic fungi Hirsutella thompsonii 
var. synnematosa (Krasnoff and Gupta 1994) and Nigrospora sphaerica (Kim et al. 
2001). Two photosensitive compounds hypocrellin A (86) and elsinochrome A (87) 
were isolated from Hypomyces sp. (Dong et al. 2001). These two compounds were 
able to kill 50 % of the nematode Bursaphelenchus xylophilus within 18 h at con-
centrations of 50 µg mL−1 for hypocrellin A (86), and 15 µg mL−1 for elsinochrome 
A (87) (Dong et al. 2001).

Nematicidal Metabolites from Anamophic Fungi Strains D1084 
and PF1022

Two novel depsipeptides bursaphelocides A (88) and B (89) were isolated from an 
unidentified anamorph strain, D1084. These two compounds were active against B. 
xylophilus at a dose of 100 µg per ball using the “cotton ball on the fungal mat meth-
od” (Kawazu et al. 1993). Another unidentified anamorph strain PF1022 produced a 
novel cyclodepsipeptide PF1022A (90) showed potent anthelmintic activity against 
Ascaridia galli (Sasaki et al. 1992). Importantly, no toxic effect was observed to 
the host animals. The efficacy of compound PF1022A (90) against anthelmintic-
resistant nematodes in sheep and cattle was investigated and the result confirmed 
that PF1022A (90) was fully effective against these parasite nematode populations 
(Samson-Himmelstjerna et al. 2005).
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Nematicidal Metabolites from Lachnum Papyraceum

Two new compounds lachnumfuran A (91) and lachnumlactone A (92) were ob-
tained from Lachnum papyraceum (Shan et al. 1996). The two compounds had rela-
tively weak activities against Caenorhabditis elegans with ND90 dosages at 100 and 
50 µg mL−1 respectively (Shan et al. 1996). During the investigations of the influ-
ences of CaBr2 on the biosynthesis of chlorinated secondary metabolites in Lach-
num papyraceum, six isocoumarin derivatives, 6-hydroxymellein (93), 4-chloro-
6-hydroxymellein (94), 4-bromo-6-hydroxymellein (95), 6-methoxymellein (96), 
4-chloro-6-methoxymellein (97) and 4-chloro-6,7-dihydroxymellein (98) were ob-
tained. Among them, compounds 4-chloro-6-hydroxymellein (94), 4-bromo-6-hy-
droxymellein (95), 6-methoxymellein (96) and 4-chloro-6,7-dihydroxymellein (98) 
were isolated for the first time from a natural source (Stadler et al. 1995a, b). These 
isocoumarin derivatives showed only weak nematicidal effects and the ND90 values 
of these compounds against Caenorhabditis elegans were all within the region of 
100 µg mL−1 (Stadler et al. 1995a).

In additional, a series of mycorrhizins, mycorrhizin A (99), chloromycorrhizin 
A (100) and (1’-E)-dechloromycorrhizin A (101) were commonly found in normal 
fermentations of the fungus (Stadler and Anke 1993a). However, in fermentations in 
media containing a large amount of CaBr2, additional mycorrhizins could be found. 
These included two brominated derivatives mycorrhizin B1 (102) and mycorrhizin 
B2 (103) as well as (1’Z)-dechloromycorrhizin A (104) (Stadler et al. 1995c, d, e; 
Shan et al. 1996). These mycorrhizins were all toxic towards Caenorhabditis ele-
gans but were only weakly active against Meloidogyne incognita. Among these my-
corrhizins, mycorrhizin A (99) showed the highest activity against Caenorhabditis 
elegans with an LD50 at 1 µg mL−1. Based on structural and functional comparisons, 
it was suggested that chlorine substitutions in the side chains could increase their 
biological activities, whereas chlorine substitutions within the ring systems seem to 
weaken their activities (Stadler et al. 1995a). The brominated mycorrhizins showed 
weaker activities than their chlorinated analogues. However, these differences were 
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not statistically significant (Stadler et al. 1995c). Several minor metabolites, papy-
racons A (105), B (106), C (107) and D (108), 6-O-methylpapyraceum B (109) and 
6-O-methylpapyraceum C (110) have also been isolated from Lachnum papyraceum 
and they are all weakly active against Caenorhabditis elegans (Stadler et al. 1995c, 
d, e; Shan et  al. 1996). In addition, four isoepoxydon compounds were isolated 
from Lachnum papyraceum (Stadler and Anke 1993a, b; Stadler et al. 1995c, e). 
These compounds were lachnumon (111), lachnumon A (112), lachnumon B1 (113) 
and lachnumon B2 (114). Lachnumon (111) and lachnumon A (112) had similar ac-
tivities against Caenorhabditis elegans with an LD50 at 25 µg mL−1. Their activities 
against Meloidogyne incognita were weak, with an LD50 exceeding 100 µg mL−1 for 
both (Stadler and Anke 1993a, b). The LD90values of lachnumon B1 (113) and lach-
numon B2 (114) against Caenorhabditis elegans were 25 µg mL−1 and 50 µg mL−1, 
respectively. Their activities against Meloidogyne incognita were similar to those 
of compounds lachnumon (111) and lachnumon A (112) (Stadler et al. 1995c, e). 
6-hydroxymellein (93) has also obtained from other taxa including Discula spp. 
(Venkatasubbaiah and Chilton 1991) and Myxotrichum stipitatum (Kimura et  al. 
2002). In addition, mycorrhizin A (99) and chloromycorrhizin A (100) have been 
isolated from a mycorrhizal fungus Monotropa hypopitys (Trofast and Wickberg 
1977; Trofast 1978).

Nematicidal Metabolites from Melanconium Betulimum, 
Mycosphaerella Lethalis and Phomopsis Phaseoli

3-hydroxypropionic acid (3-HPA) (115) was isolated as the main nematicide 
from the submerged culture of fungus Phomopsis phaseoli originally found on 
a tropical tree. This compound has also been found from Melanconium betuli-
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mum associated with Betula pendula and B. pubescens (Schwarz et al. 2004). The 
compound showed selective nematicidal activity against Meloidogyne incognita 
with an LD50 value of 12.5–15 µg mL−1, and against Caenorhabditis elegans with 
an LD50 value about five times lower (Schwarz et al. 2004). A 9-lactide decane 
compound lethaloxin (116) isolated from Mycosphaerella lethalis (Arnone et al. 
1993), which was proven capable of killing C. elegans with an LD50 at 25 µg mL−1 
(Stadler 1993).

Nematicidal Metabolites from Nectria Radicola 
and Neobulgaria Pura

A macrolide radicicol (117) produced by Nectria radicicola was a highly cytotoxic 
antiprotozoal and antineoplastic agent (Mirrington et al. 1964). This compound has 
also been isolated from other fungal species such as Monosporium bonorden, Peni-
cillium luteo-aurantium (Nozawa and Nakajima 1979) and Chaetomium chiversii 
(Kithsiri Wijeratne et al. 2006). Its two dialkoxy derivatives radicicol B (118) and 
radicicol C (119) also possessed nematicidal activities against an unidentified soil 
nematode with an LD50 value at 200 µg mL−1 (Stadler 1993). Compound 14-epi-
cochlioquinone B (120) was isolated as a platelet aggregation inhibitor from the 
ascomycete Neobulgaria pura (Lorenzen et al. 1994). This compound had a strong 
nematicidal activity against C. elegans with LD50 value at 10 µg mL−1 (Anke et al. 
1995). However, it was approximately 10 times less active against Meloidogyne 
incognita (Anke et al. 1995).
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Nematicidal Metabolites from Oidiodendron Sp. 
and Ophioceras Dolichostomum

Two compounds including 4-hydroxyphenylacetic acid (4-HPA) (121) and oidiolac-
tone D (122), were isolated from cultures of Oidiodendron sp.. The two compounds 
showed nematicidal activities against Pratylenchus penetrans and Bursaphelenchus 
xylophilus (Ohtani et al. 2011). Isoamericanoic acid A (123) and caffeic acid (124) 
were isolated from the freshwater taxon Ophioceras dolichostomum YMF1.00988. 
The LD50 values of the two compounds against Bursaphelenchus xylophilus were 
133.7 and 46.8 µg mL−1 respectively (Dong et al. 2010).

Nematicidal Metabolites from Paecilomyces Lilacinus 
and Trichoderma Longibrachiatum

The common acetic acid (125) has been isolated from culture filtrates of Paecilomyces 
lilacinus and Trichoderma longibrachiatum (Djian et al. 1991; Park et al. 2004). Ace-
tic acid (125) has been shown to have selective nematicidal activities against certain 
nematodes (Djian et al. 1991). P. lilacinus showed effective treatment on against root-
knot nematode on tomato plants under greenhouse conditions (El-Din et al. 2012).

Nematicidal Metabolites from Paecilomyces Spp.

A new macrocyclic lactone derivative paeciloxazine (126) with the pyrroloben-
zoxazine skeleton was isolated from the culture broth of Paecilomyces sp. 
BAUA3058 (Kanai et al. 2004). Biological assay showed that the compound was 
active against Rhabditis pseudoelongata at 50 µg mL−1. Nematicidal compounds 
cerebroside A (127) and B (128) were isolated from another strain of Paecilomy-
ces (Zhang et  al. 2010). A new nematicidal compound 4-(4’-carboxy-2’-ethyl-
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hydroxypenty)-5,6-dihydro-6-methyl-cyclobuta[b]pyridine-3,6-dicarboxylic 
acid (129) was identified from Paecilomyces sp. YMF1.01761. The LD50 value 
of the compound within 48 h against Panagrellus redivivus was 50.86 mg L−1, 
Meloidogyne incognita was 47.1  mg  L−1, and Bursaphelenchus xylophilus was 
167.7 mg L−1 (Liu et al. 2009).

Nematicidal Metabolites from Paraniesslia Spp.

A new compound 3,5-dicarboxyaldehyde-4-hydroxy-acetophenone (130) was ob-
tained from the freshwater fungus Paraniesslia sp. 83. This compound had a nemati-
cidal activity against Bursaphelenchus xylophilus with an LD50 value at 200 ppm 
in 24 h (Dong 2005). Two sphingolipids including a new (2S,2’R,3R,3’E,4E,8E)-1-
O-(β-D-glucopyranosyl)-3-hydroxyl-2-[N-2’-hydroxyl-3’-eicosadecenoyl]amino-
9-methyl-4,8-octadecadiene (131) and a known (2S,2’R,3R,3’E,4E,8E)-1-O-(β-
D-glucopyranosyl)-3-hydroxyl-2-[N-2’-hydroxyl-3’-oct adecenoyl]amino-9-me-
thyl-4,8-octadecadiene (132) were isolated from another strain of Paraniesslia sp. 
YMF1.01400. Both compounds showed moderately nematicidal activities against 
Bursaphelenchus xylophilus (Dong et al. 2005).
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Nematicidal Metabolites from Penicillium Bilaiae, 
P. Charlesii and P. Paraherquei

A new acetylenic nematicidal compound penipratynolene (133) was obtained from 
the culture filtrate of the fungus Penicillium bilaiae (Nakahara et al. 2004). The com-
pound showed nematicidal activity against the root-lesion nematode Pratylenchus 
penetrans, capable of killing 77 % of the nematode at a concentration of 300 mg L−1 
(Alfaro et al. 2003). It was suggested that the alkyne carbons are likely to play an 
important role in the nematicidal activities of this group of compounds (Kimura 
et al. 1981; Mori et al. 1982). Two known compounds, 6-methoxy-carbonylpico-
linic acid (134) and 2,6-pyridinedicarboxylic acid (135), were also obtained from 
the culture filtrate of the strain (Nakahara et al. 2004). By a bioassay at 300 mg L−1, 
both the two compounds showed nematicidal activities with a mortality of 52 % and 
98 % respectively against Pratylenchus penetrans (Nakahara et al. 2004). Nakahara 
et al. (2004) suggested that the carboxy groups in the compounds are likely to play 
important roles in their nematicidal activities. The oxindole alkaloid paraherqua-
mide (136) was originally isolated from Penicillium paraherquei and its structure 
was determined by X-ray diffraction analysis (Yamazaki et al. 1981). Subsequently, 
paraherquamide (136) and its novel analogs paraherquamides B (137), C (138), D 
(139), E (140), F (141), G (142) were obtained from another species of Penicillium 
charlesii (ATCC 20841) (Ondeyka et al. 1990; Liesch and Wichmann 1990). All 
seven metabolites possessed nematicidal activities against Caenorhabditis elegans 
with LD50 values in the range of 2.5–160 µg mL−1. Among them, paraherquamide 
(136) was the most potent with an LD50 value of 2.5 µg mL−1 (Ondeyka et al. 1990; 
Blanchflower et al. 1991).

Nematicidal Metabolites from Penicillium Roqueforti 
and P. Simplicissimum

Three new alkaloids marcfortine A (143), B (144), and C (145) were obtained from 
the mycelium of Penicillium roqueforti (Polondky et al. 1980; Prangé et al. 1981). 
The chemical structures of marcfortine A (143) and C (145) were established by 
X-ray analysis. These three compounds possessed potent anthelmithic properties 
against plant-parasitic and animal-endoparasitic nematodes. A new alkaloid, peni-
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prequinolone (146), together with the known compounds penigequinolones A (147), 
B (148) and 3-methoxy-4,6-dihydroxy-4-(4’-methoxyphenyl) quinolinone (149) 
were isolated from the liquid culture of Penicillium cf. simplicissimum (Kusano 
et al. 2000). The three known compounds were first isolated from other species of 
the genus Penicillium (Kimura et al. 1996; Hayashi et al. 1997). These compounds 
were active against the nematode Pratylenchus penetrans at the killing rates of 
82.4 %, 69.2 % and 57.7 % respectively at the concentration of 1000 mg L−1. These 
results indicated that either a phenolic hydroxyl group at C-5 or a tetrahydropyran 
ring in these compounds might be responsible for their nematicidal activities against 
Pratylenchus penetrans (Kusano et al. 2000).

Nematicidal Metabolites from Penicillium Sp.

Paraherquamide (136) and its seven novel analogues VM55594 (150), VM54158 
(151), VM54159 (152), VM55595 (153), VM55596 (154), VM55597 (155) and 
VM55599 (156) were isolated from a strain of Penicillium, IMI 332995 (Blanch-
flower et al. 1991, 1993). The nematicidal activities of compounds paraherquamide 
(136), VM55594 (150), VM54158 (151), VM54159 (152) were assayed against 
both Haemunchus contortus larvae and Trichjostrongylus colubriformis adults in 
vitro. Paraherquamide (136) and VM54159 (152) were more active than compounds 
VM55594 (150) and VM54158 (151), with MIC50 values of 31.2 and 25.6 µg mL−1 
against Haemunchus contortus for paraherquamide (136) and VM54159 (152) re-
spectively. In addition, paraherquamide (136) and VM54159 (152) could cause 
99.5 % and 100 % reductions in faecal egg counts of the nematode Trichjostrongylus 
colubriformis at 4 mg kg−1. The group of 14-de-hydroxy in paraherquamide (136) 
and VM54159 (152) was more potent than their corresponding the group of 14-hy-
droxy in analogues VM55594 (150) and VM54158 (151) (Blanchflower et al. 1991). 
Compound VM55596 (154) was the first N-oxide member in the paraherquamide 
family and it was found capable of eliminating 94 % faecal eggs of Trichjostrongy-
lus colubriformis when dosed at 2 mg kg−1 (Blanchflower et al. 1993).



346 G.-H. Li and K.-Q. Zhang

Nematicidal Metabolites from Pochonia Chlamydosporia

Two nematicidal aurovertin compounds aurovertins F (157) and D (158) were iso-
lated from Pochonia chlamydosporia. The LD50 value of the two compounds against 
Panagrellus redivivus was 88.6 and 41.7 µg mL−1 respectively (Niu et al. 2010). 
Two new azaphilone metabolites pseudohalonectrin A (159) and B (160) were pro-
duced by the aquatic fungus P. adversaria YMF 1.01019 (Dong et al. 2006). These 
two compounds possessed nematicidal activities against the pine wood nematode 
Bursaphelenchus xylophilus (Dong et al. 2006).

Nematicidal Metabolites from Trichoderma Spp.

A nematicidal sesquiterpene trichodermin (161) was isolated from ethyl acetate ex-
tract of Trichoderma sp. YMF1.02647. The compound could kill more than 95 % 
both Panagrellus redivivus and Caenorhabditis elegans in 72 h at 0.4 g L−1 (Yang 
et al. 2010). Trichodermin (161) had been isolated from several species of Tricho-
derma including T. viride, T. harzianum, T. longibrachiatum and T. reesei, and 
other taxa such as Stachybotrys cylindrospora and Memnoniella echinata (God-
tfredsen and Vangedal 1964; Watts et  al. 1988; Nielsen et  al. 1998; Reino et  al. 
2008). The volatile organic compound 6-pentyl-2H-pyran-2-one (162) was isolated 
from Trichoderma sp. YMF 1.00416. Nematicidal activity assays showed that the 
compound could kill > 85 % of Panagrellus redivivus, Caenorhabditis elegans, and 
Bursaphelenchus xylophilus in 48 h at 200 mg L−1 in a 2 mL vial (Yang et al. 2012).
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Nematicidal Metabolites from Talaromyces Thermophiles

A novel class of potent nematocidal thermolides A-D was isolated from a thermo-
philic fungus T. thermophilus. Thermolides A (163) and B (164) showed the strong-
est activities against Meloidogyne incognita, Bursaphelenchus xylophilus and Pa-
nagrellus redivivus with LC50 values ranging from 0.5–1.0 µg/mL, similar to those 
of avermectins. Thermolide C (165) displayed moderate activity, and weak inhibi-
tory effect on the worms was observed for thermolide D (166) (Guo et al. 2012).

Nematicidal Metabolites from Unidentified Ascomycete

5-pentyl-2-furaldehyde (167) was isolated as the principal nematicide from an uni-
dentified ascomycete belonging to the Dermateaceae (Anke et al. 1995). In addi-
tion, it has been found in other taxa such as a basidiomycete Irpex lacteus (Hayashi 
et al. 1981) and an unidentified fungal strain Kyu-W63 (Koitabashi et al. 2004). 
5-pentyl-2-furaldehyde (167) was one of the few metabolites with nematicidal ac-
tivity found in both ascomycetes and basidiomycetes. This compound was active 
against Caenorhabditis elegans with LD50 at 75 µg mL−1, against Meloidogyne in-
cognita with LD50 at 60 µg mL−1 and against Aphelenchoides besseyi with LD90 at 
200  µg  mL−1 (Anke et  al. 1995; Hayashi et  al. 1981). Compounds ymf 1029 A 
(168), B (169), C (170), D (171), E (172), preussomerin C (173), D (174), (4RS)- 
4,8-dihydroxy-3,4-dihydronaphthalen-1(2H)-one (175) and 4,6,8-trihydroxy-3,4-
dihydronaphthalen-1(2H)-one (176) were isolated from an unidentified freshwater 
fungus YMF 1.01029. These compounds had various nematicidal activities against 
Bursaphelenchus xylophilus (Dong et al. 2008). From the cultures of the ascomy-
cete A111-95, four compounds 5-(2E)-2-buten-1-ylidene-3-(1E)-1-propen-1-yl-
2(5H)-furanone (177), pregaliellalactone (178), and the mixture of 5(R)-(1E)-1,3-
butadien-1-yl-3-(1E)-1-propen-1-yl-2(5H)-furanone (179) and 5(R)-(3-buten-1-yl)
dihydro-3-vinyldihy-2(3H)-furanone (180) with nematicidal activity towards Cae-
norhabditis elegans and Meloidogyne incognita were obtained (Köpcke et al. 2002). 
Compound 5-(2E)-2-buten-1-ylidene-3-(1E)-1-propen-1-yl-2(5H)-furanone (177) 
was also obtained from the basidiomycete Galiella rufa (Hautzel and Anke 1990).
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Nematode-Toxic Basidiomycetes and Their Nematicidal 
Metabolites

Thorn and Barron (1984) reported that ten species of gilled fungi could attack and 
consume nematodes and considered that five species of Pleurotus could release a 
potent toxin which completely inactivated nematodes prior to penetration. Later, 
Barron and Thorn (1987) reported the details of Pleurotus used to attack its nema-
tode victims and figured Pleurotus ostreatus produced tiny droplets of toxin from 
minute spathulate secetory areas and the toxin trans-2-decenedioic acid was isolated 
from P. ostreatus (Kwok et al. 1992) which inhibited 95 % Panagrellus redivivus at 
300 ppm in 1 hour and was postulated to be identical with ostreatin. Subsequently, 
six nematicidal compounds were isolated from Pleurotus pulmonarius, and one of 
them was a new compound (Stadler et al. 1994c). Up to now, 23 species of Pleuro-
tus have been reported to have nematicidal activity. Nematicidal acticity had been 
considered as one of characters of the genus Pleurotus (Hibbett and Thorn 1994). It 
is interesting that some edible mushrooms have such nematicidal activity. In addi-
tion, Poria cocos, a traditional Chinese medicine, had been also shown to possess 
nematicidal activity (Li et al. 2005).

Omphalotin A and its derivatives with potent and selective nematicidal activ-
ity were produced by the basidiomycete Omphalotus olearius (Mayer et al. 1997; 
Stener et al. 1997; Büchel et al. 1998). Omphalotin A and its derivatives had similar 
nematicidal activity with commercially available nematicide ivermectin.



3497  Nematode-Toxic Fungi and their Nematicidal Metabolites

Conversion of secondary metabolites as a response to injury in fruit bodies in 
basidiomycetes formed extracts with high nematicidal activity (Table 7.3) (Stadler 
and Sterner 1998). Tricholoma terreum and in all tested Lepista species, the nemati-
cidal activity increased in response to injury, and Tricholoma terreum produced li-
noleic acid and S-coriolic acid while Lepista spp. produced free linoleic acid, along 
with unidentified metabolites (Stadler and Sterner 1998). Melanoleuca cognate, M. 
melaleuca, Laccaria amethystine and Marasmius wynnei produced fatty acids upon 
fruit body injury (Stadler and Sterner 1998). These findings reflect the presence of 
chemical defence systems in mushrooms, which is mediated by enzymatic conver-
sions activated by physical injury.

Up to now, about 77 genera of basidiomycetes containing more than 160 species 
have been reported to possess nematicidal activity by producing active components. 
The nematode-toxic basidiomycete and their nematicidal compounds are listed in 
Table 7.3.

Nematicidal Metabolites from Calocybe Gambosa, 
Cheimonophyllum Candidissimum and Pycnoporus Sanguineus

The alkaloid phenoxazone (181) was isolated from the mycelial cultures of Calo-
cybe gambosa and fruiting bodies of Pycnoporus sanguineus (Schlunegger et al. 
1976; Gill 1994). This compound showed nematicidal activity against Meloido-
gyne incognita (LD50: 50 µg mL−1) (Mayer 1995). Six new bisabolane sesquiterpe-
nes cheimonophyllons A (182), B (183), C (184), D (185), E (186) and cheimono-
phyllal (187) were obtained from the submerged cultures of Cheimonophyllum 
candidissimum TA 8644. These compounds were active against Caenorhabditis 
elegans with LD50 between 10 and 100 µg mL−1 (Stadler et al. 1994a, b). In a fur-
ther study, compound 1,2-dihydroxymintlactone (188) was isolated from the same 
fungus (Stadler et al. 1995). 1,2-Dihydroxymintlactone (188) was a new menithol 
monoterpene and possessed nematicidal activity. The LD50 of 1,2-dihydroxymint-
lactone (188) against Caenorhabditis elegans was 25 µg mL−1 This was the first 
compound in the p-menthane group reported from a basidiomycete (Stadler et al. 
1995).
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Nematicidal Metabolites from Coprinus Comatus 
and C. Xanthothrix

Coprinus comatus had been proven to be active against several nematodes (Luo 
et al. 2007; Chen et al. 2010). A new furan 5-hydroxy-3-(hydroxymethyl)-5-meth-
ylfuran-2(5H)-one (189), two known furan compounds 5-methylfuran-3-carboxylic 
acid (190) and 5-hydroxy-3,5-dimethylfuran-2(5H)-one (191), as well as three ben-
zofurans including a new 4,6-dihydroxyisobenzofuran-1,3-dione (192) and known 
4,6-dimethoxyisobenzofuran-1(3H)-one (193), and 4,6-dihydroxybenzofuran-
3(2H)-one (194), together with 3-formyl-2,5-dihydroxybenzyl acetate (195) were all 
obtained from Coprinus comatus (Luo et al. 2007). All compounds had nematicidal 
activities against Panagrellus redivivus and Meloidogyne arenaria at 400 ppm. The 
LD50 values of 5-methylfuran-3-carboxylic acid (190) and 5-hydroxy-3,5-dimethyl-
furan-2(5H)-one (191) were 100 ppm at 12 h (Luo et al. 2007). Coprinus xanthothrix 
produced three nematicidal compounds including a new compound xanthothone 
(196) and two known compounds 7,8,11-drimanetriol (197) and 2-(1H-pyrrol-1-yl)
ethanol (198) (Liu et al. 2008). The LD50 of these compounds against Panagrellus 
redivivus and Meloidogyne arenaria was 125–250 ppm (Liu et al. 2008).

Nematicidal Metabolites from Dichomitus Squalens 
and Hericium Coralloides

A new aromadendrane, 2β,13-dihydroxyledol (199) was isolated from the solid my-
celial cultures of Dichomitus squalens and this compound exhibited potent activity 
against Bursaphelenchus xylophilus with LC50 at 35.6 µg mL−1 (Huang et al. 2004). 
A nematicidal fatty acid mixture containing linoleic acid (7), oleic acid (200), and 
palmitic acid (201) were obtained from the culture of Hericium coralloides. This 
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mixture showed a nematicidal activity against Caenorhabditis elegans (Xiang and 
Feng 2001). These fatty acids have also obtained from several other taxa.

Nematicidal Metabolites from Irpex Lacteus

A new aromatic compound methyl 3-p-anisoloxypropionate (202) and a new furan 
compound 5-(4-pentenyl)-2-furaldehyde (203) were isolated from Irpex lacteus. 
The LD50 value of the two compounds against A. besseyi was 25  µg  mL−1 and 
50 µg mL−1 respectively (Hayashi et al. 1981). In addition, 5-pentyl-2-furaldehyde 
(167) was also isolated from Irpex lacteus (Hayashi et al. 1981). The compound was 
obtained from an unidentified ascomycete (Anke et al. 1995) and an unidentified 
fungal strain Kyu-W63 (Koitabashi et al. 2004).

Nematicidal Metabolites from Lactarius 
Mitissimus, L. Vellereus and Russula Cuprea

Three furan sesquiterpenoids lactarorufin A (204), lactarorufin B (205) and furan-
triol (206) were isolated from Lactarius mitissimus and the all three compounds 
showed nematicidal activities against Caenorhabditis elegans with LD50 values at 
around 100 µg mL−1 (Daniewski et al. 1990; Stadler and Sterner 1998). Marasmane 
sesquiterpene isovelleral (207) could be found in injured fruiting bodies of the mush-
room Lactarius vellereus. This compound was considered a key component of the 
chemical defense system against nematodes in this mushroom species (Sterner et al. 
1985; Hansson et al. 1995). Isovelleral (207 showed nematicidal activity against 
Meloidogyne incognita with LD30 at 100 µg mL−1 and against Caenorhabditis el-
egans with LD50 at 50 µg mL−1 (Mayer 1995). Isovelleral (207) has also been found 
in injured fruiting bodies of other mushrooms such as Russula cuprea (Clerkyjzio 
and Sterner 1997).
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Nematicidal Metabolites from Lachnella Villosa, 
Marasmius Conigenus and Peniophora Laeta

Sesquiterpene marasmic acid (208) was reported to have a weak activity against M. 
incognita by Mayer (1995). Marasmic acid (208) was originally isolated from Mar-
asmius conigenus (Kavanagh et al. 1949). Subsequently, marasmic acid (208) was 
obtained from several other basidiomycetes including Lachnella villosa, Lachnella 
sp. and Peniophora laeta (Kupka et al. 1983; Sterner et al. 1985).

Nematicidal Metabolites from Leucopaxillus Albissimus Var. 
Paradoxus form Albiformis, Limacella Illinita and Mycena Sp.

A novel alkaloid 2-aminoquinoline (209) was isolated from the fruiting bodies of 
Leucopaxillus albissimus var. paradoxus form albiformis (Pfister 1988). At a con-
centration of 50 µg mL−1, 2-aminoquinoline (209) caused 50 % motility, 74 % vi-
ability, and 52 % cast formation reductions in the nematode Nippostrongylus bra-
ziliensis (Pfister 1988). A new compound illinitone A (210) was obtained from fer-
mentations of Limacella illinita, which exhibited nematicidal activity on C. elegans 
with IC50 at 25 µg mL−1 (Gruhn et al. 2007). Mycenon (211) is a chlorinated benzo-
quinone derivative isolated from the culture broth of a basidiomycete, Mycena sp. 
TA 87202 (Hautzel et al. 1990). It was shown to be active against Caenorhabditis 
elegans, with an LD50 at 50 µg mL−1 (Stadler 1993).
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Nematicidal Metabolites from Omphalotus Olearius

Peptidal compounds omphalotin A (212) and its derivatives omphalotin B (213), C 
(214) and D (215) were obtained from Omphalotus olearius. All compounds pos-
sessed strong nematicidal activities against nematodes (Mayer et al. 1997; Stener 
et al. 1997; Büchel et al. 1998; Anke et al. 1999). Omphalotin A (212), a cyclic 
dodecapeptide, was highly toxic (LD90: 0.76 µM) towards Meloidogyne incognita. 
However, it was approximately 50 times less active against Caenorhabditis elegans 
(LD90: 38 µM) (Stener et al. 1997; Büchel et al. 1998). The corresponding LD90 
values for the commercially available nematicide ivermectin were 4.6  µM and 
0.46 µM respectively against Meloidogyne incognita and Caenorhabditis elegans. 
Omphalotin A (212) lacks any antimicrobial and phytotoxic activities, and contains 
only weak cytotoxic activity, making it a potentially useful nematicide. The three 
derivatives omphalotin B (213), C (214) and D (215) all possessed nematicidal 
activities similar to that of omphalotin A (Anke et al. 1999). Although the yield of 
these active compounds is low, the strong nematicidal activity showed it is possible 
to find new natural nematicidals from products of fungi.

Nematicidal Metabolites from Pleurotus Ferulae, 
P. Ostreatus and P. Pulmonarius

Pleurotus ferulae was shown to be active against Bursaphelenchus xylophilus and 
Panagrellus redivivus (Li et al. 2001, 2007) and two nematicidal compounds chei-
monophyllon E (216) and 5-hydroxymethyl-furancarbaldehyde (217) were isolated 
from the taxon. Pleurotus ostreatus was also reported to be active against nema-
todes (Thorn and Barron 1984, 1987; Kwok et al. 1992; Stadler et al. 1994a). Trans-
2-decenedioic acid (218) was isolated from P. ostreatus as the principal nematicide 
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(Kwok et al. 1992). The compound could immobilize 95 % of the nematode Pana-
grellus redivivus at a concentration of 300 ppm (Kwok et al. 1992). Four aromatics 
p-anisaldehyde (219), p-anisyl alcohol (220), 1-(4-methoxyphenyl)-1,2-propane-
diol (221) and 2-hydroxy-(4’-methoxy)-propiophenone (222) were isolated from 
Pleurotus pulmonarius (Stadler et al. 1994a). The LD50 values of these compounds 
against Caenorhabditis elegans were all similar, at about 100 ppm (Stadler et al. 
1994a). Extracts of the mushroom Pleurotus pulmonarius contained a nematicidal 
fatty acid S-coriolic acid (223). This fatty acid could kill the nematode Caenorhab-
ditis elegans with an LD50 value at 10 ppm (Koitabashi et al. 2004). In addition, 
linoleic acid (7) was also found from the fungus (Stadler et al. 1994).

Nematicidal Metabolites from Polyporus Sulphureus 
and Poria Cocos

The cyclic depsipeptide beauvericin (38) was active against Meloidogyne incognita, 
Caenorhabditis elegans and Bursaphelenchus xylophilus. This peptide beauvericin 
(39) has also been isolated from several ascomycetes, but also was isolated from 
the basidiomycete Polyporus sulphureus (Deol et al. 1978). Polyporus cocos is a 
widely used traditional medicinal fungus, and produces a novel alkyne 2,4,6-tria-
cetylenic octane diacid (224) found capable of killing 83.9 % of Meloidogyne are-
naria and 73.4 % of Panagrellus redivivus at 500 ppm within 12 h (Li et al. 2005).

Nematicidal metabolites from Stereum spp.
Stereum sp. 8954 produced two new aromatics, 3,5-dihydroxy-4-(3-methyl-but-

2-enyl)-benzene-1,2-dicarbaldehyde (225) and butyl 2,4-dihydroxy-6-methylben-
zoate (226). 3,5-Dihydroxy-4-(3-methyl-but-2-enyl)-benzene-1,2-dicarbaldehyde 
(225) could kill about 90 % of Panagrellus redivivus at 100 ppm in 12 h, while 
butyl 2,4-dihydroxy-6-methylbenzoate (226) was less active, capable of killing 
about 50 % of the same nematode at 200 ppm in 24 h (Li et al. 2006). Five cadinane 
sesquiterpenoids, named stereumin A (227), B (228), C (229), D (230) and E (231) 
were isolated from the culture broth of the fungal strain Stereum sp. CCTCC AF 
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207024. The five compounds showed nematicidal activities against the nematode 
P. redivivus at 400 mg L−1. Stereumin C (229) and stereumin D (230) killed 84.4 % 
and 94.9 % of P. redivivus respectively in 48 h (Li et al. 2008).

Conclusions

More than 200 nematicidal compounds have been obtained from fungi, and their 
diversified structures mainly belong to alkaloids, quinones, isoepoxydons, pyrans, 
furans, peptides, macrolides, terpenoids, fatty acids, diketopiperazines, aphtha-
lenes, simple aromatics and other kinds of compounds. Among these nematicidal 
compounds, about 60 % are new natural isolates, which implies that searching for 
new compounds by screening with different models is an efficient method. Sec-
ondary metabolites in fungi are abundant, e.g., 24 compounds including 15 new 
isolates with nematicidal activities have been isolated from the cultures of Lachnum 
papyraceum and elucidated to be isoepoxydon, isocoumarin, mycorrhizin and furan 
compounds (Stadler and Anke 1993a, b; Stadler et al. 1995a, b, c, d, e; Shan et al. 
1996), and six new sesquiterpenes and a novel monoterpene possessing nemati-
cidal activity are fungal metabolites isolated from cultures of the basidiomycete 
Cheimonophyllum candidissimum (Stadler et al. 1995). Fungi are therefore a major 
source of biologically active natural products.

Many attempts have been made to find potent nematicidal substances. Ivermectin 
isolated from actinomycete is a commercially available nematicide up to now, but 
no major commercial product based on nematode-toxic fungi and the compounds 
isolated from fungi have been developed at present. Sharma (1994) reported that 
broth cultures of Pleurotus sajor-caju can immobilize the mushroom nematode in 
Agaricus bisporus.Xiang et al (2000) reported on the effects of Pleurotus ostreatus 
on the peanut root-knot nematode Meloidogyne arenaria in a greenhouse. The ex-
periment showed that Pleurotus ostreatus could markedly lower Meloidogyne are-
naria infection numbers and peanut root knot disease was also reduced by 87–94 %. 
The key factor affecting control effectiveness was the application time of Pleurotus 
ostreatus in the soil (Xiang and Feng 2000). The potential of oyster mushrooms to 
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attack and kill Heterodera schachtii was studied, and the result showed some mush-
rooms could significantly control the nematode (Palizi et al. 2009). Omphalotin A, 
B, C and D isolated from Omphalotus olearius had similar nematicidal activity to 
the commercially available nematicide ivermectin (Mayer et al. 1997; Stener et al. 
1997; Büchel et al. 1998; Anke et al. 1999). It is necessary to search for nematode-
toxic fungi and their active compounds to exploit novel nematicides.
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Abstract  Previous studies based on traditional techniques have revealed much 
about nematophagous fungi. Modern techniques however, can now help to elucidate 
the molecular mechanisms underlying infection of nematodes by the nematopha-
gous fungi, and help us to understand virulent factors, the role of proteases, chitin-
ases and small chemical molecules, and the regulation of trap formation. Further 
studies using modern molecular techniques are needed to better understand these 
important mechanisms and the overall functioning of nematode trapping fungi.

Keywords  Molecular mechanisms • Virulence factors • Serine protease • Trap 
formation

While previous studies have broadened our understanding of the evolution, ecology, 
and infection of nematophagous fungi, there are several mechanisms in the biology 
of nematode-trapping fungi that need further study. Investigation of these issues in 
the future will lead to a better understanding of the infection of nematodes by the 
nematophagous fungi and lead to new generation of fungal nematicides.

The molecular mechanisms of nematophagous fungi against nematodes are lim-
ited to partial understanding of only a very few genes, such as subtilisin-like serine 
proteases and chitinases, involved in pathogenic process. However, the functions 
and regulation of these genes during infection of nematodes are not very clear. For 
example, the available evidence indicates that subtilisin-like serine proteases play an 
important role in the infection of nematodes. It has been shown that the expression 
of these serine proteases is stimulated by the addition of nematode cuticle to the 
medium (Ahman et al. 1996). However, some genes encoding subtilisin-like serine 
proteases are present in nematophagous fungi. For instance, there are 20 subtilisin-
like serine protease genes in the genome of the nematophagous fungus Arthrobotrys 
oligospora. Our results revealed that only two serine protease (designated P12 and 
P186) gene expressions were markedly induced by nematode cuticles in A. oli-
gospora. In contrast, the expression of other protease genes was not influenced 
by nematode cuticles. These observations are similar to the results of Fekete et al. 
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(2008a). These authors found that apart from two serine proteases (spr1 and spr2), 
no other serine protease-encoding genes were identified among the infection-reg-
ulated genes in the nematophagous fungus Monacrosporium haptotylum (Fekete 
et al. 2008a). Disruption of the most highly up regulated gene (P186) significantly 
reduced the degradation of nematode cuticle by A. oligospora and pathogenicity 
of A. oligospora to the nematode. The functions of these protease genes remain 
unclear. The evolution analysis revealed that these genes encoding serine proteases 
originated from an ancestral gene. The origin of these genes encoding serine pro-
teases resulted from gene duplication. However, the analysis does not answer the 
question why the A. oligospora genome contains high levels of serine proteases. 
The analysis of signal peptide prediction indicates that each of remaining18 serine 
proteases in A. oligospora has a signal peptide in its N-terminus, suggesting that 
most of them are secretary proteins. This raises a possibility of functional redun-
dancy in degradation of the nematode cuticle. The Blast of protein sequences reveal 
that one of these genes (designated P4) has a higher similarity to serine proteases 
in fungi involved in root location, implicating a mycorrhizal role. Furthermore, one 
of these protease genes (designated P42) has a higher similarity to serine proteases 
ATG1 in yeast and fungi, suggesting that it probably plays a role in autophagy. 
Thus, these genes probably have distinct functions which are different from those 
involved in degradation of nematode cuticles. Chitinases in nematophagous fungi 
have been shown to inhibit the development of the root-knot nematodes by degrad-
ing chitinous components of their eggs (Gan et  al. 2007; Huang et  al. 2004). A 
previous study identified three chitinases (cr-ech58, cr-ech42 and cr-ech37) from 
the nematophagous fungus Clonostachys rosea (Mamarabadi et al. 2008). Only cr-
ech42 and cr-ech37 expression is induced by colloidal chitin. Since cr-ech58 is not 
influenced by chitin, it plays less important role for the antagonistic function and 
instead perhaps has other roles in morphogenesis and in the breakdown of cell walls 
in C. rosea during growth. However, there are 16 chitinase genes in the genome of 
the nematophagous fungus A. oligospora. Thus, the situation for chitinases is simi-
lar to that for serine proteases. The function of most serine proteases and chitinases 
remains unknown.

With the exception of serine proteases and chitinases, the virulence factors for 
pathogenicity of nematophagous fungi to nematodes need to be elucidated. Tunlid 
and his colleagues have studied the transcriptional response in the parasitic fun-
gus M. haptotylum during adhesion, penetration and digestion with Caenorhabditis 
elegans using cDNA microarrays (Fekete et  al. 2008b). These authors identified 
two up regulated genes during infection. However, more experiments are needed to 
clarify which fungal genes encompass the virulence factors during infection. After 
completion of the genome sequence of more nematophagous fungi, other virulent 
factors will be revealed by combining with the application of emerging and novel 
genomic (e.g. fungal gene deletion and silencing) and proteomic strategies. Identi-
fication of the virulence genes will provide further insights into the molecular basis 
of infection process.

The molecular mechanism underlying the formation of trap organs in the nema-
tode-trapping fungi induced by nematodes needs to be elucidated. Prey on nematodes 
by the nematophagous fungi is considered as an adaptive strategy in nutrient-poor 
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habitats, since direct assimilation of nitrogen sources from nematode seems to be an 
advantage (Schmidt et  al. 2008). Under normal conditions, the nematode-trapping 
fungi grow as saprotrophs in soil. After the induction of nematodes, they enter the 
parasitic stage by developing specific morphological structures called traps, including 
adhesive three-dimensional nets, constricting rings, branches and knobs (Dijksterhuis 
et al. 1994). A previous study tried to investigate the genes involved in knob formation 
by comparison of gene expression in trap cells and vegetative hyphae of the parasitic 
fungus M. haptotylum during infection by C. elegans using cDNA microarrays (Ahren 
et al. 2005). Although many genes differentially expressed in knobs versus mycelium 
of M. haptotylum were identified, it remains unclear whether these genes were in-
volved in knob formation due to the lack of genetic testing. The recent completion of 
A. oligospora genome sequence has fuelled the potential for further mechanism stud-
ies. We are studying the differential expression of genes in the presence and absence 
of nematode cuticles using two-dimension and RT-PCR techniques. Based on these 
results, we propose a model of trap formation in A. oligospora after nematode induc-
tion. The majority of nematode-trapping fungi are closely related (Ahren et al. 1998). 
Thus, it could be speculated that the infection mechanism appears to be rather similar. 
However, it is still unknown whether the proposed model in A. oligospora can be used 
to predict trap formation in the other nematophagous fungi. After completion of the 
genome sequence of other nematode-trapping fungi, clarifying the common pathways 
involved in the trap formation may contribute to our understanding of the mechanism 
underlying the transition between saprotrophic and predatory lifestyles in fungi.

Nematophagous fungi produce chemical substances that lure nematodes to the 
site of trap formation in predatory species or to the site of spores in the case of 
endoparasites. It is a key factor for effectively parasitizing. The accumulation of 
both plant-parasitic and non-parasitic nematodes around plant roots and fungal and 
bacterial colonies is well known. Several factors, such as temperature, electrical 
potential, carbon dioxide and various organic and inorganic substances, are thought 
to be involved (Croll 1970; Green 1971). The attraction of nematodes to fungi has 
been investigated primarily to show the host-finding mechanisms of fungus-feeding 
nematodes (Klink et al. 1970; Townshend 1964). Researchers have further demon-
strated the attraction of nematodes to culture filtrates and living mycelia of several 
nematophagous fungi. It was suggested that certain exudative and volatile com-
pounds, which were produced by living fungal mycelia, including most nematopha-
gous fungi, might be responsible for the attraction (Balan et  al. 1976; Field and 
Webster 1977; Jansson 1982; Jansson and Nordbring-Hertz 1979, 1980; Monoson 
et al. 1973). Recently, the attraction of pinewood nematode was studied. It was con-
firmed that the living mycelia of Esteya vermicola were attractive not only to pine-
wood nematodes in vivo, but also to that in the discs of infected pine seedling, dead 
blocks of infected pine tree, which may provide information for the application of 
E. vermicola as biological control agent of pinewood nematode (Wang et al. 2009). 
Future study of nematode attraction should focus on the identification of attracting 
substances secreted by nematophagous fungi, or as well as hosts of plant-parasitic 
nematode, i.e., root tissues. A good example is the study of infection mechanism 
of a nematode-parasitic bacteria (Niu et al. 2010). The regulation of the secretion 
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pathways should also be studied when the genomic data for nematophagous fungi 
is available (Yang et al. 2011a).

The molecular mechanism of biogenesis of the compounds with nematicidal ac-
tivities secreted by nematophagous fungi should be further studied. Until now, more 
than 200 compounds secreted by about 270 species fungi of 140 genera have been 
purified and characterized and are able to kill nematodes effectively (see Chapter 7 
for details). These substances could be commercially developed, if they have high 
activity but are environmentally friendly. Many more compounds are likely to be 
discovered, especially from nematode trapping fungi in special habitats, such as 
extreme environments or those with endophytic lifestyles.

Studying the biogenesis of these compounds may give clues for developing high 
production strains using gene engineering strategies. The first genome of nema-
tophagous fungi ( A. oligospora) has been sequenced (Yang et al. 2011a). This ge-
nome contains five putative polyketide synthetase (PKS) gene clusters and seven 
nonribosomal peptide synthetase (NRPS) genes. These genes may be responsible 
for the synthesis of the nematicidal compounds. Study should become easier when 
the genetic background is clear.

The first generation of fungal nematicides including Royal 300, Royal 350, Bio-
con (BioactRWG), Ditera, Deny and ZK-7 have been used in several countries (Mo 
and Mou 2009). They were obtained by screening thousands of candidate strains. 
The main disadvantages of these fungal nematicides are low and unsteady efficacy. 
To solve these problems, the next generation of fungal nematicides should be modi-
fied by gene engineering. Firstly, fungal strains expressing external toxic proteins 
(proteases, chitinases) were found to have high activity (Ahman et al. 2002; Yang 
et al. 2011b), and other toxic genes like BT and scorpion neurotoxin, may also be 
used to elevate nematicidal activity (Marroquin et  al. 2000; Wang and St Leger 
2007). Secondly, for survival in the host body against the host immune system, 
some protective coat proteins may be helpful (Wang and St Leger 2006). Thirdly, 
the nematode-trapping fungi with various trapping-organs have great potential as 
biocontrol agents, but the low level of sporulation restricts their utility because of 
the low abundance in the environment. Recently, some genes suppressing sporula-
tion have been characterized, and thus enhanced sporulation may be acheived by 
knocking out these genes (Sun et al. 2011). Although at present transgenic strains 
are restricted for use by governmental policy, the utility of the next generation 
of fungal nematicides have obvious advantages over the previous generation and 
chemical nematicides. As the study of fungal infection mechanisms against nema-
todes continues, the next generation of fungal nematicides with high and steady 
efficacy are not far away.
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3,4,6,8-tetrahydroxy-3,4-dihydronaphthalen-

1(2H)-one (cis-4-
hydroxyscytalone), 319t

3,5-dicarboxyaldehyde-4-
hydroxyacetophenone, 324t, 343

3,5-dihydroxy-4-(3-methyl-but-2-enyl)-
benzene-1,2-dicarbaldehyde, 357t, 
362

3-formyl-2,5-dihydroxybenzyl acetate, 351t, 
358

3-hydroxypropionic acid (3-HPA), 322t, 325t, 
339

3-methoxy-4,6-dihydroxy-4-(4’-
methoxyphenyl) quinolinone, 325t, 
345

4-(4’-carboxy-2’-ethyl-hydroxypenty)-5,6-
dihydro-6-methyl-cyclobuta[b]
pyridine-3,6-dicarboxylic acid, 324

4’,5’-dihydro-oligosporon, 316, 317t, 328
4,6,8-trihydroxy-3,4-dihydronaphthalen-

1(2H)-one, 319t, 327t, 334, 347
4,6-dihydroxybenzofuran-3(2H)-one, 351t, 

358
4,6-dihydroxyisobenzofuran-1,3-dione, 351t, 

358
4,6-dimethoxyisobenzofuran-1(3H)-one, 351t, 

358
4,8-dihydroxy-3,4-dihydronaphthalen-1(2H)-

one, 319t, 327t, 334, 347
4,6-dihydroxy-3,4-dihydronaphthalen-1(2H)-

one, 319t
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4-bromo-6-hydroxymellein, 322t, 339
4-chloro-6-methoxymellein, 322t, 339
4-chloro-6,7-dihydroxymellein, 322t, 339
4-chloro-6-hydroxymellein, 322t, 339
4-hydroxyphenylacetic acid (4-HPA), 323, 342
5-(2E)-2-buten-1-ylidene-3-(1E)-1-propen-1-

yl-2(5H)-furanone, 327t, 347, 352t
5(R)-(1E)-1,3-butadien-1-yl-3-(1E)-1-propen-

1-yl-2(5H)-furanone, 327t, 347
5(R)-(3-buten-1-yl)dihydro-3-vinyldihy-

2(3H)-furanone327t, 347
5-hydroxy-3-(hydroxymethyl)-5-methylfuran-

2(5H)-one, 351t, 358
5-hydroxy-3,5-dimethylfuran-2(5H)-one, 351t, 

358
5-hydroxymethyl-2-furoic acid, 318t, 332
5-hydroxymethyl-furancarbaldehyde, 355t, 

361
5-methylfuran-3-carboxylic acid, 351t, 358
5-pentyl-2-furaldehyd, 5-(4-pentenyl)-2-

furaldehyd, 352t
5-pentyl-2-furaldehyde, 327t, 347, 359
6-epiophiobolin C, 319t, 334
6-epiophiobolin K, 318t, 331
6-epiophiobolin M, 319t, 334
6-hydroxymellein, 322t, 339, 340
6-methoxy-carbonylpicolinic acid, 324t, 344
6-methoxymellein, 322t, 339
6-O-methylpapyracon B, C, 322t
6-pentyl-2H-pyran-2-one, 326t, 346
7,8,11-drimanetriol, 351t, 358
7-oxocurvularin, 318t, 331
8-β-hydroxy-7-oxocurvularin, 318t, 331
8-chloro-cannabiorcichromenic acid, 320t

A
Abiotic factors

affecting distribution and diversity, 
215–217

Acanthocytes, 42
of Stropharia rugosoannulata, 233f

Acetic acid, 241, 324t, 326t
4-HPA, 323t, 342

formalin-acetic acid, 35
glacial acetic acid, 35
trichloroacetic acid, 297

Acremonium strictum, 316
Acrobeloides, 171, 239
Adhesive

branches, 6, 30, 42, 44, 46, 52, 124, 129f, 
132, 133f, 143, 144f, 150, 159, 162f, 
213, 233f, 235t, 236, 237

conidia, 6, 14, 235t, 292
knobs, 29f, 42, 187t, 233f, 235t

Aedes aegypti, 242
Alkaline proteases, 268, 270
Alternaria sp.

A. alternata, 316, 317t, 328
nematicidal metabolites

brefeldin, 328
helmidiol, 328

Amino acid metabolism, 238, 298
Anamorph states

of Orbilia sp., 89
Androctonus australis, 242
Anguillula aceti, 330, 332, 336, 337
Antagonists, 41–43, 233, 242, 292
Antiamoebin I, 320t, 336
Aoz1, 266, 267t
Apiocrea chrysosperma, 317t

nematicidal metabolites from, 328
Appressoria, 235t, 240, 253
Arthrobacter, 221
Arthrobotrisin A, 316, 317t, 330
Arthrobotrys sp.

A. amerospora, 51, 52f, 55, 78, 89, 123, 
124

A. anomala, 51, 52, 53f, 55, 89, 123
A. azerbaijanica, 55f
A. botryospora, 51, 55, 56f, 89, 123, 124
A. chazarica, 57f
A. cladodes, 57, 58f, 107, 187t, 213, 222
A. clavispora, 59f
A. conoides, 53, 57, 60, 61f, 92, 118, 214, 

267t, 316, 317t, 328
A. cookedickinson, 62, 63f, 72, 75, 108, 

115
A. cystosporia, 62f, 76, 92, 98, 187t, 188f
A. dactyloides, 25, 26f, 213, 316, 317t, 328
A. dendroides, 63, 64f
A. dianchiensis, 65, 66f
A. eudermata, 62, 67, 68f, 75, 81, 108, 217
A. eudermatum, 213
A. flagrans, 69f, 219, 222
A. fusiformis, 68, 70f, 72
A. gampsospora, 71f, 111
A. gampsosporum, 214
A. haptotyla, 213, 218
A. huaxiensis, 72, 74f
A. indica, 75, 76f, 115
A. irregularis, 250t, 251
A. janus, 75, 76, 77f
A. javanica, 78, 79f, 89, 175
A. latispora, 78, 80f
A. longiphora, 81, 82f
A. longiphorum, 214
A. mangrovispora, 81, 83f, 214
A. megalospora, 81, 84f
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A. microscaphoides, 81, 85, 86f, 111
A. multiformis, 65, 86, 87, 88f
A. multisecundaria, 30
A. musiformis, 15, 78, 89, 90f, 99, 175, 

214–216
A. nonseptata, 51, 89, 91f, 187t, 194f
A. obovata, 76, 92, 93f
A. oligospora, 25, 27f, 57, 60, 92, 96, 107, 

118, 187t, 216, 222, 223, 233f, 238, 
242, 244, 252, 253, 266, 275, 291f, 
292–294, 295f, 301, 316, 317t, 328, 
330, 377–380

A. oudemansii, 95f, 103, 111
A. oviformis, 72, 96, 97f
A. paucispora, 98f
A. perpasta, 77, 92, 99f
A. polycephala, 99, 100f
A. pseudoclavata, 101, 102f
A. psychrophila, 67, 68, 81, 103f
A. psychrophilum, 187t, 222
A. pyriformis, 53, 104, 105f
A. reticulata, 81, 106f
A. robusta, 15, 56, 107f, 247t, 250t, 251
A. rutgeriense, 108, 109f
A. salina, 68, 110f
A. scaphoides, 81, 85, 111, 112f
A. shahriari, 113f
A. shizishana, 48, 114f
A. sinensis, 75, 76, 116f
A. sphaeroidesi, 62, 75, 81, 115, 117f
A. superba, 2, 3, 43, 44, 57, 60, 92, 107, 

118, 119f, 186, 187t, 191
A. tabrizica, 120f
A. thaumasia, 67, 111, 120, 121f, 213, 214, 

216
A. vermicola, 72, 122, 123f, 187t, 197f
A. yunnanensis, 51, 89, 123, 124, 125f, 

187t, 192f, 222
Ascaris suum, 331
Ascochyta

A. imperfecta, 317t, 328
nematicidal metabolites

brefeldin, 328
helmidiol, 328

Asexual
morphs, 42, 43, 222
nematode-destroying hyphomycetous 

fungi, 213
states, 5, 185

Aspergillimide see 16-keto aspergillimide
Aspergillus sp., 318t, 331, 332

A. fumigatus, 273, 279, 294, 295, 296f, 
300t, 318t

nematicidal metabolites from, 330

A. glaucus, 318t
nematicidal metabolites from, 331

A. melleus, 318t
nematicidal metabolites from, 331

A. niger, 270f, 273, 318t
nematicidal metabolites from, 331

Aspyrone, 318t, 331
Auricolores, 43, 46
Aurovertins F and D, 325t, 346

B
Bacillus sp.

B. subtilis, 246
B. thuringiensis, 242

Baermann funnel, 17, 19, 20, 21f, 22, 23
Beauveria bassiana, 273, 274, 316, 318t

nematicidal metabolites from, 332, 333
Beauvericin, 316, 320t, 321t, 323t, 332, 356t, 

362
Betula sp.

B. pendula, 341
B. pubescens, 341

Bidirectional best hits (BBHs), 294
Biocontrol agent, 222, 245
Biological control agents (BCAs), 43, 232, 

233, 283, 303
Bombyx mori, 274
Botrytis cinerea, 241
Brachyphoris sp., 241
Brefeldin A, 317t, 318t, 322t, 324, 328
Bulgaria inquinans, 318t

nematicidal metabolites from, 332, 333
Bulgarialactone A, B, 318t, 333
Bursaphelenchus xylophilus, 241, 316, 

330–333, 336–338, 342, 343, 346, 
347, 358, 361, 362

Bursaphelocides A, B, 322t, 338
Butyl 2,4-dihydroxy-6-methylbenzoate, 357t, 

362

C
Caenorhabditis elegans, 17, 216, 234f, 238, 

241, 244f, 271, 296, 316, 328, 
330–341, 344, 346–349, 359–362, 
378

Caffeic acid, 323t, 342
CaIcofluor white M2R, 25
Cajanus cajan, 246
Calocybe gambosa, 350t

nematicidal metabolites from, 349
Candelabrella sp., 43, 78
Cannabiorcichromenic acid, 320t, 335
Carbohydrate metabolism, 238, 298
Carbon regulation, 284
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Carnivorous fungi, 238, 303
Caryospomycins A,B and C, 319t, 333
Caryospora callicarpa, 316, 319t

nematicidal metabolites from, 333
Catenaria anguillulae, 233f, 239
Cellulases, 295, 296
Cerebroside A and B, 324t, 342
Chaetomium globosum, 252, 294, 296f, 319t

nematicidal metabolites from, 334
Cheimonophyllal, 349

cheimonophyllon E, 355t, 361
Cheimonophyllons A, B, C, D and E, 349, 

350t
Cheimonophyllum candidissimum, 350t, 363

nematicidal metabolites from, 349
CHI43, 272
Chitinases, 271, 273, 274, 378
Chlamydospores, 28, 47, 51, 55, 57, 60, 62, 

67–69, 72, 75, 85, 87, 91, 95, 100f, 
131, 143, 148

Chloromycorrhizin A, 322t, 339, 340
Chlorosplenium, 319t

nematicidal metabolites from, 328, 330
Chrysospermins A, B, C, and D, 317t, 328, 

329t
Cicer arietinum, 246
Cladobotrin I, 319t, 334
Cladobotryum rubrobrunnescens, 319t

nematicidal metabolites from, 334
Clavicipitaceae, 234
Clonostachydiol, 319t, 334
Clonostachys sp.

C. cylindrospora, 319t
nematicidal metabolites from, 334

C. rosea, 234f, 241, 265, 266, 267t, 279, 
283, 285, 287, 378

Coccidioides immitis, 279, 294, 295, 296f
Cochliobolus sp.

C. heterostrophus, 319t, 331
nematicidal metabolites from, 334, 335

C. miyabeanus, 335
Cochlioquinone A, 319, 321, 335
Collagenases, 266, 275, 276
Collagens, 265
Colony forming unit (CFU), 246
Conidial

morphology, 43, 46, 75, 81
traps, 171, 219, 292

Conidiogenous cells, 3, 30, 63, 146
Conidiophore, 43–46, 52f, 54f–57f, 71f–77f, 

79f, 80f, 82f, 83f, 84f, 119f–121f, 
149f, 177f, 180f, 185f, 196, 197f,  
236

Constricting rings, 3–6, 26f, 28, 29f, 44, 45, 
166f, 171f, 175, 176f, 203f, 216, 
236, 237

Coprinus sp.
C. comatus, 42, 241, 351t

nematicidal metabolites from, 358
C. xanthothrix, 351t

nematicidal metabolites from, 358
Coronophora gregaria, 320t

nematicidal metabolites from, 335
CrChi1, see under Crystal structure
Criconemella xenoplax, 218, 219
Crystal structure, 244, 264

of cuticle-degrading proteases, 276–278
of chitinase CrChi1 from Clonostachys 

rosea, 279–283
Curvularia pallescens, 316, 320t
Cuticle-degrading proteases, 270, 271

crystal structure and catalytic properties of, 
276–278

Cyclodepsipeptide, 322t, 336, 338
Cylindrocarpon olidum, 320t

nematicidal metabolites from, 335
Cynodon sp., 248
Cyst and root-knot nematodes, 240
Cysteine, 265, 269f, 277f, 298
Cystopage, 42, 235t, 236

D
D1084, 322t

anamorphic strains
nematicidal metabolites from, 338

Dactylaria sp.
D. brochopaga, 163

Dactylella sp.
D. lobata, 15
D. shizishanna, 266, 267t

Dactylellina sp.
D. appendiculata, 128f
D. arcuata, 129f
D. asthenopaga, 129, 130f
D. candidum, 131, 132f, 152, 156
D. cionopaga, 133f, 143, 150, 267t
D. copepodii, 134, 135f, 141, 142
D. daliensis, 134, 136f
D. drechsleri, 137f, 159
D. ellipsospora, 138, 139f, 152, 154, 156, 

159, 173, 218
D. ellipsosporum, 214
D. entomopaga, 140f
D. ferox, 141f
D. formosana, 141, 142f
D. gephyropaga, 144f
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D. haptosporai, 134, 145f
D. haptotyla, 216, 267t
D. hertziana, 146f
D. huisuniana, 147f
D. illaqueata, 148, 149f
D. leptospora, 44, 86, 134, 141, 148, 151f
D. lobata, 152f
D. lysipaga, 153f
D. mammillata, 154f
D. multiseptata, 156, 157f
D. mutabilis, 155f
D. phymatopaga, 159, 160f, 161, 162
D. quercus, 161f, 199f
D. sichuanensis, 163, 164f
D. varietas, 267t

Daldinia concentrica, 320t
nematicidal metabolites from, 336

βγ-dehydrocurvularin, 318t
αβ-dehydrocurvularin, 318t, 331
Dense bodies, 24, 236, 238, 291, 292, 301
Density-dependent parasitism, 218
Dichomitus squalens

nematicidal metabolites from, 358, 359
Didymozoophaga sp., 43
Differential centrifugation technique, 19, 22, 

23
Dipylidium caninum, 249
Divergent lineages, 223
Double cover-glass method, 33
Drechmeria sp.

D. coniospora, 218, 239, 245
Drechslerella sp.

D. acrochaetum, 165
D. anchonia, 167, 168f, 184
D. aphrobrocha, 168, 169f, 173
D. bembicodes, 171f, 181, 216
D. brochopaga, 104, 167, 172f, 184, 

187t,201f, 213
D. coelobrocha, 168, 173, 174
D. dactyloides, 175, 176f, 213, 218
D. doedycoides, 177, 178, 186, 187t, 216
D. effusa, 178, 179f
D. heterospora, 178, 180
D. inquisitor, 181f
D. stenobrocha, 184f
D. yunnanensis, 167

Ds1, 266, 267t, 268
Duddingtonia sp.

D. flagrans, 222, 247t, 249, 250, 267t
Dv1, 267t, 268

E
Ecological parameters, 223
Egg- and female-parasitic fungi, 235t, 240, 241

Egg parasitic fungi, 2, 271
Electron dense bodies, 292
Electrophoretic mobility shift assay (EMSA), 

285, 286f, 288
Elsinochrome A, 322t, 338
Emericellopsis sp.

E. poonensis, 320t
nematicidal metabolites from, 336

E. synnematicola, 320t
nematicidal metabolites from, 336

Emodin, 318t, 331
Endoparasitic fungi, 2, 14, 19, 22, 42, 216, 

233, 235t, 238–240, 245
Energy conversion, 298
Enniatin A, B, 321t, 336
Entomopathogenic fungi, 242, 265, 271, 273, 

338
Epicoccum sp.

E. nigrum, 320t
nematicidal metabolites from, 334

E. purpurascens, 320t
nematicidal metabolites from, 334

Erythrosin-glycerine method, 35
Esteya vermicola, 379
External toxic proteins, 380
Extracellular

fibrils, 237
matrix (ECM), 300t
proteases, 265

F
Flavipin, 319t, 334
Fluorescein-di-acetate (FDA), 25
Fluorescence microscopy, 25–27, 215, 234f, 

241
Fossil fungi, 4
Fumagillin, 318t, 325t, 330
Fumiquinones A and B, 318t, 330
Furantriol, 353t, 359
Fusarium sp.

F. graminearum, 294, 295, 296f
F. oxysporum, 246, 252, 285, 320t
F. roseum, 321t
nematicidal metabolites from, 336

F. udum, 246

G
Gaeumannomyces graminis var. tritici, 292
Gamsylella sp., 3, 30, 43–45, 235t, 237
Genetic

divergence, 222, 223
variation, 222, 223

Genicularia, 43
Genome sequencing and assembly, 292
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Geographical distribution, 5
Gliocladine A, B, C, D and F, 321t, 337
Gliocladium sp.

G. fimbriatum, 321t
nematicidal metabolites from, 330

G. roseum, 241, 321t, 327t
nematicidal metabolites from, 337

Gliocladium virens, 337
Glioclasine, 321t, 337
Gliotoxin, 318t, 321t, 325t, 330
Globodera sp., 232, 240, 250t
Green fluorescent protein (GFP), 241
Greenhouse experiments, 251
Gun cell, 235t, 239
Gymnoascus reesii, 321t

nematicidal metabolites from, 337

H
Haemunchus cortortus, 328, 331, 334
Haptoglossa, 235t, 239
Harposporium sp., 218, 239

H. anguillulae, 245
Helmidiol, 317t, 328
Helminthosporium sp.

H. leersii, 321t
nematicidal metabolites from, 334, 335

H. sativum, 321t
nematicidal metabolites from, 334, 335

Hemicarpenteles, 322t
nematicidal metabolites from, 328

Hericium coralloides, 330, 352t
nematicidal metabolites from, 358, 359

Heterodera sp., 232
H. avenae, 252
H. schachtii, 276, 364
H. glycines, 334

Heterorhabditis sp., 239, 320, 335
H. hepialus, 217

Hirsutella sp.
H. indica, 218
H. rhossiliensis, 218, 219, 239, 240, 245, 

267t
H. thompsonii, 322t

nematicidal metabolites from, 338
Histoplasma capsulatum, 294, 295, 296f
Hohenbuehelia, 235t, 236, 352t
Holomorphisms, 222
Homologous recombination, 242, 244, 271, 

283, 285
Horse cyathostomin, 248
Hygromycin resistance gene (hph), 241
Hyphoderma, 42, 236
Hypocrea lixii, 273
Hypocrellin A, 322t, 338

I
Illinitone A, 354t, 360
Integrated Pest Management (IPM), 252
Irpex lacteus, 347, 352t

nematicidal metabolites from, 359
Isoamericanoic acid A, 323t, 342
Isovelleral, 353t, 356t, 359

K
Kinetic parameters, 276, 278

L
Lachnella villosa

nematicidal metabolites from, 360
Lachnum papyraceum, 315, 322t

nematicidal metabolites from, 339, 340
Lachnumfuran A, 322t, 339
Lachnumlactone A, 322t, 339
Lachnumon A, B1, B2, 322t, 340
Lactarius sp.

L. mitissimus, 353t
nematicidal metabolites from, 359

L. vellereus, 353t
nematicidal metabolites from, 359

Lactarorufin A and B, 353t, 359
Lactophenol cotton blue (LPCB), 32
Lecanicillium sp.

L. psalliotae, 233f, 243, 266, 267f, 
271–273, 276

Lethaloxin, 323t, 341
Leucopaxillus albissimus, 354t

nematicidal metabolites from, 360
Limacella illinita, 354t

nematicidal metabolites from, 360
Linoleic acid, 316, 317t, 319t, 320t, 322t, 328, 

330, 349, 352t, 355t, 358, 362
LL-S490, 318t, 330

M
Magnaporthe oryzae, 294
Manduca sexta, 242
Marasmic acid, 353t, 354t, 360
Marasmius conigenus

nematicidal metabolites from, 360
Marcfortine A, B, and C, 325t, 344
Mass spectrometry, 238
Melanconium betulimum

nematicidal metabolites from, 340, 341
Meloidogyne sp.

M. graminicola, 252
M. hapla, 251, 323t
M. incognita, 246, 250t, 251, 273, 274, 

316, 317t, 359, 360
M. javanica, 175, 250t, 251, 321t, 324t, 326t



Index� 389

Membrane biogenesis, 238, 298
Metarhizium anisopliae, 242, 266, 273, 300t
Methyl 3-p-anisoloxypropionate, 352t, 359
Methyl bromide, 232
Microarray technology, 238
Microbacteriaceae, 221
Microbivorous nematodes, 7
Micrococcaceae, 221
Microscopic slides, 32
MK7924, 320t, 335
Mlx, 266, 267t, 268
Molecular mechanism, 7, 238, 296, 377, 378, 

380
Monacrosporiella, 43
Monacrosporium sp.

M. haptotylum, 131, 238, 378, 379
M. lysipagum, 238, 251, 252
M. megalosporum, 243, 267t, 301t
M. microscaphoides, 30, 266, 267t
M. thaumasium, 247t, 249, 267t

Monotropa hypopitys, 340
Mycelial propagules, 216
Mycena sp., 354t

nematicidal metabolites from, 360
Mycenon, 354t, 360
Mycorrhizin, 315

mycorrhizin A, 322t, 339, 340
mycorrhizin B1, 322t, 339
mycorrhizin B2, 322t, 339

Mycosphaerella lethalis, 323t
nematicidal metabolites from, 340, 341

Myzocytium, 218, 239

N
Nafuredin

Nafuredin-γ, 318t, 331
Nectria radicola, 323t

nematicidal metabolites from, 341
Nematocidal compounds, 241
Nematoctonus, 42, 235t, 236, 239, 316, 323t
Nematode extracts (NE), 238, 243, 244, 301
Nematode-parasitic bacteria, 379
Nematode-trapping fungi, 3, 7, 42, 43, 205, 

212–215, 235t, 236, 265, 290
Nematophagous fungi

baits for, 16–19
extracellular enzymes involved, 265, 266

chitinases, 271–275
collagenases and other hydrolytic 

enzymes, 275, 276
serine proteases, 266–271

habitats of, 14, 15

in controlling
animal nematodes, 247–250
plant nematodes, 250–252

use of molecular technique in indentifying, 
30, 31

Nematophagus, 43
Nematotoxins, 7
Nemin, 19
Neoaplectana, 239
Neobulgaria pura, 323t

nematicidal metabolites from, 341
Net-forming, 6, 237
Neurospora crassa, 293–295, 296f
Neutral proteases, 268, 270
Nigrospora sphaerica, 316, 323t

nematicidal metabolites from, 338
Nitrogen regulation, 284
Nocardiaceae, 221
Nonconstricting rings, 4, 28, 29f, 30, 31, 45, 

124, 149f, 151f, 164f, 235t, 236, 
237

Non-parasitic nematodes, 379
Nonribosomal peptide synthetase (NRPS), 

295, 380

O
Obligate parasites, 6, 42, 235, 238
Oidiolactone D, 323t, 342
Oleic acid, 352t, 358
Oligosporon, 316, 317t, 328
Omphalotin A, B, C and D, 354t, 361, 364
Omphalotus olearius, 348, 354t

nematicidal metabolites from, 361
Ophiobolin C, 319t, 334
Ophiobolin K, 318t, 331
Ophiobolin M, 319t, 334
Ophioceras dolichostomum

nematicidal metabolites from, 342
Orbilia sp.

O. auricolor, 187t, 190f, 193f, 205, 222, 
291

O. blumenaviensis, 187t, 198f
O. cf. orientalis, 187t, 204f
O. cunninghamii, 187t
O. fimicola, 43, 118, 186, 187t, 191
O. orientalis, 187t, 202f, 204f

Orbiliales, 43, 212, 221, 222, 237
Orthology analysis, 294, 295f

P
P32, 264, 266, 267t, 268f
PacC/Rim101 pathway, 284
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Paecilomyces sp.
P. fumoso-roseus, 316

nematicidal metabolites from, 332, 333
P. lilacinus, 220, 221, 234f, 240–243, 

249–252, 250t, 266, 267t, 271, 272, 
276, 316

nematicidal metabolites from, 342
Paeciloxazine, 324t, 342
Palaeoanellus dimorphus, 4
Palmitic acid, 352t, 358
p-anisaldehyde, 355t, 362
p-anisyl alcohol, 355t, 362
Papyracon A, B, C, 322t, 340
Paraherquamide

B, C, D, E, F and G, 324t, 332, 344
VM54158, 325t, 345
VM54159, 318t, 325t, 332, 345
VM55594, 325t, 345
VM55595, 325t, 345
VM55596, 325t, 345
VM55597, 325t, 345
VM55599, 325t, 345

Parasitic nematodes, see Plant-parasitic 
nematodes

Pathogen-host interaction (PHI), 294
Pathogenic mechanisms, 7, 264
Pathogens, 212, 246, 265, 266, 274, 283, 284, 

295, 302
Patinella tenebricosa, 186, 187t
Patulin, 318t, 325t, 332
Pectate lyases, 296
Pectinesterases, 295, 296
Panagrellus redivivus, 17, 191, 194, 219, 233f, 

234f, 241, 271, 283, 287, 330, 336, 
337, 343, 346–348, 358, 361, 362

Penetration peg, 240
Penicillic acid, 318t, 325t, 332
Penicillium sp.

P. bilaiae, 324t
nematicidal metabolites from, 344

P. bilaii, 252
P. charlesii, 324t

nematicidal metabolites from, 344
P. nigricans, 325t

nematicidal metabolites from, 330
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