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STELLINGEN 

1. Dat nematofage schimmels draden vormen waarmee plant-parasitaire nematoden worden 
gevangen, is een onderbelicht fenomeen in het onderzoek en een onderschatte mogelijkheid 
voor biologische bestrijding. 

Dit proefschrift 

2. Klevende schimmeldraden van Arthrobotrys oligospora (CBS 289.82) zijn effectiever in het 
vangen van wortelknobbelaaltjes dan complexe vangstructuren van deze schimmel. 

Dit proefschrift 

3. Voor de detectie en selectie van nematofage schimmels is het gebruik van plant-parasitaire 
nematoden te verkiezen boven het gebruik van niet plant-parasitaire modelnematoden. 

Dit proefschrift 

4. De stelling dat in het algemeen bij nematoden-vangende schimmels het saprofytisch en 
predatoir vermogen elkaar uitsluiten, is onjuist. 

Cooke, R.C. (1963). Ecological characteristics of nematode-trapping Hyphomycetes. 
Ann.Appl. Biol. 52, 431-437. 

5. Nematoden-vangende schimmels schakelen nematoden reeds uit door hechting aan 
vangstructuren. Wanneer op hechting geen infectie volgt dan vindt hierdoor toch 
aantalsregulatie plaats, hetgeen niet het geval is bij endoparasitaire schimmels. 

6. Het gebrek aan succes bij biologische bestrijding van nematoden hangt samen met de tot nu 
toe gevolgde trial-and-error methode. 

7. De kans op succes bij biologisch bestrijding van nematoden wordt vergroot door ecologisch 
onderzoek aan nematofage schimmels en de ontwikkeling van criteria voor kandidaat­
antagonisten. 

8. Live as if you will die tomorrow, farm as if you will live forever. 
Angelsaksische zegswijze 

9. De vraag naar de zin van ontwikkelingssamenwerking is verwant aan de vraag naar de zin van 
het leven. Het antwoord trouwens ook. 

10. Met nestbescherming op agrarisch land zonder gebruiksbeperkingen kunnen meer 
weidevogels beschermd worden dan in natuurreservaten. 

11. Mentaal afstand nemen levert een onderschatte bijdrage aan creatief onderzoek. 

12. Wie gedetailleerde onderzoeksvoorstellen eist, wil bedrogen worden. 

Stellingen behorend bij het proefschrift: 
Trapping of root-knot nematodes by the adhesive hyphae-forming fungus 
Arthrobotrys oligospora door Eefje den Beider. 

Wageningen, 19 april 1994 

ko^fSf 
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Abstract 

The present study addresses the ecology of a particular isolate of Arthrobotrys 

oligospora (CBS 289.82) in relation to its efficacy in controlling the root-knot 

nematode, Meloidogyne hapla. 

This isolate was selected because it differs from most nematode-trapping fungi 

in that it captures nematodes with adhesive hyphae without having to form 

complex trapping devices. This characteristic may make it a very useful 

biological control agent. An attempt was made to gain insight into the factors 

controlling its capture ability. 

In vitro experiments demonstrated that the A. oligospora (CBS 289.82) isolate 

was very effective in capturing M. hapla and M. incognita, compared to the 

ability of other fungi with other trapping devices. Mobile juveniles were all 

caught by the hyphae within one hour and in some cases attachment occurred 

within the very first contact (chapter 2). 

Electron microscopic observations revealed that attachment of juveniles of 

Meloidogyne spp. to hyphae is mediated by a layer of extracellular material, 

about 0.1 (Im thick, on the hyphae (chapter 3). Such a layer was never observed 

in hyphae of fungal cultures to which nematodes were not added, suggesting 

that its presence depends on an interaction of the fungus with the nematode. 

The attachment of Meloidogyne second-stage juveniles was not affected by 

temperatures between 5 and 30°C. However, at i5°C ring structure development 

and growth of trophic hyphae were strongly hampered, which suggest that 

under prevailing soil temperatures in temperate regions, ring structure devel­

opment and growth of trophic hyphae may proceed slowly whereas trapping 

would continue to occur (chapter 4). 

Furthermore, the nutritional conditions during growth of the fungus did not 

correlate with the rapidity of nematode-hypha attachment. The results also 

provide evidence that the trapping ability of the isolate tested continued for 

over more than 70 days (chapter 4). 

Arthrobotrys oligospora (CBS 289.82) covered dead, ruptured nematodes with a 

dense mycelium, whereas dead but otherwise intact nematodes were penetrated 



through the buccal cavity by a corkscrew-like structure and were subsequently 

colonized by trophic hyphae. Colonization of living second-stage juveniles by 

trophic hyphae following attachment and penetration was faster than coloni­

zation of dead second-stage juveniles. The addition of dead juveniles to a fungal 

colony prior to the addition of living juveniles did not affect attachment or the 

development of trophic hyphae through the live juveniles. However, one day 

after the addition of live juveniles, the proportion of live nematodes with ring 

structures was higher than when living and dead juveniles were added at the 

same time. The development of trophic hyphae in dead second-stage juveniles 

was delayed in the presence of live second-stage juveniles. The results refute the 

commonly held assumption that poor possibilities for saprophytic growth are 

a prerequisite for the formation of trapping devices and the predacious mode 

of feeding in the fungus (chapter 5). 

An important quality of fungi as potential biological control agents is their 

ability to form mycelium and capture structures in the soil at the place where 

their activity is desirable. 

The establishment and capture activity of this isolate in a simple microcosm 

system at 20°C, was compared to that of other fungi from the Dactylaria-com-

plex. Direct microscopic observations in microcosms confirmed the attach­

ment of mobile juveniles of M hapla to hyphae of A. oligospora (chapter 6). 

Application of about 30 mm hyphal fragments of A. oligospora (CBS 289.82) 

per gram soil resulted in 100-170 m of hyphae per gram oven-dry soil at 20°C 

within 12 days, a reduction of 90% in the number of living nematodes of 

M. haplavf'iûùn one day after addition and the extermination of the nematodes 

within 10 days. In non-sterilized soil, the hyphae reached a total length of 10 

m per gram oven-dry soil. This amount of hyphal mass was sufficient to reduce 

the number of nematodes by 70% as compared to the control within 10 days 

after nematodes were added to the soil. At i3°C, similar results were obtained. 

Even at low densities, this isolate is effective. Notwithstanding their ability to 

form the most extensive mycelial mats of all fungi tested and despite the fairly 

large amounts of M. hapla added, nematode capture in both adhesive ring-for­

ming fungi A. conoides (CBS 265.83) and A. oligospora (ATCC 24927) was zero 

or low. This supports other observations that the adhesive ring-forming fungi 

are inefficient (chapter 6). 

In chapter 7 the results on the ability of A oligospora (CBS 289.82) to capture 

root-knot nematodes presented in the previous chapters are evaluated. The 

10 



mechanism of nematode trapping is also discussed from the perspective of 

screening nematode-trapping fungi and using the adhesive hyphae-forming 

fungi as biological control agents. 

i i 



I 
Introduction 

In present agricultural practice, plant-parasitic nematodes are being increas­

ingly controlled by the use of resistant cultivars and crop rotation, but still 

chemical control is widely practised. Most nematicides have undesired side 

effects with respect to the environment and affect the quality of drinking-water 

(Peoples et al., 1980; Wixted et al., 1987). The growing awareness of environ­

mental pollution caused by such nematicides has stimulated the research on 

alternative control methods, such as the use of antagonists like Tardigrada, 

bacteria, and fungi, in addition to breeding resistant or tolerant varieties. 

Although a paucity of quantitative data on the impact of antagonists on 

nematode populations remains, evidence is accumulating that under specific 

conditions antagonists are able to maintain nematode populations at levels that 

cause little crop damage (Stirling, 1991). 

The limited understanding of the ecology of antagonists may be one of the 

principal reasons that they often fail in practice as biological control agents 

(Kerry, 1990; de Leij, 1992). 

For biological control purposes the ideal antagonist should have a quick, 

functional and numerical response to the host and a high survival rate in soil. 

Potentially useful antagonists can only be identified on the basis of a thorough 

knowledge of their interaction with the target nematode species under realistic 

conditions. Basic laboratory and microcosm studies are necessary to understand 

the key factors that influence the relationship between antagonist and nema­

tode, and for assessing the establishment of the antagonist and its survival in 

the soil (Stirling, 1991). 

The present study addresses the ecology of a particular isolate of Arthrobotrys 

oligospora Fres. var. oligospora in relation to its efficacy in controlling the 

root-knot nematode, Meloidogyne hapkt. After screening several fungi, this 

isolate was selected because of its ability to capture nematodes with undifferen-

13 



tiated adhesive hyphae, i.e. without having to form complex trapping devices 

as other nematode-trapping fungi do. In the research presented here, an attempt 

has been made to gain insight into the factors controlling the capture ability 

of this fungus. At the organism level, the attachment of hypha to the nematode 

has been studied. At the population level, the effects of several biotic and abiotic 

factors on the capture and infection have been investigated in vitro. The 

microcosm experiments described here have focused on the establishment of 

the fungus and its control of nematodes in soil. 

Root-knot nematodes 

Nematodes of the genus Mebidogyne, the root-knot nematodes, are distributed 

worldwide. They have been found to affect many cultivated and wild plants. 

World-wide, over 90% of reported occurrences pertain to the species Mebido­

gyne incognita (Kofoid and White) Chitwood, Mebidogyne arenaria (Neal) 

Chitwood, Mebidogyne javanica (Treub) Chitwood and Mebidogyne hapla 

Chitwood. The serious economic damage caused by these species has been well 

documentated by Webster (1972). Worldwide crop losses are estimated to reach 

about 13%, with the tropics and subtropics being the most seriously affected 

regions (Sasser, 1979). 

The target organism in the present study is the Northern root-knot nematode, 

M. hapla. This species is confined to temperate climates and to higher altitude 

zones in the tropics and subtropics. M. hapla is a highly polyphagous species 

attacking over 550 plant species and varieties including potato and sugar beet 

(Goodey et ai, 1965). Crop rotation can effectively suppress nematode popu­

lations, but the difficulty with M. hapla is that it has a very wide host range. In 

rotation with the potato, corn and wheat would be excellent crops to suppress 

M. hapla because they are not suitable hosts for M. hapla. Unfortunately both 

crops are suitable hosts for M. chitwoodi. 

Like most nematodes, M. hapla has four juvenile stages (Figure 1.1). The 

first-stage juvenile moults within the egg. The infective second-stage juvenile 

(vermiform) emerges from the egg, moves freely in the soil and penetrates the 

host root behind the root cap. Giant cells are induced near the place where the 

nematode feeds from the vascular system, forming the characteristic galls or 

knots (Figure 1.2). 
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FIGURE i.i Life-cycle of a root-knot nematode. 

FIGURE 1.2 Characteristic galls caused by root-
knot nematodes. 
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The nematode undergoes two more moults before the adult stage. The females 

stay embedded in the root tissue while the mobile males leave the root and 

move in the soil. Generally reproduction of most Meloidogyne species is 

parthenogenetic, but with heavy infestations and on less suitable hosts, the 

proportion of males increases. The egg masses are deposited outside the females 

body in a gelatinous protective matrix. The life cycle may be completed in less 

than a month depending on the temperature. Under favourable environmental 

conditions, new generations will be produced continuously (Guiran & Ritter, 

1979)-

Nematophagous fungi 

Many species of nematophagous fungi occur in the soil. Stirling (1991) divided 

nematophagous fungi infecting mobile stages of nematodes into two categories: 

those which infect nematodes with small conidia (endoparasites) and those 

which capture nematodes with modified hyphal traps, the so-called nematode-

trapping or predatory fungi. 

The endoparasites do not produce an extensive mycelium, but rather sporulate 

on the nematode and survive in the soil as conidia. Nematodes are infected 

after adhering to their surface or after being ingested. In contrast, the nema-

tode-trapping or predatory fungi produce extensive hyphal systems in the soil, 

trapping nematodes by a variety of structures. The hyphae themselves may be 

adhesive (mosdy in Zygomycetes), or complex structures may develop into 

three-dimensional adhesive nets, branches, or knobs, or into constricting and 

non-constricting rings (mostly in Hyphomycetes, Gray, 1988). Irrespective of 

adhesion to conidia or capture by a trap the subsequent events in the infection 

process are sometimes immobilization of the nematode, penetration, coloniza­

tion, possibly toxification, and digestion of the nematode contents (Jansson & 

Nordbring-Hertz, 1988). Most nematophagous fungi have retained nutritional 

requirements similar to that of other saprophytic fungi and show nutritional 

plasticity by switching from prédation of nematodes to saprophytism (Gray, 

1988). 
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Arthrobotrys oligospora 

Like many other nematophagous fungi, Arthrobotrys species are fairly ubiqui­

tous (Gray, 1988). Studying the presence of nematophagous fungi at one 

location in the Netherlands, van den Boogert (pers. comm.) has shown that 

A. oligospora was the predominant fungus. It has also been isolated from soils 

in recendy reclaimed polder areas (Emden et al., 1969). Arthrobotrys oligospora 

has been isolated from roots of different plants i.e. dwarf bean and barley 

(Parkinson et al., 1963), tomato (Peterson & Katznelson, 1965), pine apple 

(Lindford & Yap, 1939) and citrus (Gaspard & Mankau, 1986). 

The fungus produces erect conidiophores up to 800 (Im in length yielding 

obovoidal to pyriform conidia. Chlamydospores are present. Generally nema­

todes are trapped by adhesive networks which are only formed in the presence 

of nematodes (van Oorschot, 1985). 

In the last two decades, many papers have been published on the identification 

and general biology of nematode-trapping fungi (see for references Stirling, 

1991). Most in vitro studies on the fungus-nematode infection process have been 

undertaken with a model system using Panagrellus redivivus, a bacteriophagous 

nematode, and an isolate of the nematode-trapping fungus, Arthrobotrys oligo­

spora (Jansson & Nordbring-Hertz, 1980; Tunlid et al, 1992) or Drechmeria 

coniospora (Dijksterhuis, 1993). 

A limited number of plant-parasitic nematodes has been studied in relation to 

capture by Arthrobotrys oligospora (Cayrol & Brun, 1975; Jansson & Nordbring-

Hertz, 1980). Most work on Arthrobotrys spp. and Meloidogyne spp. refers to 

empirical field studies assessing the fungal capacity to effectively control the 

nematodes. The results vary enormously. Reduction of damage was found in 

M. incognita in corn with A conoides (Al-Hazmi etal, 1982) and in tomato and 

kiwi with A. irregularis (Cayrol & Frankowski, 1980; Cayrol, 1983). Dactylaria 

thaumasia and A. arthrobotryoides did not reduce M. incognita in tomato or 

okra (Mankau, 1961). Seedcoating with A. oligospora did not control M. hapla 

on tomato and alfalfa either (Townshend etal, 1989). 
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Interaction between the root-knot nematodes 

and the fungus 

The control of mobile stages of Mebidogyne by nematode-capturing fungi 

primarily depends on the chance of encounters with the infective stage of the 

fungus. Since the nematode is much more mobile than the fungus, this chance 

mainly depends on the soil volume that has been colonized by fungal mycelium, 

the density of traps on the mycelium and the mobility of the nematode. Hence, 

the ability to produce vegetative hyphae (the saprophytic mode) and the ability 

to produce traps (the predacious mode) are both essential attributes for the 

success of nematode-trapping fungi. The saprophytic mode comprises the 

development of vegetative hyphae in the presence of other micro-organisms 

(saprophytic competence) as well as in the rhizosphere (rhizosphere com­

petence). The predacious mode includes the development of effective trapping 

structures on the mycelium. Interestingly, the factors that govern the predacious 

mode in nematode-trapping fungi are poorly understood (Cooke, 1977). 

Many nematophagous species are only able to produce traps in the presence of 

nematodes (the so-called non-spontaneous trap formers, NSTFs); other fungi 

can produce traps spontaneously without nematodes, the spontaneous trap 

formers, STFs (Gray, 1987). In both cases, biotic (age of the fungal colony) and 

abiotic factors (temperature, nutrient level) influence the transition from a 

vegetative growth to a trapping mode, the number of traps produced, their 

structure and their longevity (Nordbring-Hertz, 1987; Gronvold, 1989). Many 

authors consider saprophytism and prédation to be mutually exclusive in fungi 

that capture nematodes either with adhesive networks, adhesive branches, 

adhesive knobs, non-constricting or constricting rings (Cooke, 1963a, b, c; 

Jansson & Nordbring-Hertz, 1979; Jansson, 1982). Spontaneous trap formation 

seems related to slower vegetative growth, a lower saprophytic ability and a 

higher ability to attract nematodes in comparison with NSTFs (Cooke 1963a, 

b, c, 1964; Jansson, 1982). 
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The present study 

Among a range of nematode-trapping fungi screened for their ability to capture 

root-knot nematodes, was the fungus Arthrobotrys oligospora Fres. var. oligospora 

(CBS 289.82). 

This isolate differs from most nematophagous fungi in that it captures nema­

todes with adhesive hyphae, i.e. without the need to form complex trapping 

devices. This characteristic may make it potentially more useful as a biological 

control agent. 

This study deals with a number of basic questions that need to be answered in 

view of this possibility. Fundamental studies done concern the attachment of 

nematodes to fungal mycelium, infection of the nematode and factors that 

influence these phenomena in relation to the target nematode, Mebidogyne 

hapla. 

In chapter 2, the ability to capture root-knot nematodes by direct attachment 

to unmodified adhesive hyphae is compared to capture by two STFs and four 

NSTFs including two other isolates of A. oligospora. 

Chapters 2 and 3 describe light-microscopic studies on nematode-adhesive 

hypha attachment, focusing on the binding mechanism and the amount of 

capture sites along the mycelium. An ultrastructural study (transmission elec­

tron microscopy) on the nematode-hypha attachment was performed to eluci­

date more details of the binding mechanism such as the presence of extracellular 

material on the hyphae of A. oligospora. 

In chapter 4, nematode capture is studied in in vitro experiments with respect 

to the effect of temperature on the attachment of nematodes to adhesive hyphae 

of A. oligospora, the effect of nutrients and light on the formation of adhesive 

hyphae and adhesive rings, and the effect of ageing of hyphae on nematode 

attachment and subsequent ring structure formation and infection. 

Chapter 5 describes the capture of live nematodes by the fungus in the presence 

of an alternative dead substrate. 

In chapter 6 results are given on the establishment and the capture ability of 

A. oligospora (CBS 289.82) and three other nematophagous fungi (selected 

because they vary in trapping strategy), after introduction of mycelial fragments 

to soil. 

For assessing the ability of this adhesive hyphae-forming isolate as a biological 

control agent, a series of microcosm experiments was conducted in which the 
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nematophagous fungus was quantified by measuring hyphal lengths. The level 

of nematode mortality was estimated by counting the number of healthy 

nematodes and nematode capture was observed directly in the soil. 

In chapter 7, nematode-trapping by the adhesive hyphae-forming fungus A. 

oligospora (CBS 289.92) is discussed from the perspective of controlling of 

root-knot nematodes. 
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2 
Capture of plant-parasitic nematodes by an 

adhesive hyphae-forming isolate of Arthrobotrys 

oligospora and some other nematode-trapping fungi" 

Abstract 

An isolate of Arthrobotrys oligospora (CBS 289.82) which forms adhesive hyphae 

and an isolate of the spontaneous knob-former Monacrosporium cionopagum 

(CBS 228.52) were shown to be the very effective in capturing Mebidogyne 

hapla and M. incognita in in vitro tests. Arthrobotrys conoides (CBS 265.83), 

A. dactyloides (CBS 109.37) and A- scaphoides (CBS 226.52) were intermediate 

in capturing ability. Capture by A. oligospora (ATCC 24927), A. oligospora (CBS 

115.81) and Duddingtonia flagrans (CBS 565.50), which did not form traps 

spontaneously, did not occur irrespective of the age of the mycelium. 

However, A. oligospora (CBS 289.82) revealed the ability to efficiendy attach to 

root-knot nematodes; attachment to other species e.g. Globodera pallida and 

G. rostochiensis was very limited. Internal infection with trophic hyphae only 

occurred after development of ring structures around the nematode body. 

Capture efficacy and possible mechanisms are discussed. 

Key words: root-knot nematodes, nematophagous fungi, adhesive hyphae, 

capture ability 

Belder, E. den & Jansen, E. (1994). Capture of plant-parasitic nematodes by 
an adhesive hyphae-forming isolate of Arthrobotrys oligospora and some other 
nematode-trapping fungi. Nematologica, in press. 
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Introduction 

Most in vitro studies on the successive events of the fungus-nematode infection 

process have been undertaken on a model system using Panagrellus redivivus, 

a bacteriophagous nematode, and an isolate of the nematode-trapping fungus, 

Arthrobotrys oligospora (Jansson & Nordbring-Hertz, 1980; Tunlid et ai, 1992). 

Some authors have studied the capture of animal-parasitic nematodes 

(Gronvold, 1989; Murray & Wharton, 1990), mycophagous (Monoson, 1968; 

Heintz, 1978) or entomophagous nematodes (Poinar & Jansson, 1986). Data 

on the capture and infection of plant-parasitic nematodes and the physiological 

and biochemical processes of the fungus-nematode interaction are more limited 

(Jansson & Nordbring-Hertz, 1980; Tunlid et al, 1992). 

Several nematode-capturing fungi seem to be highly specific in the attraction, 

capture and infection of particular nematode species (Jansson & Nordbring-

Hertz, 1980; Esser et al, 1991). Thus results obtained with other than plant-

parasitic nematodes may have limited value in predicting capture ability of the 

latter. 

In this paper the hypothesis was tested that an isolate of vi oligospora, found to 

capture nematodes by direct attachment to morphologically unmodified hy-

phae, captures root-knot nematodes as efficiently as fungi, which sponta­

neously form traps and that the capture of root-knot nematodes was greater 

than by fungi which form traps only in the presence of nematodes. 

Variability in capturing efficacy needs to be assessed in order to find an effective 

agent to suppress economically important plant-parasitic nematodes. Trapping 

ability was firsdy compared on agar plates (present study) before soil experi­

ments were conducted. In this study the adhesive hyphae-forming isolate was 

compared with: Monacrosporium cionopagum (CBS 228.52) which sponta­

neously forms adhesive knobs; Arthrobotrys dactyloides (CBS 109.37) which 

spontaneously forms constricting rings; and four ring-forming fungi which do 

not form traps spontaneously, A. conoides (CBS 265.83), A. oligospora (CBS 

289.82, CBS 115.81 and ATCC 24927), A. scaphoides (CBS 226.52) and Dud-

dingtonia flagrans (CBS 565.50). 

Also the hypothesis was tested that this adhesive hyphae-forming isolate of 

A. oligospora (CBS 289.82) which readily traps Meloidogyne hapla can also 

capture Globodera pallida, G. rostochiensis and Pratylenchus penetrans. 
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Materials and methods 

Fungal species and culture methods Stock cultures of Arthrobotrys co-

noides (CBS 265.83), A. dactyloides (CBS 109.37, e x nematodes), A. oligospora 

(CBS 289.82, ex Meloidogyne sp.), A. oligospora CBS 115.81 (=ATCC 24927, ex 

garden soil, Sweden), A. oligospora (ATCC 24927, ex garden soil, Sweden), 

A. scaphoides (CBS 226.52, ex nematodes), Duddingtoniaflagrans (CBS 565.50) 

and Monacrosporium cionopagum (CBS 228.52) were maintained on corn meal 

agar (Oxoid, CMA 1:1,1.5% agar) in Petri-dishes (diameter 88 mm) at 25 ± i°C, 

with monthly routine transfers to fresh medium. 

Nematodes A population of root-knot nematodes, M. incognita originally 

isolated from tomato plants in Dutch glasshouses, was obtained from the 

Department of Nematology, Agricultural University Wageningen. Meloidogyne 

hapla, originally isolated from rose plants, was obtained from the DLO-Centre 

for Plant Breeding and Reproduction Research, Wageningen. Since 1988, both 

root-knot nematode species have been maintained continuously on tomato 

plants (Lycopersicon esculentum Mill. cv. Moneymaker) in riversand at 22-25°C 

and 20°C respectively, in a glasshouse. 

Newly hatched second-stage juveniles were obtained by incubating egg masses 

on a 50 |J,m sieve in water for 2 days at 20°C. The juveniles of Meloidogyne spp. 

were surface sterilized in a mixture of 0.02% (w/v) ethoxy-ethylmercury 

chloride (Aretan) and 0.1% (w/v) streptomycin sulphate for about 2 h in a 10 

ml conical centrifuge tube and subsequently washed three times in sterile water 

(s'Jacob & van Bezooyen, 1984). Because of possible changes in the nematode 

surface or activity as a result of the sterilization procedure, which might 

influence the trapping ability of the fungi tested, in one test non-sterilized and 

water-washed juveniles of two different populations of M. haplawere included 

(isolated from rose and Bergenia sp.). 

To ensure purity of cultures, the Meloidogyne species were routinely charac­

terized on the basis of enzyme phenotypes of females (Esbenshade & Trianta-

phyllou, 1985). Difference between species were based on their characteristic 

esterase, malate dehydrogenase and superoxide dismutase phenotypes. 

A population (juveniles and adults) of the root-lesion nematode, Pratylenchus 

penetrans (Cobb), was obtained from the Research Station for Floriculture, 
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Aalsmeer; second-stage juveniles of the potato-cyst nematodes, Globodera 

rostochiensis (Wollenweber), and G. pallida (Stone) pathotypes Roi and Pa3, 

were obtained from a stock culture in our institute. 

These three nematode species were surface sterilized in streptomycin-Aretan 

mixture for 30 minutes in a Büchner funnel and subsequently washed once in 

0.1% streptomycin sulphate and three times in sterile water. Contamination 

by micro-organisms was regularly checked after inoculating nematodes on 

bouillon broth agar or water agar. 

Trapping ability of an adhesive hyphae-forming isolate of A. oligospora 
compared with other fungi from the Dacty/aria-complex Individual 4-

mm plugs cut from the periphery of a growing stock colony of respectively 

A. conoides, A dactyloides, A. oligospora (CBS 289.82, CBS 115.81, ATCC 24927), 

A. scaphoides, D. flagrans and M. cionopagum were placed upside down in the 

centre of small Petri-dishes (44 mm) on CMA 1:10 (thickness 1-2 mm) and 

removed several days after inoculation. 

The Petri-dishes (Lux) had a coverglass bottom, thus facilitating microscopic 

observations with an inverted microscope (Zeiss Axiovert 10). Twenty eight 

day-old fungal colonies were used. In those cases where fungal colonies could 

not cover the whole agar surface of the Petri-dishes during the incubation 

period, tissue-culture plates with a smaller diameter than the Petri-dishes (24 

wells of 15 mm diameter) were used. They were kept at 25 ± i°C during the 

incubation time. 

Subsequendy, experiments were performed at 25 ± i°C, 90-100% R.H., pH= 

5.5 and without light (Waalwijk et ai, 1990). In each test, a drop adjusted to 

contain about 50 second-stage juveniles of M. haplaor M. incognita, was added 

to the fungal cultures. Juveniles moved actively from the inoculation point. At 

25°C the mobility of juveniles was about 7.3 mm/h on CMA 1:10, 1.5% agar, 

so frequent nematode-hypha encounters occurred (den Beider & Jansen, 1994, 

chapter 4). At regular time intervals, the number of captured nematodes was 

counted and expressed as a percentage of the number of introduced nematodes. 

Mobile and immobile captured individuals were counted separately. 

Assays usually consisted of three replicate plates and three repetitions in time. 

Differences in percent capture and immobilization were analyzed for days 1, 2, 

6 and 9 by performing one-way analysis of variance (ANOVA) on the arcsin-
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transformed values. Differences were further analyzed by comparing the means 

for the different fungi using Student s t-test. 

Because D. flagrans and two isolates of A. oligospora did not show any ability 

to capture root-knot nematodes, experiments were repeated with younger 

fungal colonies (7, 14 and 21 days old). For A. conoides, A. dactyloides and 

A. scaphoides the tests were repeated with 10 and 17 day-old fungal colonies. 

Because no differences were found between the colonies with different growth 

time, results are only given for one set of data. 

Capture of four different plant-parasitic nematodes by the adhesive hy-
phae-forming isolate of A oligospora The ability of A. oligospora (CBS 

289.82) to capture four different plant-parasitic nematode species, G rosto-

chiensis (Roi) and G. pallida (Pa3), M. hapla and P. penetrans, was also tested 

using 28 day-old fungal cultures in small Petri-dishes. In each test, a drop 

adjusted to contain about 50 nematodes was added to the fungal cultures. Total 

numbers of captured nematodes and the number of nematodes associated with 

the ring structures and trophic hyphae were counted. 

Observations were made 6 h, 1, 3, 6, 10 and 16 days after the addition of 

nematodes. Assays usually consisted of 3 replicate plates and the experiment 

was repeated twice. Differences were analyzed by comparing the means using 

a generalized linear model (GLM) for binary data (McCullagh & Neider, 1989) 

followed by Student's t-test (RPAIR procedure of Genstat 5, Payne et ai, 1987). 

Capture mechanism in A. oligospora After it was demonstrated that nema­

todes could attach to morphologically unmodified hyphae of A. oligospora (CBS 

289.82), 30 active second-stage juveniles of M baplaweie observed individually 

on the mycelial mat of a 28 day-old culture from the moment of addition until 

attachment to hyphae (maximum observation time 45 minutes). The number 

of nematode-hypha encounters was counted. 

To check if nematodes were also attached to newly formed hyphae, 4-mm plugs 

cut from a stock colony were placed upside down in 24 well-plates on CMA 

1:10 and removed 24, 48, 72, 96 h after inoculation. 

The area which had been in contact with the mycelium from the plug was 

removed with a cork borer and subsequently filled with fresh agar to guarantee 

that nematodes could attach only to newly formed young hyphae. Attachment 

to the fungus was observed 6 h after addition of about 50 nematodes. 
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Scanning electron microscopy To ascertain whether ring structures de­

veloped at the initial point of attachment, the infection processes were studied 

on 20 juveniles of M. hapla. Pieces of agar (4 mm diameter, and 1-2 mm deep), 

containing recently attached nematodes were mounted on copper stubs with a 

thin film of Tissue Tek (Hexland Ltd., England). The samples were immediately 

frozen by immersion (plunge cooling) in nitrogen slush in the EMSCOPE 

SP2000 Cryogenic-Preparation System. The stubs were transferred under 

vacuum to the preparation chamber where surface ice was etched by conductive 

heating (den Beider et ai, 1993). The specimens were then sputtered with gold 

and transferred to a scanning electron microscope (Jeol JSM 35C) equipped 

with a cryo-stage. The specimens were photographed at 15 kV accelerating 

voltage using a Kodak 35-mm Pan X film. 

The term ring structures has been used instead of trap structures because in A. 

oligospora (CBS 289.82) three-dimensional structures develop after the nema­

tode has adhered to the hypha. 

Saprophytic growth rate An experiment on saprophytic growth rate of 

several nematode-capturing fungi at different temperatures was performed in 

Petri-dishes (diameter 88 mm) with those species which had trapped juveniles 

of Mebidogyne spp. in the earlier tests. Plugs of 14 day-old cultures of A co-

noides, A. dactyloides, A. oligospora (CBS 289.82), A. scaphoides and M. cionopa-

gum were inoculated on CMA 1:10. 

Five Petri-dishes with each species were kept at 5, 10,15, 20, 25, 30 and 3S°C. 

The average mycelial growth was recorded as the average distance from the 

centre of the inoculated agar piece to the outer rim of the growing hyphae (at 

days 3 and 7) and expressed in mm per day. 

Saprophytic growth rate was also measured for three isolates of A. oligospora: 

CBS 289.82, CBS 115.81, ATCC 24927 (twelve replicates) at 25°C. Hyphal 

density (mm2 mycelium per 100 mm2 area) was measured in two areas of each 

of 10 Petri-dishes for each isolate of A. oligospora using image analysis (GOP-

302, Context Vision). Density was recorded by selecting an optimum threshold 

value for the contrast line (hypha)-background (agar). The cultures were 28 

days old and grown at 25°C (den Beider & Jansen, 1994, chapter 4). 
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Results 

Capture mechanism in A. oligospora Arthrobotrys oligospora (CBS 289.82) 

captured nematodes by direct attachment to morphologically unmodified 

hyphae and to coiled hyphae, at places not markedly differentiated (Figure 2.1A 

andB) . 

FIGURE 2.1 A-B Cryo-SEM micrographs of second-stage juveniles of Mebido-
gyne hapla captured by means of adhesive hyphae (AH) of Arthrobotrys oligo­
spora (CBS 289.82). Multicellular ring structures (RS) develop after attachment 
of the nematodes to the hypha. They did not necessarily develop at the places of 
initial attachment. 
A: bar = 100 |lm; B: bar = 10 (im. 

IN VITRO CAPTURE 29 



Because this has not previously been described for this species, its identity was 

confirmed twice by het Centraalbureau voor Schimmelcultures, Baarn, The 

Netherlands, through identification of conidia developed on nematode-in-

fested cultures. Arthrobotrys oligospora (CBS 289.82) attached to almost 45% of 

the motile juveniles of M hopla during one of the first contacts with a hypha 

(Figure 2.2). Average nematode-hypha encounters before attachment was about 

100; two juveniles remained unattached after 320 encounters with a hypha 

within the observation period of 45 minutes (Figure 2.2). 

Nematodes were also attached to newly formed hyphae (24 h old) and these 

hyphae were able to produce ring structures around the nematodes. 

Following attachment of the nematodes to the hyphae, 50% of the ring 

structures did not develop at the initial attachment site (Figure 2.1A and B). 

Development of an infection bulb and of trophic hyphae was dependent on 

the formation of the ring structure and did not occur if nematodes were only 

attached to hyphae. 
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FIGURE 2.2 Capture of second-stage juveniles of Meloidogyne hapla by Ar­
throbotrys oligospora (CBS 289.82). Juveniles of M hapla (N=3o) were followed 
individually while moving on the mycelial mat. Number of nematode-hypha 
encounters was enumerated between start of the experiment and attachment. 
Open bar: % of nematodes captured by adhesive hyphae; filled bar: % of non 
captured nematodes. 
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Trapping ability of the adhesive hyphae-forming isolate of A. oligospora 
compared with other fungi from the Dacty/aria-complex After one day, 

significant differences could be observed between the five effective fungi both 

in percentage of nematodes captured (P<o.ooi) and percentage of immobilized 

nematodes (P<o.ooi, Figure 2.3). Arthrobotrys oligospora (CBS 289.82) and 

M. cionopagum, which formed their traps spontaneously, captured more 

M. hapla and M. incognita (96 and 86%, respectively) than A. conoides (51 and 

61%, respectively). 

Significantly fewer juveniles of these nematode species were captured by 

A. dactyloides and A. scaphoidesr. 0-25% (P<o.ooi), irrespective of the age of the 

mycelium and presence of traps. In A. dactyloides constricting rings developed 

spontaneously but abundant ring formation occurred after addition of the 

nematodes. In A. scaphoides adhesive rings were formed only after addition of 

the nematodes. 

Two days after the start of the experiment A scaphoideshad caught significamly 

fewer juveniles of M. incognita than the other four fungi (P<o.oi). The 

proportion of nematodes captured by the other four fungal species reached a 

maximum (70-100%) between days 2 and 9. Arthrobotrys conoides and A. sca­

phoides were less effective in immobilizing nematodes than the other fungi 

(P<o.ooi). 

Although by day 9, A. scaphoides had captured only 51% of the M. incognita 

juveniles, most of them were immobilized, as with the more effective Meloido-

gyw-capturing fungi. In contrast with the other less effective fungus, A. co­

noides, 18% of M. hapla juveniles and 37% of M incognita juveniles were still 

active after 9 days even when ring structures were present around the nemato-

des body. 

FIGURE 2.3 Ability of five species of the Dactylaria-complex to capture 
Meloidogyne hapla and Meloidogyne incognita on CMA (1:10) at 25°C. Capture 
by Arthrobotrys oligospora (CBS 115.81), Arthrobotrys oligospora (ATCC 24927) 
and Duddingtonia flagrans (CBS 565.50) was very limited or did not occur. 
Entire bars represent % capture and the black lower part the % immobilized 
nematodes. Bars indicate standard deviation for capture. 
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Both Mebidogyne spp. were captured with approximately the same efficacy by 

A. conoides, A. dactyloides, A. oligospora (CBS 289.82), A. scaphoidesand M. cio-

nopagum (Figure 2.3). Duddingtonia flagrans failed to capture M. hapla and 

M. incognita juveniles, irrespective of the age of the mycelium as no adhesive 

networks developed. 

Induction of capture structures in A. oligospora (CBS 115.81) and A. oligospora 

(ATCC 24927) and subsequent capture of M. hapla and M. incognita was 

infrequent, which could not be due to the age of the mycelium; when the 

bacteria-feeding nematode Panagrellus redivivuswas added to 28 day-old fungal 

colonies within 24 h ring structures have been developed and almost all 

nematodes were captured (data unpublished). 

The surface sterilisation treatments did not affect trapping in the effective 

isolate of A. oligospora (CBS 289.82); 100% of the nematodes were captured in 

non-sterilized and in water-washed juveniles as well as in the streptomycin-Are-

tan treated juveniles. 

Capture of four different plant-parasitic nematodes by the adhesive hy-
phae-forming A. oligospora Significant differences were observed in the 

ability of A. oligospora (CBS 289.82) to capture G pallida, G rostochiensis, 

M. hapla and P. penetrans, as well as in the formation of ring structures and the 

development of trophic hyphae in the interior of the various species (Figure 

2.4). 
Of the four plant-parasitic nematode species tested, all M. /wp^zjuveniles were 

captured within 6 h and those of E penetrans (plus the adults) within 24 h. 

However, significandy fewer juveniles of G. pallida and G. rostochiensis were 

captured, irrespective of their activity in the agar plates. The formation of ring 

structures around all the nematode species began within 24 h. After one day, 

30% of M. hapla juveniles had fungal ring structures around the body com­

pared to only 10% in the other nematodes species. After 16 days more than 

90% of the captured M. hapla juveniles showed one or more ring structures 

around the body. The remaining 10% of the nematodes remained motionless 

alongside the hyphae by which they had been captured. However, only 60% 

of P. penetrans individuals were surrounded by ring structures; 30% of those 

attached continued to wriggle at the place of attachment. With the two 

Globodera species, development of ring structures was delayed; after 16 days 

only 27% of the nematodes were surrounded by a ring, while trophic hyphae 
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