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Abstract 

Electron microscopic studies of the interaction of second-stage juveniles of Meloidogyne hapla and Arthrobotrys 
oligospora (CBS 289.82) strongly suggest that hyphae attachment to nematodes was mediated by a 0.1/~m thick 
layer matrix between the fungus and prey after contact with the nematode cuticle. The amorphous electron opaque 
matrix was irregularly distributed over the fungal surface, in some cases covering only the side attached to the 
nematode. Serial sections of adhesive hyphae showed that the extracellular matrix spread from the exact site of 
capture. A matrix with this thickness was never observed in the absence of nematodes. 

Introduction 

Strong adhesion to the host surface seems to be a 
prerequisite for penetration of vermiform stages of 
nematodes by nematophagous fungi (Nordbring-Hertz 
and St[tlhammar-Carlemalm, 1978). 

The Zygomycetes Cystopage spp. and Stylopage 
spp. catch nematodes by adhesion (Drechsler, 1934). 
Apparently all parts of the mycelium are capable of 
capturing nematodes (Gray, 1984). With conventional 
light microscopy a yellow adhesive substance can 
readily be observed. Depending on the fungal species 
it seemed to be either secreted over the entire surface of 
the hypha or to be only produced at the place of contact 
with the nematode (Drechsler, 1934; Sachchidanandia 
and Swarup, 1966). 

Most of the nematophagous fungi of the 
Dactylaria-complex capture nematodes with special- 
ized capture devices, which spontaneously develop on 
the vegetative hyphae or in response to nematodes 
or certain environmental conditions (Nordbring-Hertz, 
1977; Gray, 1985; Tunlid et al., 1992). Transmission 
electron microscopy of captured nematodes revealed a 
layer bridging fungus and nematode (Nordbring-Hertz 
and S thlhammar-Carlemalm, 1978; Dowsett and Reid, 

1979). Some authors observed that the stimulus of a 
nematode was needed as in Arthrobotrys oligospora 
(Veenhuis et al., 1985). 

Others reported a mechanism during which a layer 
was present before nematodes were attached as in 
Drechmeria coniospora an endoparasite (Saikawa, 
1982; Dijksterhuis et al., 1990). 

So far, only few Hyphomycetes are known 
to capture vermiform stages of nematodes by 
hyphae: Arthrobotrys botryospora (Barron, 1979) and 
Monacrosporium psychrophilum (Gray, 1985) and 
an isolate of A. oligospora (den Belder and Jansen, 
1994a). In A. superba, especially in very old cultures, 
nematodes are trapped on hyphae prior to network 
formation (Fritsch and Lysek, 1989). Also Jansson 
and Nordbring-Hertz (1981) described the capture of 
nematodes by more or less differentiated hyphae. 

Light microscopic studies revealed that within 
one hour after addition of nematodes, all second- 
stage juveniles ofMeloidogyne hapla attach to hyphae 
of A. oligospora (CBS 289.82) irrespective of test 
temperature (between 5 and 30 o C) and irrespective of 
differences in nematode mobility; varying nutritional 
conditions did not influence nematode-hypha attach- 
ment either (den Belder and Jansen, 1994b). 
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In this study we present results from video- 
enhanced contrast microscopy (Wyss and Zunke, 
1986) and ultrastructural observations on nematode- 
hypha attachment. Nematode capture is studied in 
order to see if hyphae attach randomly at the nematode 
surface or if attachment is restricted to specific sites on 
the cuticle (Dijksterhuis et al., 1990). 

Furthermore the outer surface of the hyphae is 
examined to determine if a layer is present between 
the hypha and the nematode at the site of attachment 
and if its structure is fibrillar similar to other fungi 
(Tunlid et al., 1992). 

Materials and methods 

Organisms and growth conditions. Arthrobotrys 
oligospora (CBS 289.82) was grown on corn meal agar 
(Oxoid, CMA 1:10, 1.5%) in Petri-dishes (diameter 88 
mm) at 254-1 ~ with monthly routine transfers to fresh 
medium. Individual 4-mm plugs cut from the periphery 
of the actively growing stock colony were placed 
upside down in small Petri- dishes (Lux, diameter 44 
mm) on CMA 1:10 (den Belder et al., 1993). The 
Petri-dishes used in the experiments described below 
and subsequently used for microscopical observations 
have a hole in the bottom covered by a coverglass, thus 
facilitating microscopic observations with an inverted 
microscope. 

Meloidogyne hapla Chitwood, was reared on tomato 
plants (Lycopersicon esculentum Mill. cv. Money- 
maker). Second-stage juveniles were harvested and 
surface sterilized (axenized) as described by den Belder 
et al. (1993). 

Fungus-nematode interaction. Studies of the inter- 
actions between A. oligospora (CBS 289.82) and M. 
hapla were performed in the small Petri-dishes men- 
tioned above. Juveniles were added to a part of the 
fungal colony (14-28 days old) at room temperature. 
In the controls no nematodes were added. 

Video-enhanced contrast light microscopy. The 
process of attachment was followed by light 
microscopy with an enhanced contrast video system 
(Wyss and Zunke, 1986). All observations were per- 
formed using the observation chamber described by 
Wyss (1992). The video-system was constructed with 
the following elements: Carl Zeiss inverted inter- 
ference contrast microscope Axiovert 10 with 100x 

/1.3 N.A. and 40x/0.75 N.A. planneofluar oil immer- 
sion objectives and achromatic, aplanatic oil condenser 
1.40 N.A.. There was a connection to a monochrome 
camera Zeiss/Grundig 76, converted to 960 lines/50 
Hz vertical frequency, equipped with a PASECON 
tube (Heimann XQ 1467), contrast enhancement 1- 
30x, with remote camera control for brightness, con- 
trast and shading correction. The attachment could be 
followed on a Zeiss/Sony 14 monitor (converted to 960 
lines/50 Hz vertical frequency) and were recorded with 
a Panasonic time lapse S-VHS video recorder model 
AG-6720A. The temperature at the microscope stage 
was kept constant at 234-1 ~ Nematodes were fol- 
lowed individually. 

Transmission electron microscopy. Areas, 4 mm in 
diameter and 1-2 mm deep, from fungal colonies with- 
out or with nematodes, were cut with a sterile agar 
borer and immersed in 6% (v/v) glutaraldehyde in 0.2 
M sodium cacodylate buffer (pH = 7.2) for at least 
1 h at room temperature, washed in the same buffer 
(3 times) and subsequently fixed in 1% (w/v) osmium 
tetroxide in the same buffer, for 1 h at room tempera- 
ture in the dark and washed in distilled water (3 times). 
After fixation the samples were dehydrated in a graded 
ethanol series and embedded in Epon LX 112 or Spurr. 
Ultrathin serial sections, cut with a diamond knife, 
mounted on copper grids (100 mesh, diameter 3 mm) 
and examined in a Philips EM 400 after post-staining 
with 2% (w/v) uranyl acetate in water and Reynolds 
lead citrate (0.4% in 0.1 N sodiumhydroxide) for 7 min 
each. The specimens were photographed using Kodak 
35-mm Pan X film. 

Results 

Video-enhanced contrast light microscopy. Second- 
stage juveniles of M. hapla added to the fungal colony 
firmly adhered to the hyphae. Juveniles do not attach at 
any particular point on the hyphae. Time required for 
attachment varied greatly: in some cases attachment 
occurred within seconds, at the first contact with the 
hypha (Figure 1). In other cases, the whole nematode 
moved over a hypha at one and the same place and 
finally the posterior part of the tail became attached. 
Sometimes the nematode was moving for more than 
30 min over the hyphae before attachment occurred. 

Also the area over which nematodes became 
attached varied enormously: the nematode could be 
caught at the head or tall only, but attachment over a 
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Figure 1. Captured second-stage juvenile of Meloidogyne hapla moving heavily to get free from an adhesive hypha of Arthrobotrys oligospora 
(CBS 289.82) A: fixed point; arrow, place where the hypha sticks to the nematode. 

length of more than 50 #m has been observed. In the 
latter case several fungal cells might be involved. 

Both apical cells and those in the middle of a long 
hypha were seen to attach to nematodes. All fungal 
cells had in common that attachment to a nematode 
coincided with intense traffic of cellular components 
near the point of contact with the nematode. In some 
cases a hypha holding a nematode cross-linked to 
another hypha. 

Transmission electron microscopy. Ultrathin sections 
prepared from hyphae ofA. oligospora (CBS 289.82) 
of 14 to 28 day-old fungal colonies did not provide 
evidence for a layer of extracellular material all over 
the hyphae (Figure 2A and B). In some cases multi- 
vesicular bodies and microtubules were visible (not 
shown). Occasionally, A. oligospora (CBS 289.82) 
produced intrahyphal hyphae (Figure 2C). 
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Figure 2. A: TEM-cross section through vegetative hyphae of the adhesive hyphae forming Arthrobotrys oligospora (CBS 289.82) to which 
no nematodes had been added. Bar = 1 ~m. B: Detail of vegetative hypha. Bar = 0.1 #m. CW, cell wall; M, mitochondrion; V, vacuole. C: 
Intrahyphal growth in Arthrobotrys oligospora (CBS 289.82). Bar = 1 #m. CW, cell wall. 

Ultrathin sections of nematodes fixed 1 h after their 
addition to the fungal colony showed the presence of a 
layer of extracellular material between the hypha of A. 
oligospora (CBS 289.82) and the nematode. The thick- 
ness was about 0.1 #m (Figure 3A and B). Nematodes 
could be seen attached at different places along the 
entire body length, though attachment often occurred 
along the lateral fields. 

The layer of extracellular material was distributed 
irregularly on the surface of the hypha (Figure 3B). 
In some cases the entire cell seemed to be covered, in 
other cases the layer could only be seen at the site of 
attachment. 

Serial sectioning of nematodes attached to hyphae 
revealed that the extracellular material could be present 
at some distance from the point of attachment (Figure 
4A-C). In fungal colonies to which no nematodes were 
added a layer of this thickness was never observed. 

One hour after addition of nematodes no obvious 
structure within the layer was observed, it remained 
amorphous without evidence of any fibrils (Figure 4D). 

Evidence for the presence of numerous electron- 
dense bodies in the cytoplasm in the hyphae as 
described by Veenhuis et al. (1989) was not obtained. 
However, in hyphal cells attached to nematodes numer- 
ous mitochondria and large vacuoles could be observed 
frequently. Apart from a layer of extracellular material, 
size and form of hyphal cells attached to nematodes 

appeared similar morphologically to hyphae to which 
no nematodes had been added. 

Discussion 

Attachment of juveniles to presumably adhesive layers 
on specialized capture structures has been observed in 
many nematophagous fungi and consequently adhe- 
sion mechanisms in nematophagous fungi have been 
extensively discussed (Tunlid et al., 1992). Neverthe- 
less the stickiness of non-differentiated hyphae is a 
largely unexplored area. 

Light microscopical observations of A. oligospora 
(CBS 289.82) did not reveal the presence of lumps 
of adhesive substances as can be seen easily in the 
Zygomycetes (Drechsler, 1934; Wood, 1983). 

There is no evidence that all nematophagous fungi 
employ the same mechanism to bind to nematodes 
or that several binding mechanisms are not involved 
concurrently. Until present four types of adhesive 
mechanisms have been distinguished: 

1) extracellular polymers present on trap cells of 
nematode-trapping fungi, even prior to interaction with 
nematodes. In some cases fibrils present in this layer 
are orientated into one direction after contact with the 
nematode (A. oligospora ATCC 24927, Nordbring- 
Hertz and St/tlhammar-Carlemalm, 1978; Dowsett and 
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Figure 3. A: TEM-cross section through a captured second-stage juvenile ofMeloidogyne hapla attached to a hypha ofArthrobotrys oligospora 
(CBS 289.82) one hour after addition of the nematode. Bar = 1 #m. AM, adhesive material; Ne, nematode; VH, vegetative hypha. B: Idem. Bar 
= 1 ~m. AM, adhesive material; L, lipid; M, mitochondrion; Ne, nematode; S, septum. 

Reid, 1979; Veenhuis et al., 1985; Tunlidet al., 1991a). 
The origin of this adhesive is still unclear (Tunlid et 
al., 1992). 

2) In other cases a rigid radiated structure in the 
adhesive layer is visible prior to the presence of nema- 
todes and shows reorganization following attachment 
to the nematode (in conidia ofDrechmeria coniospora: 
Saikawa, 1982; Dijksterhuis et al., 1990). 

3) an extracellular layer formed only at the site 
of contact and not observed before attachment to the 
nematode (in conidia of Harposporium subuliforme: 
Saikawa and Morikawa, 1985; zoospores of Catenaria 
anguillulae: Tunlid et al., 1991b). 

4) the presence of lumps of adhesive substances in 
the Zygomycetes (Wood, 1983). 

Our studies suggest that attachment of hyphae of 
A. oligospora (CBS 289.82) to second-stage juveniles 
of M. hapla is mediated by a layer of extracellular 
material. Its thickness (about 0.1 /~m) is comparable 
to similar layers found on other nematophagous fungi 
(Tunlid et al., 1991a) and less than the lumps of adhe- 

sive substances present on hyphae of Zygomycetes 
(Drechsler, 1934; Wood, 1983). 

A layer of this size was never recognized in thin 
sections of hyphae to which no nematodes had been 
added not even closely associated hyphae (2A). This 
suggests that its presence depends on contact with the 
nematode host as in some of the above-mentioned 
interactions. Nevertheless it is important to stress 
that different fixation techniques can result in sub- 
stantial dissolution or disruption of this layer during 
preparation of the samples for microscopical investi- 
gation (Veenhuis et al., 1985; Wharton and Murray, 
1990). 

Extracellular polymers, exclusively confined to 
trap cells of the adhesive network-forming fungus 
A. oligospora (ATCC 24927, Nordbring-Hertz and 
St/~.lhammar-Carlemalm, 1978; Veenhuis et al., 1985), 
were recently isolated from both traps and vegetative 
hyphae in A. oligospora (ATCC 24927, Tunlid et al., 
1991a). These polymers were more loosely packed 
than the polymers in the layer bridging trap and nema- 



476 

Figure 4. Microphotographs from a series of  sections demonstrating that adhesive material can be present on a vegetative hypha on short 
distance from the exact site of  capture of the nematode. Bar = 1 #m. AM, adhesive material; Ne, nematode; VH, vegetative hypha. Arrow, 
adhesive material. D: detail. Bar= 1 #m. AM, adhesive material; Ne, nematode; VH, vegetative hypha. Arrow, adhesive material. 



tode. They seemed to be distributed unevenly over the 
surface. 

The structure of  the adhesive layer can be quite 
complex and attachment can be accompanied by 
morphological changes (Tunlid et al., 1991). 

Until present, no evidence has been obtained for a 
fibrillar zone as observed on conidia D. coniospora 
(Dijksterhuis et al., 1990) or on trap cells of  
A. oligospora (ATCC 24927, Nordbring-Hertz and 
Stfdhammar-Carlemalm, 1978) or changes in the adhe- 
sive layer. 

So far, one hour after attachment there is no 
evidence for the presence of numerous so-called dense 
bodies as observed in trap cells in the ring structure 
forming isolate ofA. oligospora (ATCC 24927) (Veen- 
huis et al., 1985, 1989; Dijksterhuis, 1993). In some 
cases several dense bodies were present which is com- 
parable with the initial stage in trap development in 
A. oligospora (ATCC 24927, Veenhuis et al., 1985). 
Decrease of  the number of  mitochondria observed in 
individual mature trap cells (Veenhuis et al., 1984) 
was not found. On the contrary, cells attached to the 
nematode cuticle contained many mitochondria. 

Even at 5 ~ all nematodes added to mycelium 
became attached (den Belder and Jansen, 1994b) and 
the time required for attachment can be short: a few 
seconds after the first contact with a hypha firm binding 
may occur. This might imply that simple binding with 
preformed substances, rather than a complex metabolic 
process is the basis for attachment. In encysting Phyto- 
phthora zoospores only 30-60 seconds are required to 
deliver the adhesive compound that helps attachment to 
host surfaces (Gubler and Hardham, 1988). The mate- 
rial is localized in small vesicles in the cell periphery 
(Bartnicki-Garcia and Sing, 1987). In Magnaporthe 
grisea mucilage is excreted from a periplasmic deposit 
at the apex of  the spore within several seconds after 
moisturing because the material is prepacked and no 
metabolism is required (Hamer et al., 1988). 

That sometimes the nematode was moving more 
than 30 minutes over the hyphae before attachment 
occured, may be explained in several ways such 
as differences in surface properties (Jansson and 
Nordbring-Hertz, 1983; Dt~rschner-Pelz and Atkison, 
1988). 

Any binding reaction observed in a simple 
adhesion-assay performed in vitro, should not automat- 
ically be assumed to represent adhesion in the natural 
environment (Kennedy, 1990). In situ observations 
and experiments in sterilized and untreated soil have 
revealed that also under more realistic circumstances 
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the second-stage juveniles of  M. hapla are attached 
to the hyphae (den Belder et al., 1994c). Also under 
adverse temperatures that do not favour adhesive ring 
structure development or pour nutritional conditions 
for adhesive ring structure development this isolate 
showed the ability to capture nematodes with adhesive 
hyphae (den Belder and Jansen, 1994b). This clearly 
illustrates that trapping of  nematodes by undiffer- 
entiated hyphae without specific structures takes place 
under a broader range of  conditions than for fungi in 
which adhesive rings are the only capture devices. Thus 
it is possible that adhesive hyphae forming fungi play 
a greater role in nematode trapping in soil than hitherto 
is considered. 
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