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Arthrobotrys oligospora, a predacious fungus of nematodes, has been very useful in understanding the relationship between
nematophagous fungi and their nematode hosts. Arthrobotrys oligospora is by far the most common nematode-trapping
fungus with the characteristic ability of forming adhesive trapping nets once in contact with nematodes. This review high-
lights the versatility and development of 4. oligospora as a system to identify and characterize the ecology and biology of
nematode-trapping fungi. Using 4. oligospora, advances in our knowledge of nematophagous fungi have been made through
the discovery of special traits and virulence determinants involved in the pathogenic process, or by creating new ways of
presenting these factors to the target nematodes. We argue for an increased role for 4. oligospora in complementing other

model systems in biological control research.
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Introduction

Arthrobotrys oligospora Fres. 1852, the first recog-
nized nematode-trapping fungus (Zopf 1888), is
the most commonly isolated and by far the most
abundant nematode-trapping fungus in the environ-
ment (Duddington, 1954; Farrell et al., 2006; Jaffee,
2004; Mekhtieva et al., 1980; Persmark et al., 1996;
Satchuthananthavale and Cooke, 1967; Wachira et al.,
2009). More than 120 years of intense basic and applied
research on A. oligospora has contributed not only to the
development of this species as a potential biological control
agent, but also other advancements across a broader scien-
tific context. For example, the finding that A. oligospora is
capable of paralyzing the nematodes by producing a chem-
ical substance, nematotoxin, has provided fundamental
insights for the field of nematodetoxic fungi (Olthof and
Estey, 1963). Numerous experiments on A. oligospora have
made this species a popular model system for studying
many aspects of nematophagous fungal biology, ranging
from morphogenesis to pathogenesis. These studies have
addressed a range of biological questions, especially on
the interactions between fungi and nematodes, and such
knowledge has benefited application of nematophagous
fungi as potential biological control agents.

Thanks to the scientific attention given to this species
over the past decades and improvements in the new
methods and technologies, we have now obtained much

information about microbial pathogenic factors, from mor-
phology to molecular mechanisms. In this review, we
survey the past and current states of A. oligospora research,
and provide a brief account of knowledge of the interaction
between fungi and nematodes. Future research priorities
and goals are forwarded.

History of A. oligospora — saprobic and predatory
fungus with a special trap structure

Arthrobotrys oligospora was first collected in Europe,
and characterized by Fresenius in 1852 (Fresenius, 1852).
Its dominant life style was originally thought to be
that of a saprobe, obtaining nutrients from decaying
organic substrates. In 1870, Woronin (1870) found that
A. oligospora could produce a specialized network struc-
ture (Figure 1), 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 origi-
nal loop or on the parent hypha. He also observed that
the conidiophores of A. oligospora could directly develop
into a complex network structure. However, the func-
tion of the special structure remained unknown. In 1876,
Sorokin (1876) reported that a ring from A. oligospora
could infect nematodes, but he mistook the ring as its
conidia and assumed that A. oligospora was a para-
sitic fungus. Zopf (1888) gave a detailed description of
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Figure 1.

Morphological and structural diversities of 4. oligospora. (a)—(c): Nematode captured by adhesive trap; (d) adhesive network,

reproduced from Nordbring-Hertz (2004); (e) spores; (f) mycoparasite coiling around a hypha of Rhizoctonia solani, reproduced from
Nordbring-Hertz (2004); (g) a nematode captured by conidial trap; (h) conidial traps, reproduced from Nordbring-Hertz et al. (1995); (i)
appressorium (indicated by the white arrow) during the early colonization of barley roots, reproduced from Nordbring-Hertz (2004).

nematode-trapping process of the network structure
of A. oligospora. He demonstrated that the specialized
mycelial structure trapped nematodes, penetrated the cuti-
cle of the worm, grew mycelia inside the prey and digested
the nematodes’ contents. Soon after host death, hyphae
emerged from the cadaver and produced conidiophores and
conidia. In addition, he also mentioned that the formation
of trapping devices only occurred in a nutrient-deficient
culture. These findings laid the groundwork for establish-
ing the predaceous activity of 4. oligospora using a special
mycelia network and heralded the identification of a new
mode of fungi—nematode interaction, which opened up a
new perspective for the emerging field of nematode—fungi
ecology. Drechsler (1933a,b) developed a new method
for cultivating nematode-predating fungi by putting some
minced infected plant root on agar. This simple method
contributed greatly to the discovery of new nematophagous
fungi (Drechsler, 1933a,b) and led to a rapid increase in

the discovery of nematophagous fungi during the following
20 years. Drechsler (1934) also found that A. oligospora
was often isolated and could produce a bulbous structure
soon after capturing nematodes. From this internal appres-
sorium, trophic hyphae grew throughout the worms. He
attributed the death of the nematode to the partial sev-
erance of its body by the infection bulb of the fungus
(Drechsler, 1934). Duddington (1954) carried out a survey
of nematode-destroying fungi in the soil from arable land
infested with potato root nematodes or cereal root nema-
todes, which had caused serious loss to these crops. He
found that 4. oligospora was much more prevalent than the
other nematophagous fungi. This work not only attracted
much attention on exploring the biological functions and
infection mechanism of this fascinating fungus, but also
provided the stimulus for an entire era of research on using
nematophagous fungi as potential biological control agents
against parasitic nematodes.
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Ecological and biological characteristics of
A. oligospora

Ecological surveys have indicated that 4. oligospora is
by far the most broadly distributed and most frequently
isolated nematode-trapping fungus in the environment
(Duddington, 1954; Persmark et al., 1996; Persmark and
Jansson, 1997; Peterson and Katznelson, 1964; Yan et al.,
2007). It has been recorded from Asia, Africa, North and
South America and Australasia, and is capable of growing
in many environments, including almost all types of natu-
ral soil, animal faeces, surface waters and heavily polluted
substrates. Its broad distribution suggests its immense abil-
ity to adapt and grow in diverse environmental conditions
(Mo et al., 2008; Saxena, 2008; Wachira et al., 2009).

Arthrobotrys oligospora can grow in close association
with the rhizosphere of agricultural crops and plants. It is
very common in the upper 30-cm soil layer, while below
40 cm few samples have been found (Persmark et al.,
1996). The density of the fungus was slightly higher in
the rhizosphere than in root-free soil and different crops
showed different influences on the numbers of this species
in the rhizosphere. Peterson (1964) used 4. oligospora as
an index to test the occurrence of nematode-trapping fungi
in the rhizosphere of wheat and soybean, and found a
greater abundance of the fungus in the soybean than wheat
rhizosphere or root-free soil. The proposed reason was
that the soybean rhizosphere soil contained more nema-
todes. Further evidence came from pot and field experi-
ments in which the rhizosphere effects of pea, barley and
white mustard on nematophagous fungi were investigated.
The pea rhizosphere had a significantly higher number of
nematode-trapping taxa, containing up to 19 times more
individuals than root-free soil, while the barley rhizosphere
had a similar density of individuals as root-free soil. The
author suggested that this could be due to the higher den-
sity of nematodes in the pea rhizosphere than in root-free
soil (6-290 times higher). The nematode density in the bar-
ley rhizosphere was 3—13 times higher than root-free soil
(Persmark and Jansson, 1997). Another interesting finding
showed that a decrease in the density of nematodes only
affected the number of endoparasitic nematophagous fungi.
The population declined in a positive correlation with the
number of nematodes, while the number of the sapro-
bic nematode-trapping species, including A. oligospora,
remained relatively constant (Persmark et al., 1996).

It is widely accepted that the zone around the root
abounds with organisms, including plant parasitic and
free-living nematodes. Arthrobotrys oligospora, in partic-
ular, is thought to be a ‘facultative’ trapper of nema-
todes, using them as a nitrogen source, but decomposes
organic matter as its carbon and energy source (Barron,
1992; Cooke, 1963). Thus, there is a potentially under-
appreciated food chain in the soil with plant roots providing
food to nematodes which serve as a nitrogen source for
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nematode-trapping fungi that subsequently reproduce
(Barron, 2003). Bordallo et al. (2002), however, found that
A. oligospora could colonize the rhizosphere of axenic bar-
ley and tomato (i.e. without nematodes), and grew chemo-
tactically towards the root surface. The fungus grew inter-
and intracellularly in barley and tomato roots, colonizing
the epidermis and cortex regions but never penetrating the
vascular tissues of plant roots. In addition, it also induced
plant defense reactions without harming the development
of the plants. The induced defense might render the plants
more resistant to plant parasitic nematodes and/or other
pathogens. This result is consistent with the carnivorous
A. oligospora having an endophytic lifestyle (Jansson and
Lopez-Llorca, 2004). The fact that A. oligospora could col-
onize the rhizosphere may have significant implications for
its suitability as a biocontrol agent.

Arthrobotrys oligospora is part of a complex food
chain in the coastal soils of the Bodega Marine Reserve
(Farrell et al., 2006; Nguyen et al., 2007). Jaffee and Strong
(2005) suggested that bush lupines, ghost moths, isopods
and an entomopathogenic (insect-parasitic) nematode con-
tributed to the abundance of A. oligospora at Bodega
Marine Reserve. They observed that the strongest numeri-
cal response in the presence of moths was by A. oligospora
and this fungus frequently ‘bloomed’, with its population
density increasing 10-100 times and sometimes exceed-
ing 10,000 propagules/g of soil. They also found that the
growths of three other nematode-trapping fungi producing
adhesive nets similar to 4. oligospora were not enhanced by
nematode-parasitized insects. One possible explanation for
this result was that those three species could not increase
and were even suppressed because their niches overlapped
with that of 4. oligospora (Farrell et al., 2006; Koppenhoer
et al., 1996).

Arthrobotrys oligospora is often found in faeces (Bird
and Herd, 1995; Hay et al., 1997a; Saumell et al., 1999;
Sayers and Sweeney, 2005; Su et al., 2007). The most fre-
quently studied strain ATCC 24927 was collected from the
dung of livestock (Nordbring-Hertz, 1977a). Every year,
there are many reports on strains of 4. oligospora isolated
from faeces in different regions which are then screened for
their biological control activities against parasitic gastro-
intestinal nematodes. A time-series examination of sheep
faeces indentified a total of 123 fungal species from the
120 sheep faecal samples deposited on pastures in the
Mata Region of Minas Gerais State (Brazil) over four sea-
sons. Among these, A. oligospora and Monacrosporium
eudermatum (Drechsler) Subram. 1964 were the most
common predatory species (Saumell and Padilha, 2000;
Saumell et al., 1999). In recent studies, we investigated
the effects of season and altitude on the occurrence of
nematode-trapping fungi in cattle faeces in west Yunnan.
Seventeen nematode-trapping species were collected from
660 samples on three plateau pastures of different altitudes



4 X.-M. Niu and K.-Q. Zhang

(Su et al., 2007). Along with Monacrosporium ellipsospo-
rum (Preuss) R.C. Cooke & C.H. Dickinson, 1965, A.
oligospora was among the predominant species throughout
the year. These results were consistent with the observa-
tions that A. oligospora is one of the most predominant
predatory fungi, capable of colonizing faeces from both
wild and domestic animals in different regions, and could
be found during different seasons and in different ecolog-
ical pastures (Grenvold et al., 1993b; Hay et al., 1997a;
Sayers and Sweeney, 2005). At present, there are several
hypotheses for the entry of nematode-trapping fungi into
animal dung. One is the splash dispersal of conidia from
the air or soil. Another is anthophilous dispersal by soil
invertebrates, such as mites (Hay et al., 1997a,b). It is also
possible that nematode-trapping fungi in the upper layers
of soil and foliage could grow into the dung from under-
neath (Hay et al., 1997b; Persmark et al., 1996) and that the
fungal traps could be carried into the dung by soil infected
by nematodes (Nansen et al., 1988).

Arthrobotrys oligospora has also been isolated repeat-
edly from aquatic environments, including marine water
(Alias et al., 1995), and the physico-chemical parameters
of waters were found to have little effect on its distri-
bution (Kiziewicz and Czeczuga, 2003). Because there is
no published account that directly demonstrates the active
growth of A. oligospora in natural waters, its presence in
water might be due to secondary deposition as runoffs from
terrestrial environments.

Arthrobotrys oligospora is often referred to as a ‘bio-
logical indicator’ of nematodes in mushroom growth facil-
ities. It is well known to mushroom growers that the mass
appearance of the fungus is associated with the infection
of nematodes at the same sites (Cayrol, 1979; Grewal and
Sohi, 1988).

Arthrobotrys oligospora has been isolated from con-
taminated environments, including heavy metal-polluted
mines and soil sprayed with fungicides and nematicides
(Kiziewicz and Czeczuga, 2003). Our recent survey of the
diversity of nematode-trapping fungi in the soil from lead
mines in Yunnan Province, where Pb concentrations ranged
from 132 to 13,380 mg/kg, revealed that A. oligospora
is the most frequently isolated nematode-trapping fungus.
Strains of this species isolated from Pb-contaminated soil
showed greater tolerance to Pb than those from Pb-free
soil (Mo et al., 2006, 2008). This indicates that strains
thriving in heavy metal-contaminated ecosystems may have
increased resistance to toxic metals, demonstrating their
strong evolutionary adaptation potential. Evaluations of the
susceptibility of A. oligospora to fungicides and nemati-
cides frequently used for controlling plant pathogen and
nematodes in soil demonstrated that 4. oligospora was the
most resistant nematode-trapping fungus (Persson et al.,
1990; Tunlid et al., 1999).

In summary, 4. oligospora can grow in diverse envi-
ronments, including soils, around plant roots and faeces

of animals, and is especially widespread in nematode-
infested environments. Arthrobotrys oligospora has a high
saprobic ability and efficiently utilizes a diversity of carbo-
hydrates. The apparent ubiquity and biological characters
of A. oligospora are strongly correlated with its infective
abilities towards nematodes. Large increases in resident
nematodes usually result in large increases in 4. oligospora
propagules, and the responses of A. oligospora to nema-
todes are generally much stronger than those of other trap-
ping fungi. These characteristics have made A. oligospora
an excellent candidate from which to develop an effective
biocontrol agent (Bird and Herd, 1995; Chandrawathani
et al., 1998; Grenvold et al., 1993a; Hashmi and Connan,
1989; Jaffee, 2004; Yan et al., 2007).

Many issues with regard to its ecology and popula-
tion biology, however, remain unresolved. For example,
the relationship between the populations of nematodes and
density of 4. oligospora under different field conditions
needs to be established. On the one hand, the existence
of nematodes can induce an increase in the number of
A. oligospora propagules. On the other hand, the absence
of nematodes did not significantly affect the population
of this fungus. Furthermore, in some cases, the addition
of A. oligospora did not significantly reduce the number
of nematodes in field experiments. The underlying mech-
anisms governing population dynamics (Persmark et al.,
1996) of A. oligospora are likely influenced by numer-
ous factors, many of which remain relatively unexplored.
For instance, its saprobic behavior in natural soil has
not been quantified. From the perspective of fungal ecol-
ogy, fundamental studies on its tritrophic (plant, nematode
and nematode-trapping fungi) or multitrophic (plant, soil
microorganisms, nematode and nematode-trapping fungi)
interactions under natural conditions are required. Such
complex interactions might have contributed to the incon-
sistent results among field experiments that incorporated
A. oligospora as nematode control agents. To date, there
has been no report of detrimental effects on the microbial
community in the rhizosphere due to the applications of
A. oligospora. It would be highly desirable if A. oligospora
could trap and kill nematodes, but has no negative effect on
beneficial microbes, such as mycorrhizae or nitrogen-fixing
bacteria.

The morphogenesis in A. oligospora

An association between morphogenesis and virulence has
long been presumed for dimorphic fungi, typically with the
saprobic stage being one morphotype and the infectious
stage another type. Arthrobotrys oligospora can develop
several different mycelial structures involved in predation,
such as conidial traps, hyphal coils and the recently dis-
covered appressoria, as well as three-dimensional sticky
networks (Nordbring-Hertz, 2004). The typical adhesive
network trap produced by 4. oligospora (ATCC 24927)
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consists of one to several loops attached to each other as
a result of one to several anastomoses (Nordbring-Hertz,
1977b). An initial branch forms from a parental hypha
that can be detected by its bright appearance under light
microscope. The branch then curves around to meet a
peg formed on the parent hypha some 20-25 pm from
the initial branch to develop a loop. This loop typically
consists of three cells, all with vigorous cytoplasmic move-
ments. These cells differ from typical hyphal cells because
they contain organelles called dense bodies and have the
unique ability to capture nematodes (Figure 2) (Heintz and
Pramer, 1972; Nordbring-Hertz, 1972; Nordbring-Hertz
and Stalhammarcarlemalm, 1978). Electron microscopic
observations showed that these organelles began to develop
in the initial stages of trap formation (Veenhuis et al.,
1984, 1985b). However, they were not present in vege-
tative cells, including those adjacent to the trap-initiating
cell. The hyphal peg meeting the tip of the trap also
lacked dense bodies, indicating that it was not a special-
ized trap cell up to the moment of contact and fusion.
These dense bodies were cytosolic organelles which were
peroxisomal in nature since they contained catalase and
D-amino acid oxidase activity. These dense bodies were
only detected in nematode-trapping fungi, but not in the
so-called endoparasitic nematophagous fungi that infected
their host with adhesive or non-adhesive spores (Veenhuis
et al., 1985a). Their functions seemed to be involved in the
adhesion of nematodes, but could be translocated into the
developing trophic hypha after the nematode cuticle was
penetrated. It has been assumed that they play a role in sup-
plying energy and/or structural components to the invading
hyphae (Veenhuis et al., 1989).

Another feature of trapping cells that makes them
different from hyphal cells is the presence of extensive lay-
ers of extracellular polymers. These polymers have been
considered important for the attachment of the traps to
nematode surfaces (Tunlid et al., 1991). The extracellular
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fibrillar polymers consist of mainly proteins and carbohy-
drates. When the traps adhere to nematodes, they become
denser and oriented toward one specific direction. Jensen
and Lysek (1991) indicated that the attachment of hyphae
of A. oligospora CBS 289.82 to second-stage juveniles of
M. hapla was mediated by a layer of extracellular material
produced by the fungus. The thickness of this extracel-
lular material (about 0.1 wm) was comparable to similar
layers found on other nematophagous fungi and less than
the lumps of adhesive substances present on hyphaw of
zygomycetes (Jensen and Lysek, 1991). Extracellular poly-
mers, exclusively confined to trap cells were also isolated
from both traps and vegetative hyphae in A. oligospora
ATCC 24927 (Tunlid et al., 1991a). These polymers pro-
duced by A. oligospora ATCC 24927 were more loosely
packed than the polymers in the layer bridging trap and
nematode. They seemed to be distributed unevenly over the
surface of A. oligospora ATCC 24927 (Belder et al., 1996).
The structure of the adhesive layer could be quite complex
and attachment could be accompanied by morphological
changes (Nordbring-Hertz, 2004; Veenhuis et al., 1985b).
It was found that the traps always showed a higher K™ con-
tent than hyphae (Nordbring-Hertz et al., 1989). This data
could be a result of higher metabolic activity in the trap
cells than in hyphae. Moreover, the accumulation of K+
might also be responsible for the pronounced turgidity of
the traps (Veenhuis et al., 1985a).

Though the functions of adhesive networks were widely
assumed to trap and kill nematodes, nematodes were not
the only factor capable of inducing A. oligospora to form
traps. In 1959, Pramer and Stoll (1959) provided unequiv-
ocal evidence that a metabolic product or a group of sub-
stances from the nematode Neoaplectana glaseri, collec-
tively called “nemin”, caused morphogenesis and induced
trap formation in nematode-trapping fungi. However, the
chemical nature of nemin has not been elucidated to date.
Several experiments confirmed that when cultured in a

Figure 2. Transmission electron micrograph (left) of a trap cell of 4. oligospora containing numerous typical dense bodies (Bar = 1 pm),
and TEM micrograph (right) of germinating conidium with dense bodies both in CT and in the mother conidial cell (arrows), N: nucleus,

V: vacuole (Bar = 5 pm) reproduced from Nordbring-Hertz (2004).
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low nutrient medium, induction of trap formation could
be brought about by adding small peptides or their con-
stitutient amino acids (Friman et al., 1985; Lysek and
Nordbringhertz, 1981). Many previous tests on the deter-
mining factors of the switch between pure saprophytism
and predation under laboratory conditions indicated that
trap formation could be stimulated by a low C:N ratio
(Nguyen et al., 2007), i.e. by adding NHj at a certain con-
centration range (Jaffee and Strong, 2005), and by adding
steroids, including lanosterol, ergosterol, phytosterol,
B-sitosterol or cortisone acetate to cultures. In contrast,
high concentrations of CO, at 5-10%, exposure to light
and phosphate at concentrations above 30 M inhibited trap
formation (Lee et al., 2004).

The capture of nematodes by Arthrobotrys spp. does
not require a fully developed loop because nematodes can
be trapped even by the initial branch of hypha. In an iso-
late of A. superba, nematodes were trapped by a basal
cell, which later developed into either a full trap or into
a conidiophore, depending on environmental conditions
(Jansson and Nordbring-Hertz, 1981). This finding indi-
cates that cells destined to become traps have the ability to
trap nematodes long before the development of a full trap.
In addition, growth conditions and environmental factors
could strongly influence the direction of morphogenesis
within this system (Werthmann-Cliemas and Lysek, 1986).

While the trap structures might be predominantly
derived from mycelia, they could also form from spores
directly upon germination without an intermediate hyphal
phase. These structures, called conidial traps (CTs)
(Nordbring-Hertz et al., 1995), were found in natu-
ral environments, such as cow dung (Dackman and
Nordbring-Hertz, 1992) and rhizosphere soil (Persmark
and Nordbring-Hertz, 1997). Conidial traps (Figures 1 and
2) contained numerous electron-dense bodies characteristic
of normal hyphal network traps. They are capable of trap-
ping nematodes as network traps. They adhere to a passing
nematode and may be carried away and spread by the
nematode in a way similar to adhesive conidia of endopar-
asitic nematophagous fungi. The production of conidial
traps might indicate an increased potential of the fungus
as antagonists to nematodes. Conidial traps have also been
considered as survival structures, similar to conventional
adhesive networks, based on the fact that adhesive net traps
can survive long periods of time in the laboratory compared
to normal hyphae (Dackman and Nordbring-Hertz, 1992).
It is interesting that conidial traps of 4. oligospora have
never been detected in pure culture without the presence of
natural substrates, such as dung or soil. When conidia of
A. oligospora were incubated in the vicinity of cow faeces
on agar plates, about 90% germinated into conidial traps.
The occurrence of conidial traps in natural soil and soil
extracts further supports the above-mentioned hypothesis.
Studies on the mechanism of their formation showed that
a low-nutrient medium was essential and that rhizosphere

soil was more efficient than root-free soil for conidial traps
formation. These observations have led to a proposal that
the fungus competes for nutrients by forming conidial traps
to overcome the fungistatic effects of the soil (Persmark
and Nordbring-Hertz, 1997).

Another mechanism involved in the antagonism
between A. oligospora and other fungi is the formation
of hyphal coils around the hyphae of another fungus
(Nordbring-Hertz, 2004). The properties of hyphal coils
differ from those of vegetative hyphae, and are very similar
to adhesive network traps. Coils also contain an abundance
of cytoplasmic organelles that develop from the endoplas-
mic reticulum. However, dense bodies, typical of traps,
are not present in coils. The function of hyphal coil is
assumed to be associated with the mycoparasitic phase of
A. oligospora, which, although a non-penetrating mycopar-
asite, is capable of deriving a considerable proportion of
its nutrients from the host hyphae of other fungal species
(Olsson and Persson, 1994).

Bordallo et al. (2002) reported that 4. oligospora could
colonize the surface of plant roots by forming appressoria
during penetration of plant cell walls. However, this infec-
tion did not harm the development of the plants (Bordallo
et al.,, 2002). The function of appressoria during plant
infection by A4. oligospora is still unclear.

Our recent studies of the effect of soil bacteria on the
morphological diversity of 4. oligospora (ATCC 24927)
has shown that the fungus could produce a ring from
mycelia at the initial stage in the vicinity of soil bacteria,
which could further develop into a coil-like ring structure
(unpublished work). Another interesting phenomenon, the
formation of a 2D network, was also observed when A.
oligospora was cultured without directly contacting nema-
todes. These observations provided a further example of
the ability of this species to respond morphogenetically to
environmental signals (unpublished work).

To date, five types of trapping devices — adhesive
network, adhesive knob, adhesive column, nonconstrict-
ing ring and constricting ring — have been recognized
and studied in predatory fungi. The first four trapping
devices all contain an adhesive layer covering part or all
of the device surfaces. The fifth and most sophisticated
trapping device, the constricting ring, captures prey in
a different way by swelling the three ring cells rapidly
inwards and firmly lasso the victim within 1-2 s after
being triggered by a nematode entering the ring. The
morphogenesis and consequences of the high diversity
of trapping devices among nematophagous fungi, as well
as their value in biological control, have been described
in several reviews (Barron, 1977, 1981; Dijksterhuis
et al., 1994; Jansson and Lopez-Llorca, 2001; Kerry and
Jaffee, 1997; Nordbring-Hertz et al., 2002). Different from
other nematode-trapping fungi, many network-forming
species do not form a network spontaneously. Their sapro-
phytic state is more prominent and the formation of



network-trapping devices is induced by nematodes or
nemin, a substance of animal origin (Pramer and Stoll,
1959). Spontaneous trap-producers are more effective at
preying on nematodes than non-spontaneous trap formers
because they have the flexibility to become more preda-
cious by inducing more traps (Nordbring-Hertz et al.,
2006). Recent attention has focused not only to adhe-
sive nets, which are typical of the species involved in
the infective process, but also to other hyphal structures
that could contribute to their survival in the soil. Since A.
oligospora is known as the most common network-forming
species with a more competent saprophytic activity and
quicker response to nematodes than other species, it has
been regarded as the best model to study the relationship
between morphology and functions of this special group
of fungi. The morphogenesis of A. oligospora under differ-
ent conditions has been studied intensively with the help of
advanced microscopy.

On the basis of morphological features and/or molecu-
lar characters, various hypotheses on the evolution of trap-
ping devices have been proposed. At present, the molecular
mechanism of phenotypic switching in nematode-trapping
fungi is not well understood. The main conflict among the
hypotheses is the trapping structures themselves. Based on
the observation that the adhesive network structure is the
most widely distributed trapping device, Rubner (1996)
suggested that it was the most advanced type of trapping
organ. However, Li et al. (2000) considered that the adhe-
sive trap was primitive due to its lower trapping efficiency.
Based on phylogenies inferred from sequence analyses of
28S rDNA, 5.8S rDNA and B-tubulin genes, our recent
study has indicated that the adhesive knob could be the
ancestral type of trapping device from which constrict-
ing rings and networks were derived via two pathways (Li
et al., 2005b). The deduction that the network-trapping
device is one of the most evolved forms partly supported
Rubner’s theory. In a similar way, but with more compre-
hensive phylogenetic analysis of nucleotide sequences of
three protein-coding genes (RNA polymerase II subunit
gene, rpb2; elongation factor-1o gene, ef-/«; and S-tubulin
gene, bf) and ribosomal DNA in the internal transcribed
spacer region, Yang et al. (2007d) demonstrated that the
adhesive network separated from the others early and repre-
sented an ancient type, supporting the hypothesis proposed
by Li et al. (2005b) At present, the evolutionary origins
and divergence of this network structure remained unre-
solved. Similarly, the molecular mechanism of phenotypic
switching in A. oligospora and the genetic bases for the
association between morphology and virulence are not well
understood.

The conversion from vegetative mycelia to trapping
devices in nematode-trapping fungi is crucial for patho-
genesis. The ability of dimorphic pathogenic fungi to
switch between different morphological states appears to
be an important virulence determinant as mutant strains
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lacking this ability often have reduced virulence or are
avirulent (Nemecek et al., 2006). Morphological switch-
ing is one aspect of the response to nutrient deprivation
and, as such, is a response to an environmental stress.
Pathogenic fungi appear to have adapted related cell sig-
naling pathways to control morphological switching dur-
ing infection. The genes controlling morphogenesis have,
therefore, been the focus of many investigations, as they
have great potential as targets for novel antifungal drugs
(Nemecek et al., 2006). It has become clear that the cAMP
signaling pathway is a major control mechanism for mor-
phological switching in Saccharomyces cerevisiae and the
signaling pathways in fungi are controlled by both cAMP
and mitogen-activated protein kinase (MAPK) signal trans-
duction pathways (Borges-Walmsley and Walmsley, 2000;
Roman et al., 2007). Epigenetic mechanisms may also
be involved. For example, many epigenetic changes are
controlled by the SIR2 (silent information regulator) gene
family (Brachmann et al., 1995). The sir2/sir2 mutant of
human fungal pathogen Candida albicans could undergo
a much higher level of chromosomal alteration than wild-
type strains and, therefore, exhibit a higher frequency of
colony variants (José et al., 1999). To date, little is known
about the control mechanism of morphological switching
in A. oligospora.

A. oligospora as a model organism for identifying
nematocidal metabolites

In the 1950s, Shepherd (1955) observed that nema-
todes captured by fungi ceased to move, being either
dead or paralyzed, before the bulb structure was com-
pletely developed. These observations led him to question
Drechsler’s assumption that the infection bulb produced by
A. oligospora was the key factor that killed nematodes. In
the 1960s, Olthof and Estey (1963) evaluated the effect of
the filtrates of 4. oligospora obtained from crushed nema-
todes on the vitality of nematodes in the genus Rhabditis
sp., and found many worms were inactive and appeared
dead. He concluded that the fungus could secrete a chem-
ical substance which paralyzed or killed nematodes after
they were caught by its adhesive trapping organs. This work
provided a new perspective on the potential infective mech-
anisms that subsequently led to the discovery of a new
group of nematophagous fungi that produced toxins to par-
alyze and kill nematodes. Over the past four decades, there
has been a remarkable increase in the knowledge of the
secondary metabolites of nematophagous fungi. The num-
ber of known substances from this special group of fungi
with detrimental effects against nematodes has reached
almost 200, and they are distributed among many classes,
including alkaloids, peptides, terpenoids, macrolides, oxy-
gen heterocycle and benzo compounds, quinones, aliphatic
compounds, simple aromatic compounds, and sterols (Li
et al., 2007a).



8 X.-M. Niu and K.-Q. Zhang

A. oligospora has a complement of secondary metabo-
lites as numerous and diverse as those of other fungal
taxa. Among the classes of compounds discovered in A.
oligospora are polyketides, benzenoids and terpenoids.
Additionally, other typical fungal secondary metabolites
have also been observed in this species. These include
large mixtures of compounds of several classes, such as
lipids, peptides and sterols. Many secondary metabolites
of A. oligospora appear to be associated with its nemati-
cidal, antibacterial and antifungal properties. In the 1970s,
Russian researchers showed that strains of 4. oligospora
produced wide-spectrum antibiotics against bacteria, acti-
nomycetes and fungi (Kieu et al., 1971). Though several
bioassays of strains of 4. oligospora confirmed that this
fungus could produce bioactive substances, the nature of
these compounds was not elucidated until 1993. At that
time, Stadler et al. (1993a) first reported that linoleic
acid was the main nematicidal compound from several
nematophagous fungi. In addition, the number of traps
formed by A. conoides and A. oligospora was positively
correlated to the concentration of linoleic acid and that
this compound exhibited nematicidal activities towards the
free-living nematode Caenorhabditis elegans with an LDs
value of 5 g/ml.

Stadler et al. (1993b) also reported the isolation and
structure elucidation of three new antibiotics with a
novel carbon skeleton — oligosporon, oligosporol A and
oligosporol B — from cultures of a strain of 4. oligospora
obtained from the Centraalbureau voor Schimmelcultures
(Baarn, The Netherlands). Bioassays indicated that these
compounds exhibited weak antimicrobial, cytotoxic and
hemolytic effects, but were not active towards the nema-
tode C. elegans. In addition, other Arthrobotrys species
were also found to produce these or similar compounds.
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Figure 3. Unique oligosporon-type compounds from 4. oligospora.
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In the 1990s, three new derivatives of oligosporon, 4',5'-
dihydro-oligosporon, hydroxyoligosporon and 10/,11'-
epoxyoligosporon, were obtained from an Australian iso-
late of A. oligospora, together with oligosporon and
oligosporol B (Anderson et al., 1995). These oligosporon
antibiotics shared a common structural feature: a far-
nesylated chain connected to an epoxy cyclohexen ring
(Figure 3). The members of the oligosporon group dis-
played various biological activities from antibacterial
and antifungal to nematocidal. For example, MIC val-
ues for oligosporon, oligosporol A and oligosporol B
against the Gram-positive bacteria, B. subtilis and S.
aureofaciens, were in the range 25-100 pg/ml Gram-
negative and three Gram-positive bacteria. Dihydro- and
oxidized analogues, 4',5'-dihydro-oligosporon, hydroxy-
oligosporon and 10,11’-epoxyoligosporon, were less active
than oligosporon, oligosporol A or oligosporol B against
the Gram-positive bacteria. In addition, oligosporon and
4’ 5'-dihydro-oligosporon were found to inhibit vegeta-
tive growth of the plant pathogenic fungus Phytophthora
cinnamomi Rands 1922 at <100 pg/ml, and retarded
larval development of the intestinal parasitic nematode
Haemonchus contortus with LDs, values of 25 and 50-100
pwg/ml. However, they were inactive against the nema-
tode C. elegans at concentrations up to 100 pwg/ml. The
biogenesis of the oligosporon-type metabolites may be
of mixed biosynthetic origins. The most plausible model
for biosynthetic pathway leading to those metabolites was
the condensation of a carbon skeleton formed by alky-
lation of a polyketide-derived cyclohexen nucleus with a
terpenoid-derived farnesyl unit (Stadler et al., 1993b).
Secondary metabolites containing cyclohexen rings
were widely distributed in fungi such as those in the
genera Eupenicillium, Phoma and Aspergilli. However,
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the compounds with a combination of an epoxy cyclo-
hexen nucleus with a terpenoid-derived farnesyl unit were
only found in nematophagous fungi (Li et al., 2007a). A
nematode-trapping fungus, Duddingtonia flagrans Larsen
2000 was also reported to produce similar secondary
metabolites, including a derivative of the oligosporon type,
flagranones A, and two structurally related compounds, fla-
granones B and C, which possessed shorter chains attached
to the cyclohexen rings (Anderson et al., 1999). These
compounds showed similar antimicrobial activities. The
oligosporon group represented the most complex struc-
tural type of nematocidal metabolites characterized so far
from cultures of nematophagous fungi. They likely play a
significant role in the interaction between nematophagous
fungi and their nematode prey, and contribute to the poten-
tial ability of 4. oligospora to protect crops and livestock
from infestation by nematodes or microorganisms. Our
recent studies on the metabolite profiles of the strains of
A. oligospora from different environments revealed 10 new
analogs of oligosporon and they differ from previously
reported structures by lacking an acetyl group (unpub-
lished work). In addition, the experiments suggested that
the different strains of the species could yield oligosporon
derivatives with different oxidation patterns. Both the novel
structure and the biological activity of these oligosporon
type metabolites warrant future investigations.

The tremendous developmental, structural and genetic
variability of A. oligospora suggested that many more sec-
ondary metabolites likely remain to be discovered in this
species. From the chemical point of view, this species
will be an excellent model system for studying the func-
tion and evolution of nematophagous fungal secondary
metabolism. Recent genome sequencing analyses revealed
that the number of gene clusters presumably dedicated to
secondary metabolism often exceeds the number of known
compounds from a particular species. As is evident from
the genomes of Fusarium graminearum, the Aspergilli and
Cochliobolus heterostrophus (Drechsler) Drechsler 1934,
the diversity of pathways in these fungi for the biosyn-
thesis of natural products are much richer than expected
(Hoffmeister and Kellerb, 2007). Similarly, we expect that
A. oligospora has a large number of uncharacterized genes
in gene families that are important for secondary metabo-
lites. The availability of its genome sequences would lead
to an enhanced effort in identifying biosynthetic genes
for these molecules. Links between metabolism, light and
sexual /asexual reproduction established in other fungi,
such as Aspergillus spp. and Fusarium spp., are allowing
researchers to explore novel metabolites and their biolog-
ical function by using genomic approaches (Hoffmeister
and Kellerb, 2007). The near future will witness how whole
metabolomes of a species or even a genus are explored
and complemented by investigations into their ecological
roles. However, the roles of most secondary metabolites in
fungi remain largely unknown. Many of these fungi live
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saprophytically in the soil and such molecules may pro-
vide protection against competitors and/or predators in this
ecological niche. Understanding the key factors affecting
the dynamics of 4. oligospora could lead to improvements
in its deployment as a biocontrol agent. Similarly, under-
standing the molecular interactions during infections may
lead to the identification of new targets and the discov-
ery of new bioactive compounds. 4. oligospora, a fungus
with unusual combination of saprophytism and parasitism,
could serve as an excellent model for exploring the link
between secondary metabolism and biological function.

A. oligospora as a model organism to study lectins that
target nematode receptors

Fungi are heterotrophic organisms that depend on
saprophitism, symbiosis or parasitism for their sources of
carbon and energy. These lifestyles require specific recog-
nition between the fungus and the organic matter or host
tissue for adhesion and subsequent invasion. The existence
of specialized fungal proteins capable of binding to sugar
and other substances suggests that fungi have developed
a strategy to bind to host glycoconjugates by producing a
type of protein called lectins, which target specific tissues
(Sharon and Lis, 1972). Lectins include a diverse group
of carbohydrate-binding proteins commonly present in ani-
mals, plants and microorganisms (Sharon and Lis-Sharon,
1989; Wimmerova et al., 2003).

As for nematode-trapping fungi, recognition and adhe-
sion were the first steps in the infection of prey. One of the
first examples indicating a lectin-mediated interaction in
a fungal-host system involved the nematode-trapping fun-
gus A. oligospora. In the late 1970s, Nordbring-Hertz and
Mattiasson (1979) observed that the nematode-capturing
ability of A. oligospora was inhibited by various sugars and
suggested that entrapment was mediated by the interaction
between a lectin on the surface of the fungal trap and a
specific sugar on the nematode cuticle. Prey recognition
by the fungus has been attributed to a molecular interac-
tion of certain proteins on the fungal surface with sugar
molecules on the nematode cuticle. Application of affinity
chromatography led to the isolation of a GalNAc-specific
protein from homogenates from A. oligospora mycelium,
which displayed binding characteristics typical of lectins.
In 1984, the molecular weight of the protein was estimated
at 22,000 Da based on its mobility on SDS—polyacrylamide
slab gels (Borrebaeck et al., 1984). Pretreatment of nema-
todes with the purified protein reduced entrapment. The
presence of GalNAc residues on the nematode cuticle sug-
gested that the protein might have a role in the recognition
and capture of nematodes by the fungus. Results from
inhibition experiments using various soluble carbohydrates
supported that the adhesion was initiated by a GalNAc-
specific lectin in the fungus binding to a carbohydrate
receptor present on the nematode surface (Premachandran
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and Pramer, 1984). Several similar experiments have indi-
cated that lectins were involved in the adhesion to host sur-
faces in both parasitic and symbiotic fungi (Premachandran
and Pramer, 1984). In 1992, experiments with the applica-
tion of mucin—Sepharose columns resulted in the isolation
of a lectin (designated AOL) from A. oligospora (Rosén
et al., 1992). The lectin had a similar molecular mass
and antigenicity as a previously isolated Gal-NAc-specific
lectin. This new lectin was a saline-soluble, hemagglutinat-
ing protein that consisted of two identical, non-covalently
associated subunits (16 kDa). Evidence showed that AOL
was a multispecific protein that bound not only to ligands
containing GalNAc residues (present in glycoproteins in
the sequence GalP3GalNAca-Ser/Thr) but also to sulfated
glycoconjugates (e.g. sulfatide and fucoidan) and to two
phospholipids. The binding specificity to GalP3GalNAccx-
SerlThr was similar to that identified for a lectin ABL iso-
lated from the mushroom Agaricus bisporus (Rosén et al.,
1996a). Further assays demonstrated that AOL could inter-
act with several other glycoproteins containing O-linked
and/or N-linked sugar chains. In 1996, the gene encoding
the lectin AOL from A. oligospora was cloned and ana-
lyzed (Rosén et al., 1996b). The deduced primary structure
of the AOL gene had a high sequence similarity (identity
46.3%) to the deduced amino acid sequence of the cDNA
clone of ABL, but not to any other fungal, plant or animal
lectins, which confirmed that AOL and ABL were mem-
bers of the same family of saline-soluble lectins present
in fungi sharing similar primary structures and binding
properties (Rosén et al., 1997). Electrospray mass spec-
trometric analysis indicated that AOL had an acetylated
N-terminal but no other posttranslational modifications.
Circular dichroism (CD) spectroscopy suggested that the
secondary structure of AOL contained 34% P-sheets, 21 %
u-helix, and 45% turns and coils (Rosén et al., 1997). Since
the protein was found to be present in the cytoplasm and
not at the surface of the trap cells, it has been proposed that
AOL can function as a storage protein during saprophytic
and pathogenetic growth (Rosén et al., 1997).

In the early 2000, cloning and recombination tech-
niques were applied to study the functions of AOL (Ahman
etal., 2002). A gene encoding the lectin (AOL) was deleted
in A. oligospora, and the mutant showed no agglutina-
tion activity or no cross-reacting with AOL antibodies
(Balogh et al., 2003). However, no significant difference
between the mutant and wild-type strains in spore (conidia)
germination, saprophytic growth and pathogenicity was
observed. Furthermore, there was no significant difference
in the growth and reproduction of collembolan feeding on
the various strains of A. oligospora (Balogh et al., 2003).
The findings confirmed an earlier hypothesis that AOL was
not the only factor involved in mediating the interaction
between the nematode and the fungus (Ahman et al., 2002).
The possible explanation is that AOL is a component of
a system of defense against various animal fungivores, or

that the fungus can compensate for the absence of the lectin
by expressing other proteins with similar function(s) as
AOL.

Lectins have been isolated from more than 60 fungi
including saprophytic, parasitic, and symbiotic species.
Studies of fungal lectins have been mostly focused on
mushrooms (Wang et al., 1998). Many of them are
saline-soluble proteins consisting of one or several low-
molecular-weight subunits. A large number of mushroom
lectins have now been sequenced and characterized, and
interest arose when clear similarity with human galectins
and immunoglobulins was established. It has been pro-
posed that they are involved in storage of nutrients, devel-
opment, recognition of other organisms and defense reac-
tions (Wimmerova et al., 2003). Among them, the lectin
ABL identified from the mushroom Agaricus bisporus was
found to be similar to the lectin AOL isolated from A.
oligospora. As for nematode-trapping fungi, if their preda-
tory activity was directed by reactions with the specificity
of lectins, the fungi would be expected to be selective in
their choice of prey. Nevertheless, that is generally not the
case; most trapping fungi are indiscriminatory with regard
to their prey nematodes. A single fungal species can trap
many different species of nematodes and even other ani-
mals of microscopic dimensions. Nematode-trapping fungi
may depend on lectin for prey recognition, but it is doubt-
ful that lectins can account fully for the broad spectrum of
activity and the remarkable tenacity of the mucilage pro-
duced by 4. oligospora and other species. However, the
above explanation does not exclude the possibility that
A. oligospora produces a lectin that specifically recog-
nizes sugar residues common to many or all nematodes
(Wimmerova et al., 2003).

A. oligospora as a model organism to identify proteases
that target nematode cuticles

The nematode cuticle contains a solid exoskeleton com-
posed mainly of proteins that act as a barrier against envi-
ronment stresses and potential pathogen attacks (Cox et al.,
1981). The mechanism by which nematode trapping fungi
penetrate the surface of their prey has not been fully eluci-
dated. Current consensus is that the invasion involves enzy-
matic actions. This is because extracellular proteases have
been implicated in the penetration and digestion of host tis-
sues by many plant and animal pathogenic fungi, and there
is increasing evidence from ultrastructural and histochem-
ical studies showing that extracellular hydrolytic enzymes
such as proteases, collagenase and chitinase are involved in
nematode-cuticle penetration and host-cell digestion (Yang
et al., 2007a).

Since most studies on the chemical composition of
nematode cuticles have revealed collagen as the main
component of the nematode cuticle, collagenases from
predatory fungi have been assumed to play a key role in



infection against nematodes (Blaxter and Robertson, 1998;
Huang et al., 2004)). Collagens are among the most com-
plex proteins and degrade slowly in natural soils and waters
(Blaxter and Robertson, 1998). Schenck et al. (1980) exam-
ined seven Arthrobotrys species and found that these fungi
produced collagenases when they were grown in liquid
medium free of proteosepeptone (proteosepeptone induces
collagenase production). Tosi et al. (2001) observed that
the production of collagenases in an Antarctic strain of
Arthrobotrys tortor Jarowaja was threefold higher than
other species of the Arthrobotrys genus. However, to date,
these are the only reports on collagenase production by
nematophagous fungi.

In the early of 1990s, Tunlid and Jansson (1991)
showed that A. oligospora produced extracellular proteases
during its infection of nematodes. These proteases were
very sensitive to inhibitors such as phenylmethyl sulfony
fluoride (PMSF), chymostatin and antipain. These results
indicated that the proteases belong to 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). Bioassays performed with various
inhibitors showed that the activity of proteases from A.
oligospora was not involved in the adhesion of nematodes
to the traps. Incubating the trap-bearing mycelium with
inhibitors against serine proteases significantly decreased
the immobilization of captured nematodes, indicative of an
important function of such proteases during the infection
of nematodes (Tunlid and Jansson, 1991). The produc-
tion of proteases could be stimulated by nematode cuticle.
Further studies led to the purification and characteriza-
tion of an extracellular serine protease (PII) in the culture
filtrates of 4. oligospora (Tunlid et al., 1994). This extra-
cellular serine protease was capable of hydrolyzing cuticle
proteins and immobilizing free-living nematodes, which
suggested that it is likely an important virulent factor for
the infection of nematodes by A. oligospora. These studies
provided the first insights into the molecular mechanism
by which nematode-trapping fungi penetrated the surface
of their prey. Ahman et al. (1996) revealed that the pri-
mary sequence of a gene encoding PII showed a high
degree of similarity with members of the subtilisin family
of ascomycetes. Northern blotting analysis demonstrated
that PII was expressed when the fungus was starved of
nitrogen and carbon. In addition, the expression of PII
was significantly stimulated by the addition of various
proteins including fragments of nematode cuticle. The tran-
script of PII was not detected during the early stages of
infection (adhesion and penetration), but high levels were
detected concurrent with the killing and colonization of the
nematodes.

In the 2000s, several PII mutants were generated
by Ahman et al. (2002) through targeted gene knockout
to investigate the role of PII in A. oligospora. Mutants
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containing additional copies of the PII gene developed a
higher number of infection structures and had an increased
speed of capturing and killing nematodes than the wild-
type strain. This result suggested that genetic manipulation
could be used to improve the virulence of a nematode-
trapping fungus. The recombinant enzyme coming from
PII expressed in a heterologous system (4. niger) also
showed nematotoxic activity in vitro when added to free-
living nematodes. Disruption of the P/l gene by homolo-
gous recombination had a limited effect on the pathogenic-
ity of the fungus. The toxic activity of PII was significantly
higher than that of other commercially available serine
proteases.

In 2004, our group characterized a homolog of PII,
designated Aoz1, in accordance with gene nomenclature in
other fungi, and its protein (Aozl) from an isolate of A.
oligospora from Yunnan Province (Zhao et al., 2004). The
expression of this neutral serine protease was enhanced by
the addition of gelatin to the culture medium. In addition,
this protease immobilized nematodes and degraded nema-
tode cuticles. Based on BLASTP analysis, the deduced
primary sequence of Aozl showed extensive similarity
with proteases of the subtilase family of serine endopep-
tidases, including the conservation of serine, histidine and
aspartate components of the active site in subtilisins. The
apparent homologies suggested that 4. oligospora might
contain multiple related proteases. In addition, PCR prod-
ucts derived from our degenerate primer pool revealed
three DNA bands on agarose gels (900, 1.2 and 1.5
kb), only one of which was characterized in that study
(Zhao et al., 2004). Ahman et al (1996) also reported that
Southern-blot analysis of genomic DNA of A4. oligospora
performed under moderate stringency resulted in several
minor bands in addition to that corresponding to P/I. Our
report provided support for the important role of one or
more proteases in the pathogenicity of 4. oligospora toward
nematodes. The characterization of the second enzyme and
its gene provided direct evidence that the fungus could
produce a series of functionally and structurally related
extracellular serine proteases during the infection pro-
cess. These studies also established the foundations for
future investigations into the structure—function relation-
ships of cuticle degrading proteases, and for improving
the pathogenicity of nematophagous fungi and possibly
for engineering crop resistance against nematodes. Studies
have indicated that nematophagous fungi could compen-
sate for their loss of proteolytic activity by expressing other
hydrolytic enzymes. From an evolutionary perspective, this
might be a useful strategy since many hosts, including
plants, insects and nematodes, are known to be capable of
producing serine protease inhibitors.

Since we first found an extracellular serine pro-
tease Aozl from A. oligospora in 2004, several extra-
cellular serine proteases have been identified from other
nematophagous fungi by our group. These included Acl
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from Arthrobotrys conoides (Yang et al., 2007b), Ds1 from
Dactylella shizishanna (Wang et al., 2006b), Dv1 from D.
varietas (Yang et al., 2007¢c), MIx from Monacrosporium.
microscaphoides (Wang et al., 2006a), Mcl from M. cys-
tosporium (Yang et al., 2008), PrC from Clonostachys
rosea (Li et al., 2006) and Verl12 from Lecanicillium
psalliotae (Yang et al., 2005). In total, our group has
contributed to half of the extracellular serine proteases
from nematophagous fungi to date in public databases.
The biochemical properties of proteases isolated from
nematode trapping fungi are all very similar. They have
similar molecular weights ranging from 32 to 39 kDa
and share a broad range of protein substrates including
casein, gelatin, nematode cuticle, eggshells, etc. Sequence
analyses and comparisons showed that serine proteases
from nematophagous fungi shared extensive similarities
to the subtilisin family of serine proteases from non-
nematophagous fungi, all possessing a pre-pro-peptide
structure (Gunkel and Gassen, 1998). The PII from A.
oligospora showed 88.2, 84.7, 84.4,66.4,41.3,43.5, 39, 40,
41.7 and 38.8% identity, respectively, to Acl, Mlx, Mcl,
Dvl1, pSP-3 from Paecilomyces lilacinus (Bonants et al.,
1995), VCP1 from Verticillium chlamydosporia (Morton
et al., 2003), Verl12, prot K from Tritirachium album,
Prl from Beauveria bassiana (Joshi et al., 1995), and
PrA (Metarhizium anisopliae) (St Leger et al., 1992).
According to the phylogenetic tree (Figure 4) constructed
on the basis of the deduced amino acid sequences from
nematophagous and entomopathogenic fungi by the Mega
program package (Tamura et al., 2007), six proteases
(Mcl1, Dvl, PII, Aozl, Acl, and MIx) identified from
nematode-trapping fungi formed a clade. The cluster-
ing of nematode-trapping fungi was consistent with their
taxonomic affiliations. Based on the phylogenetic anal-
yses, Yang et al. (2008) proposed that the pathogenic-
ity related serine proteases from nematophagous and
entomopathogenic fungi have evolved from a common
ancestor.
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Recently, our group reported the crystal structures of
the two proteases, Verl12 from L. psalliotae and PL646
from Paecilomyces lilacinus (syn. pSP-3 from P lilaci-
nus) (Liang et al., 2010). Both Ver112 and PL646 showed
high hydrolytic activities against cuticle proteins derived
from C. elegans and other substrates at broad ranges of
temperatures and pH. The crystal structures of PL646 and
Verl12 were very similar, and both consisted of six helices,
a nine-stranded parallel sheet and three two-stranded anti-
parallel sheets. Differences between the structures were
found among residues of the substrate binding sites (S1 and
S4). The substrate-binding pockets within both enzymes
are large and in the case of S1, hydrophobic. The electro-
static surface potentials of the two proteases demonstrated
that they have a common feature: only the surfaces on the
substrate-binding regions were negatively charged, while
the remaining surfaces of the molecules positively charged.
The anionic substrate-binding regions could increase the
local conformational flexibility and enhance catalytic effi-
ciency (Baker et al., 2001), and the large positively charged
areas on most of the molecular surface could increase the
adsorption of the cuticle-degrading proteases to cuticles
bearing abundant acidic residues. The electrostatic sur-
face features of these cuticle-degrading proteases likely
contribute significantly to fungal infection against nema-
todes. In addition, both the structures of PL646 and Ver112
were similar to that of proteinase K from 7. album (Liang
et al., 2010). This observation suggested that proteinase
K, Ver112 and PL646, though produced by different fun-
gal species, work by similar mechanisms during fungal
infections (Schultz and Liebman, 1997).

An increasing number of studies suggested that serine
proteases are significant pathogenic factors found in bac-
terial or fungal pathogens against insects, nematodes and
even humans (Yang et al., 2007a). To date, A. oligospora
is the only carnivorous fungus with two extracellular serine
proteases involved in the infective process. Further studies
on its extracellular proteases will help reveal the roles of
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Phylogenetic tree showing the relationship of fungal serine proteases, reproduced from Yang et al. (2008).
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these enzymes and their potential synergies, and contribute
to further understanding of the infective mechanism of this
type of agriculturally important beneficial fungi.

Biodiversity of nematophagous fungi

Initial interests in studying the interaction between fungi
and their nematode hosts were focused on their potential
as biological control agents of plant parasitic nematodes.
These nematode pests are among the most destructive
groups of plant pathogens worldwide and are extremely
challenging to control (Chandrawathani et al., 1998;
Moens and Perry, 2009). Though the fungal kingdom com-
prises about 1.5 million species (Hawksworth, 2001), only
about 160 species of fungi (distributed in Zygomycota,
Basidiomycota and Ascomycota) are known capable of
capturing nematodes (Li et al., 2000). Nematophagous
fungi have been studied for their nematode-killing capa-
bilities, ecology and their general biology. Several reviews
on various aspects of this group of fungi have been
published (Barron, 1977, 1981; Dijksterhuis et al., 1994;
Gronvold et al., 1993a; Jansson and Lopez-Llorca, 2001;
Kerry and Jaffee, 1997; Liu et al., 2009; Nordbring-Hertz
et al,, 2002). Most known nematophagous fungi could
be classified into four major classes according to their
infective strategies: trapping, endoparasitic, opportunistic
and toxic fungi.

Nematode trapping fungi are the most common
predatory fungi. They have a wide range of suppressive

Mycology 13

activities on different nematode species, including free-
living and predatory nematodes as well as animal- and
plant-parasitic nematodes. Because nitrogen is essential
for fungal growth and not freely available either in dead
wood or in soil where carbon is abundant, direct capture of
other living life forms for nitrogen compounds would be an
advantage (Barron, 2003). Nematode-trapping fungi have
evolved predatory organs and often have increased capacity
for predation under low-nutrient environment (Borges-
Walmsley and Walmsley, 2000). They can form different
trapping devices derived from hyphae to infect nematodes.
Several trapping devices have been recognized, includ-
ing three-dimensional adhesive network, two-dimensional
adhesive network, adhesive hyphae, adhesive knobs, adhe-
sive branches, constricting rings, and non-constricting
rings (Figure 5). The ultrastructures of these nematode-
trapping devices have been extensively studied (Li et al.,
2000). It is noteworthy that adhesive traps (branches,
nets, hyphae and knobs), though varying in morphology,
share some common features such as containing numerous
cytosolic organelles (e.g. dense bodies) within the trapping
hyphal cells and extensive layers of extracellular polymers
covering the traps (Tunlid et al., 1991). Trapping struc-
tures are specialized tools that nematode-trapping fungi
use for obtaining a broad range of food supplies. These
traps are all derived from sparse mycelia to capture and
infect nematodes. During the infection process, the prey
cuticle is penetrated, the nematode immobilized, and the

Figure 5.

Diversity of trapping structures of nematophagous fungi. (a) Adhesive network; (b) non-constricting rings; (c) constricting

ring; (d) adhesive branches; (¢) adhesive 2D net; (f) adhesive knob (bar = 10 wm), Reproduced from Yang et al. (2007a) and Zhang and

Mo (2006).
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prey eventually invaded and digested by the fungus (Liu
et al., 2009). Despite this remarkable biological adaptation,
these fungi are not obligate predators (Onofti et al., 2007).
In pure culture or in a nematode-free environment, they
grow as saprophytes. However, if nematodes are present,
hyphae differentiate to form trap structures. Hence, the fun-
gal predatory structure is contingent upon contact with a
nematode. From morphological and functional points of
view, trapping devices are more informative than asexual
reproductive structures for grouping the nematode-trapping
fungi (Yang et al., 2007d).

In contrast to nematode-trapping fungi, endoparasitic
fungi are often obligate parasites and have no or only a lim-
ited saprophytic phase. They produce almost no mycelium
in soil and their whole lifecycles occur within the body of
their hosts. The endoparasites of nematodes show consid-
erable diversity with encysting zoospores belonging to the
Chytridiomycetes and Oomycetes (Bordallo et al., 2002; Li
et al., 2000; Persmark et al., 1992). Endoparasites initiate
the infection process with adhesive spores when conidia
adhere to the nematode cuticle. The nature of the adhe-
sive spores differs between genera. The conidia of some
species have been observed to be capable of attracting
nematodes (Jansson, 1982). However, due to their lim-
ited growth in culture, their poor competitive saprophytic
ability and the susceptibility of their spores to mycosta-
sis, it might be very difficult for them to get established
in a new environment. Therefore, it seems that these
fungi might be of relatively limited use in biocontrol
applications.

The group of fungi that usually live as saprophytes
but can use nematodes as one of their nutrient resources
are often described as opportunistic nematophagous fungi
(Jansson and Lopez-Llorca, 2001). This group is repre-
sented by Paecilomyces lilacinus and Pochonia chlamy-
dosporium (Verticillium chlamydosporium) (Khan et al.,
2004; Lopez-Llorca et al., 2002). Nematodes belonging to
the Heteroderid group and at the sedentary stages of their
lifecycles are vulnerable to attack by these fungi. Such
attacks could happen within the host plant roots, on the
root surface, or in the soil away from roots. These fungi
can colonize nematode reproductive structures, penetrating
the cuticle barrier to infect and kill the nematode hosts.
Once in contact with cysts or egg masses of nematodes,
these fungi also grow rapidly and eventually parasitize all
eggs that are in the early embryonic stages of develop-
ment. Though they cannot form trapping devices, scanning
electron microscopic observations revealed that P chlas-
porium could produce appressoria on the host surface and
accumulate a mucilaginous material between the appres-
soria and the eggshell (Lopez-Llorca et al., 2002). This
material could function as an adhesin to assist eggshell pen-
etration by the fungus. As with nematode-trapping fungi,
opportunistic nematophagous fungi also use extracellular
hydrolytic enzymes to penetrate their hosts.

There s also a group of fungi which can produce
nematicidal toxins to attack nematodes. With the reduced
use of synthetic chemical nematicides and increased
demands for environmentally friendly alternatives in recent
years, searching for natural nematicidal toxins from fungi
for the management of nematode pests has attracted
increasing attention. Significant research in this area in
the recent past has led to the discovery of more than 200
structurally diverse nematicidal compounds from about 60
fungi (Li et al., 2007a). Though no major commercial prod-
uct based on these natural fungal compounds has been
developed, several candidate compounds are under intense
research and development.

In addition to the above four groups of nematophagous
fungi, a novel mode of action of fungi against nematodes
was found by our group (Luo et al., 2004, 2004). Two
species belonging to basidiomycetous fungi, Stropharia
rugosoannulata and Coprinus comatus (Figure 6) were
observed to produce a special nematode-attacking device:
an acanthocyte. Microscopic observations showed that
some acanthae resembled a sharp sword that could cause
damage to the nematode cuticle, resulting in leakage
of nematode inner materials. This result suggested that
mechanical force could be a very important virulence
factor in these fungi (Luo et al., 2006).

With the availability of new tools to investigate com-
plex microbial communities at specific sites in the envi-
ronment and the expanded appreciation for the impor-
tance of the nematophagous fungi, it is an opportune time
to apply modern ecological and evolutionary principles
to improve our current understanding of nematophagous
fungi. For example, the use of genome sequences and
related approaches (such as whole-community fingerprint-
ing methods) (Fuhrman, 2009; Giovannoni and Stingl,
2005) could overcome the need for cultivation to allow us
directly characterize and identify nematophagous microor-
ganisms in nature.

It is noteworthy that, compared with the other three
types of nematophagous fungi, nematode-trapping fungi
share a unique ability to form specialized morphological
structures — traps to capture nematode (Li et al., 2000).
In nature, nematode-trapping fungi are likely to be more
abundant and more diverse than the other three types of
nematophagous fungi. Their abundance may be due to
their greater competitiveness and/or their superior disper-
sal ability (Fuhrman, 2009). These common organisms
are very important for nutrient cycling in the ecosystem
(Fuhrman, 2009). On the applied side, more attention is
being given to the selection of broad-spectrum nematode-
destroying fungi and improvements in the production,
formulation and application technologies for their use in
controlling pest nematodes. Efforts are also being made to
optimize the impact of these fungi by integrating them with
other novel crop protection strategies. Increasing evidence
suggests that 4. oligospora is by far the most common
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(A) Acanthocytes of Stropharia rugosoannulata (bar = 20 pm), reproduced from Luo et al. (2006). (B) Nematodes immobi-

lized by purified acanthocytes of Stropharia rugosoannulata 12 h after addition of the nematodes (bar = 100 wm). (C, D) Spinyballs of

Coprinus comatus. Reproduced from Luo et al. (2004).

species among the members of nematode-trapping fungi.
It has an active saprophytic stage and responds well to
nematodes by producing adhesive network, allowing it to
switch quickly from a saprophyte to predatory lifestyle.
Current evidence suggests that A. oligospora is among
the biggest contributors to the population of nematodes.
These attributes make A. oligospora a model organism
for analyzing the characteristics that render saprophytic
microorganisms pathogenic under certain environmental
circumstances.

The potential significance of nematophagous fungi
as biological control agents

The phylum Nematoda includes parasites of plants and
animals. They are among the most abundant multicellu-
lar animals on earth. Numerically, between 80 and 90%
of all multicellular animals on earth may be nematodes
(Bloemers et al., 1997; Jairajpuri and Ahmad, 1992). It has
been long known that parasitic nematodes cause numerous
diseases in humans, animals and plants, and these parasitic
nematodes have long been recognized as a major contrib-
utor to the decreasing quantity and quality of agricultural
products and livestock.

Phytoparasitic nematodes are among the most noto-
riously difficult crop pests to control. Depending on the
crop field, plant nematodes can cause complete crop
failure (Mitreva et al., 2007). Historically, the control
and management of nematode-induced crop damages are

achieved through breeding resistant plants, crop rotation
and other cultural practices, and/or chemical nematicides.
The suppression of nematodes in the past has been pri-
marily achieved through the widespread use of in-furrow
organophosphate and carbamate insecticides. As the con-
cern for potential health and environmental effects of
these agrochemicals increases, there is an urgent need
for biocontrol measures. In addition, there is evidence
that nematodes are adapting to chemical nematocides and
such nematodes are causing increasingly more damages
to crops (Mitreva et al., 2007). Recently, researchers at a
Scottish agricultural college showed that free-living nema-
todes caused greater loss in potato crops at lower popula-
tion numbers, given the previous assumption that growers
need not worry about free living nematodes, particularly
with populations smaller than 100 nematodes in 250 g of
soil. The new findings have also indicated that the num-
bers of nematodes had increased by 300% over the past
decade in many crop fields (Dieterich and Sommer, 2009).
The need for greater sustainability in agriculture and for
improving crop yield to help solve the looming world food
crisis has led researchers to pay more attention to biological
control for its environmentally friendly outcomes.
Furthermore, soil-transmitted nematode (STN) infec-
tions represent a major cause of morbidity in developing
countries, with an estimated burden of human disease,
comparable with that of malaria or tuberculosis. In addition
to human health, animal nematode infections are of major
veterinary significance, resulting in millions of dollars of
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lost revenue for industries that provide products and food
from livestock, including cattle and sheep. Although anti-
nematode drugs (anthelminthics) exist, there are increasing
concerns about the emergence of resistance to these com-
pounds. Hence, there exists a pressing need to develop new,
safe and inexpensive agents for the treatment of human and
veterinary nematode infections (Dieterich and Sommer,
2009).

The use of beneficial microorganisms (biopesticides)
has been considered one of the most promising methods
for more rational and safe parasitic nematode-control prac-
tices (McSorley et al., 2008). Of the microorganisms that
parasitize or prey on nematodes, fungi are estimated to
contribute up to 80% of the total microbial biomass in
many soils and hold an important position in continuously
destroying nematodes in virtually all types of soils. The
fungal antagonism consists of a great variety of organisms
which vary considerably in their biology and taxonomy and
play a major role in recycling carbon, nitrogen and other
important elements from the rather substantial biomass of
nematodes (McSorley et al., 2008; Nordbring-Hertz et al.,
2002). Some 70 genera and 200 species of fungi have been
found associated with nematodes. To date, only a few are
successful biocontrol agents. It will take a considerable
amount of time before the potential of many of these fungi
as biocontrol agents is realized. Successful control relies on
having a sufficiently high density of the fungus to be main-
tained in the natural environment. The requirement for high
densities of agents to control the pest applies across all bio-
control efforts. One of the challenges is to develop methods
to produce and apply high densities of fungi under practical
farming conditions (Li et al., 2000; Nordbring-Hertz et al.,
2000).

The genome sequencing of 4. oligospora strain ATCC
24927 was recently completed. The availability of a com-
plete genome sequence of this fungus will pave the way
for understanding the genetic background of the spe-
cialized predaceous structure and virulence determinants
of this microorganism. Additional information regarding
differences between nematode-trapping and non-parasitic
species will provide insights into the evolution and, poten-
tially, the nature of parasitism. Genetic and genomic
approaches to study nematode-trapping fungi now have a
solid foundation. For example, our most recent investi-
gation revealed that a knockout mutant of 4. oligospora
(ATCC 24927) constructed with the help of the genome
annotation showed much more nematocidal activity than
its wild type (unpublished work).

Systems biology approaches are becoming increasingly
helpful to unravel, predict and quantify nematode-killing
abilities within particular organisms or microbial con-
sortia in individual niches. Approaches to predict and
quantify the predaceous capabilities of particular organ-
isms or microbial consortia have long before appeared,
but a combination of such approaches with mechanistic

knowledge of pathogenesis processes, the elucidation of
structure—function relationships and the knowledge on the
ecology of this microorganism will provide the basis for
successful regulation of nematode populations, leading to
improved biocontrol strategies and methods. In addition,
the ability of A. oligospora to adapt to a diversity of ecosys-
tems may be associated with certain genomic signatures.
Large-scale genomic, transcriptomic and proteomic stud-
ies can provide a unique entry point into interdisciplinary
investigations of A. oligospora parasitism and an eco-
logical and evolutionary perspective on fungi—nematode
coevolution.

Meanwhile, we suggest that the complex interaction
between soil bacteria and nematode-trapping fungi might
have contributed to the evolution and maintenance of vir-
ulence factors and their associated genes (Kobayashi and
Crouch, 2009). Recent studies revealed that soil bacteria
not only produced fungistatic compounds (Chuankun et al.,
2004) but also induced fungal morphological changes
in the soil. Our group observed that the culture filtrate
of a Bacillus strain H6, representative of the dominant
colony types isolated from fungistatic soils, could induce
unusual swelling in the conidia and the germ tubes of
nematophagous fungi, and prevent the fungi from prolifer-
ation (Li et al., 2005a, 2007b). Further study displayed that
another Bacillus strain could induce 4. oligospora to form
two-dimensional networks and cosla-like coil rings. Hence,
investigations into bacteria—fungi interactions could pro-
vide insights into microbial ecology that might also extend
to mechanisms of pathogenesis. 4. oligospora is poten-
tially an excellent model for studying the evolution of
nematode-trapping fungi in soil and is an important gene
pool for future agricultural genetic engineering prospects.
Along these lines, the 4. oligospora—Pseudomonas and A.
oligospora—Bacillus interactions may provide insight into
the microbial ecology of bacteria and fungi in ecological
niches outside vertebrate hosts.

Summary

A. oligospora is an opportunistic nematode pathogen dis-
covered more than a century ago, and is the most exten-
sively studied nematode-destroying fungal species. The
salient feature of this species is that it forms three-
dimensional network traps that capture nematodes (Hashmi
and Connan, 1989). Improvements have been made through
the discovery of pathogenic factors, or by creating new
ways of presenting the factors to the target nematodes.
A detailed understanding of how A. oligospora interacts
with its host should facilitate the design of more effec-
tive biological control products. The results obtained using
A. oligospora will stimulate new approaches to solving
long-standing problems in fungal-nematode interactions
and pest nematode controls.
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