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Abstract. A new concept (‘enzyme sharing’) concerning the interaction of marine
nematodes and microbes in the degradation of sedimentary detritus is presented. Ele-
ments of this concept are (1) the notorious tendency of many aquatic nematodes to ag-
glutinate detrital particles by mucus secretions, (2) new observations on the stimulation
of microbial growth by nematodes in agar plates, and (3) literature data on limited en-
dogenous proteolytic capacities of aquatic nematodes.

Observations on nematode-microbe associations in agar plates prompted the concep-
tual synthesis. In agar medium without the addition of any nutrients a spectacular
growth of bacteria was visible on the sinusoidal crawling trails of nematodes only
2-3 days after introduction of the worms (species of Adoncholaimus, Anoplostoma and
Sabatieria). Juveniles of Anoplostoma that hatched in the agar cultures left their minute
trails in the medium and these were rapidly occupied by bacteria. The nematodes re-
peatedly visited their bacterial trails, which persisted as a peculiar biotic structure for
more than one year and survived the nematodes.

In sterile agar preparations containing the fluorogenic methylumbelliferyl-B-gluco-
side in the presence of the nematode Adoncholaimus, an enhanced fluorescence of the
medium was visible, indicating B-glucosidase activity. We therefore assume that oncho-
laimid nematodes discharge enzymes that alone, or in concert with microbial activities,
contribute to the hydrolytic cleavage of refractory polysaccharides containing 3-gluco-
sidic bonds such as agar components and cellulose. The sugars thus produced may then
be taken up by the nematodes and concomitantly support the conspicuous growth of
microbes. Since we did not observe any feeding of the nematodes on the associated mi-
crobes in agar plates, we question the nutritive potential of intact microbial cells for a
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number of nematodes abounding in detrital habitats, and call attention to the signifi-
cance of ambient dissolved or adsorbed organic monomeric nutrients.

Consequently, we perceive the puzzling perpetual accretion of detrital organic par-
ticles to sediment agglutinations by nematodes as an adaptation for operating an ‘enzy-
matic reactor’ for the production of dissolved nutrients. We hypothesise a relationship
of mutual commensalism of nematodes and heterotrophic microbes in detrital habitats
and propose the term ‘enzyme sharing’ for this relationship. Both parties invest in a
common enzyme pool that decomposes organic detritus for their nutrition. We present
here evidence that nematodes contribute B-glucosidase, which is involved in the cellu-
lase system. Data from the literature suggest that microbial enzymatic processing of de-
trital proteins yields amino acids available to nematodes, which apparently have no
efficient proteolytic enzyme system in their intestines.

Problem

Nematodes are the most abundant microscopic metazoans in marine sediments, and
their ecological significance is great in terms of productivity, food-chain relationships,
and remineralisation of organic substances (reviews by Platt & Warwick, 1980; Heip
etal., 1985). In our opinion, however, the most obvious environmental impact of a great
number of marine nematode species is linked with their capacity to agglutinate detrital
particles, thus forming lumps or burrows in the size range of a few millimetres (Rie-
mann & Schrage, 1978). As a result, there appears to be no square centimetre of marine
soft bottoms, world-wide, that is not affected by the nematodes’ mucus secretions.

In laboratory conditions the nematodes accumulate particles by glueing them togeth-
er with mucus within a few minutes after their introduction into a vessel. Potential mu-
cus-producing organs are the caudal glands, pharyngeal glands, large ventral glands
(excretory gland, renette) and small epidermal glands. Curiously, this particle accumu-
lation remained almost unnoted by nematologists until a novice in the field (Meschkat,
1934) gave the first detailed description of it. He investigated an epiphytic diatom-nem-
atode community thriving on reed stalks in the Hungarian Lake Balaton. The nemato-
des (members of the family Chromadoridae, which are also abundant in marine
habitats) continuously produce slimy trails which entrap particles from the ambient tur-
bid water. The mucus threads are then reinforced by the worms repeatedly crawling
along the trails. In the presence of many nematodes in a petri dish, Meschkat observed
the appearance of a framework of detrital mucus paths in which the nematodes built
globular detrital accumulations up to the size of a pea and in which great numbers of the
worms aggregated. He was unable to stain the very sticky and contractile mucus
threads, but these were made visible by the particles attached to them. The amount of
the mucus excreted cannot be estimated from Meschkat’s descriptions, but in a fascinat-
ing observation on chromadorid nematodes in Danish lakes, Wesenberg-Lund (1939,
pp- 284—286) described a considerable production of thick, jelly-like strings by these
nematodes, which were attached to the leaves of the macrophyte Potamogeton.
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1. Mucus-secreting glands and supposed functions

Meschkat (1934) related the production of sediment agglutinations to the chromado-
rids’ caudal glands, and, from his figures and the description of the relevant processes,
it becomes clear that these secretions are effective in the deposition of extended,
particle-loaded mucus threads. However, the description of the formation of sediment
balls, in which the chromadorids aggregate, is suggestive of quite another process. In
this case the worms are anchored by the posterior part of the body and perform swinging
movements with the anterior end, whereby they catch and agglutinate sediment par-
ticles from the vicinity. The particle capture is obviously achieved by a sticky mucus
source in the head region of the nematode and the increasing agglutination then
surrounds the posterior region (Fig. 1).

A similar activity has been described by Nehring et al. (1990) in a study on marine
littoral chromadorid nematodes from soft sediments (Ptycholaimellus spp.). These
nematodes construct detrital tubes by means of mucus released, in the opinion of those

Fig. 1. Formation of detritus agglutinations: Chromadorid nematode (presumably Punctodora ratzeburgen-
sis) fixed with the tail end to a flat surface and collecting detrital particles from the surroundings by perform-
ing swinging, sweeping movements in either direction (arrows) with the anterior end in the dorsoventral
plane. The particles adhere to mucus secretions and are concentrated near the posterior end of the worm (after
Meschkat, 1934).



96 Riemann & Helmke

authors, by a large ventral gland cell, which opens close to the lips and, probably, also
from hypodermal gland cells distributed along the body wall. Riemann & Schrage
(1978) related the stickiness of the mouth region in marine nematodes of several fami-
lies to the discharge of secretions from pharyngeal salivary glands (see also Bongers,
1983) and believed this indicates extra-oral digestion in some marine nematodes. A
similar digestive function was subsequently proposed also for nematode species in
which the exit pore of the ventral gland opens into the mouth cavity (Coomans & De
Waele, 1979). In a study of the ultrastructure of the marine nematode Monhystera dis-
Juncta, Van de Velde & Coomans (1987) suggested that the ventral gland system of this
species, which opens close to the mouth, may have an important exodigestive function
compensating for the rather poorly developed pharyngeal glands. Live observations of
this species (Riemann & Schrage, 1978) actually demonstrated mucus discharge from
the mouth region. Lorenzen (1979) tentatively related the production of slimy tubes in
Monhystera pusilla to secretions from the ventral gland. However, in all these instan-
ces, where the orifice of the ventral gland is near the mouth opening, the combined con-
tribution of pharyngeal and ventral glands to mucus discharge cannot be ruled out. In
Sphaerolaimus gracilis, where the ventral gland pore is located far behind the mouth,
Turpeeniemi & Hyvirinen (1996) noted the distinct stickiness of the pore region, which
may anchor the worm at that point, but a mucus flow was not observed.

2. Significance of detritus agglutinations

To date, there is no unequivocal general explanation of the significance of detritus ag-
glutinations for the nematodes. Meschkat (1934) assumed a nutritional effect for the
chromadorid nematodes, perhaps with the participation of bacteria, but this assumption
is presented only in the summary. Riemann & Schrage (1978) continued Meschkat’s
experiments with several marine and brackish-water species and found a considerable
microbial growth on their mucus threads and within their detrital agglutinations. They
then formulated their ‘mucus-trap hypothesis’: “With their mucus threads these nema-
todes entrap small detritus particles, bacteria, and macromolecules which subsequently
are browsed together with the mucus. The combination of an adhesive mucus thread
and the particular mouth construction in nematodes represents a highly elaborated col-
lecting and sorting system for food acquisition. In addition, decomposition processes of
organic material coated by the mucus may contribute to a secondary food source which
is controlled by nematodes.”

Amendments and critical comments to these sentences need to be made. (1) Bacteria
grow in the detrital agglutinations; they are not “trapped” as the wording may suggest.
The mucus threads proved to be sticky for detrital organic and mineral particles, but not
for floating bacteria and other microbes (F. Riemann, unpubl. observ.). It remained un-
known whether the microbes grow on attached minute detrital particles or directly on
mucus produced by the nematodes. (2) The hypothesised feeding of detritus-agglutinat-
ing nematodes on microbes growing in the agglutinations has not been observed. This
negative result contrasted with the contemporary paradigm according to which bacteria
constitute the main food of meiofauna (Gerlach, 1978). In the case of oncholaimid nem-
atodes, which are abundant inhabitants of coastal sediments and apparently feed on the
bacteria-detritus complex, the use of dissolved organic substances from the ambient
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water has been demonstrated (Chia & Warwick, 1969; Lopez et al., 1979; Riemann
et al., 1990). According to studies with radioactive isotope techniques, bacteria cell
bodies are unlikely to constitute a significant food for these nematodes (Lopez et al.,
1979; Moens et al., 1999).

A quite different line of argument explaining the production of detrital agglutinations
and, more generally, the preference of many nematodes for viscous microhabitats, in-
cluding those produced by other organisms, was presented by Riemann (1995). In that
study, attention was directed to physical rather than to nutritional aspects. Nematodes
usually cannot move and feed properly in fluffy surficial detritus deposits because the
typical wave-like or undulatory propulsion of the worms requires the presence of an ex-
ternal resistance against which the waves can exert the propulsion. Observations on the
distribution of nematodes in flocculent muds prompted these considerations. Meschkat
(1934) had already described how, once the chromadorid nematodes had established
the mucus-detritus framework in the vessels, their locomotion became very dexterous.
An enigmatic attraction of marine nematodes to agar media was discussed by Riemann
(1995) as a preference for a comparatively viscous habitat.

3. Promotion of microbial growth

Cayrol & Dreyfus (1975; see also Cayrol & B’chir, 1973) noted growth of bacteria in
agar plate cultures with soil nematodes (Order Rhabditida), even after previous short-
term washing with antibiotics. They concluded that these nematodes disseminate the
microbes, which obviously persisted in the nematodes’ intestines, and promote their
growth by means of secretions discharged into the medium. Thereby, each species of
nematode was associated with a specific assemblage (2—3 species) of bacteria. From
the short notes of these authors we cannot determine how they assessed the special
growth-promoting factors produced by nematodes because agar with copious amounts
of nutrients was used.

A specific association of a marine nematode species with microbes was discovered
by Warwick (1981), who found monospecific concentrations of a small unicellular alga
(Tetraselmis, Chlorophyta) on the sinusoidal trails of Praeacanthonchus (Order Chro-
madorida) in agar plate cultures. He used nutrient agar and a natural mixture of micro-
organisms from the mud-flat of an English estuary and hypothesised the ingestion of
the algae by the nematodes.

Jensen (1996), also using agar with nutrients, pointed to the growth of heterotrophic
microbes on the trails of other nematodes. He investigated six marine nematode species
belonging to four families, most of them common in coastal muddy habitats. The ob-
served mass occurrence of protists and bacteria in sinusoidal burrows in the agar was
interpreted as the result of a mechanical distribution of microbes by the nematodes,
with a subsequent strong growth in the agar. Jensen presented instructive micrographs
displaying various burrow shapes (hollow or filled by microbes, tapering or with even
diameters) which were made visible by the colonising microbes. No discharge of mucus
threads was observed in the study and no evidence was presented of the ingestion of the
associated microbes, though most of the nematode species observed were believed to
be bacteria-feeders.
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In contrast to all culture assays mentioned above, Riemann (1986) and Riemann &
Schrage (1988) added no nutrients to the agar media. Despite this deficiency they ob-
served a conspicuous growth of micro-organisms on the trails of oncholaimid nemato-
des. Riemann (1986) assumed that nematode secretions had promoted the microbe
growth; the benefits of these microbes for the nematodes remained unexplained.

4. Aims of the present study

First, we report on observations made on the effects and behaviour of three common
nematode species in oligotrophic agar media and describe and illustrate details of
the conspicuous aggregations of microbes on their trails. Our main test subject was an
oncholaimid, Adoncholaimus thalassophygas (de Man 1876). Second, we examined
potential glands for mucus discharge and the capacity of the secretions to support a mi-
crobial growth within the agglutination of mineral particles. Finally, we examined
whether oncholaimid nematodes can discharge an enzyme that alone, or in concert with
microbial activities, hydrolytically cleaves components of agar polysaccharides, thus
yielding small oligomers or monomeric carbohydrates which support microbial growth.
As a candidate enzyme, we selected -glucosidase because a cellulolytic activity of
nematodes involving that type of enzyme has long been suspected. Franz (1942) reared
soil nematodes on pure cellulose filter paper in a petri dish and observed the degrada-
tion of the paper. He concluded that particular saprobic species feed on carbohydrates,
intimately cooperating with cellulose-degrading bacteria and essentially participating
in the cellulose decomposition during decay processes. Furthermore, there is a long ser-
ies of studies on cellulase production in plant-parasitic nematodes (reviewed by Deu-
bert & Rohde, 1971; Lee & Atkinson, 1976), beginning with Tracey (1958). Recently,
Smant et al. (1998) demonstrated the presence of endogenous cellulases (B-1,4-endo-
glucanase) in plant-parasitic nematodes with molecular biological methods, at the same
time stressing that endogenous cellulase production by animals seems exceptional. In
general, cellulose digestion in herbivorous animals is mediated by microorganisms.
Deubert & Rohde (1971, p. 86) reported that tylenchid nematodes “left tracks in agar,
possibly through enzymatic cleavage of glycosidic linkages”; they credited this obser-
vation to Mountain & Patrick (1959), but we were unable to find a relevant description
in that article. We tried to visualise the suspected enzyme discharge by mixing a fluoro-
genic methylumbelliferyl-B-glucoside (Hoppe, 1983) into the agar.

Material and Methods
1. Sampling

Nematodes were collected between 1997 and 2000 from the Weser estuary, from a mudflat in the entrance to
the Bremerhaven fishery harbour. Samples were taken at mid-tide level in brackish water (S about 5). We
selected three species which are abundant at this locality over most of the year: Adoncholaimus thalassophy-
gas (de Man 1876) (Oncholaimidae), Anoplostoma viviparum (Bastian 1865) (Anoplostomatidae) and Saba-
tieria pulchra (Schneider 1906) (Comesomatidae) [in the following text we refer to them by their generic
names only]. Adoncholaimus and Anoplostoma occur together close to the sediment surface, and Sabatieria is
abundant in black sulfidic muddy sand about 1 cm below the sediment surface. The gut contents of all three
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species consist of small detrital particles, though adult Adoncholaimus occasionally feed on small injured or
dead animals. The nematodes were concentrated with the sieving and decanting method and isolated with
hook-bent small needles and collected in small boveri dishes in 3 ml water without detritus. The animals are
about 1.5-2 mm long and 50-70 pum in diameter; they crawl at speeds of a few millimetres per minute
through the substrate and can be conveniently transported with the needles.

2. Experiments

Nematodes were transferred with needles into sloppy agar (heat-sterilised 0.5 % Difco Bacto Agar medium
made with brackish water taken from the collection site and with no nutrients added) in petri dishes (7 cm
diameter). The depth of the agar layer was about 5 mm. The nematodes were introduced immediately after
cooling of the agar, and the cover was sealed with Parafilm (American Can Company), allowing gas ex-
change. The dishes were incubated upside down (with a hanging agar layer) at 18 °C in a thermostat cupboard.
Under these conditions, Adoncholaimus remained active for more than 58 days, Anoplostoma for about one
week, but Sabatieria was motile for only about one day (their bodies, however, appeared almost undecom-
posed even three weeks later). Microscopy was performed with a Zeiss Axioplan microscope with Zeiss mi-
crographic equipment using bright-field and Nomarski techniques. For the observation of bacteria aggregates
on the nematodes’ trails in the turbid agar plates we used an oblique illumination technique (2.5 x Neofluar
objective, bright-field condenser n. a. 0.24, diaphragm slightly decentred) that highlighted the masses of bac-
teria. A video camera with printer (AVT Horn, Aalen, Germany, and Sony, Japan) was used to record time
series observations.

Experiments to demonstrate mucus discharge and to examine microbial growth in mineral substrates were
conducted with sterile fine sand (median diameter 30 wm) and diatomaceous earth (Merck) in brackish water
in boveri dishes (3 ml). Alcian Blue 8GS (Sigma) dissolved in distilled water was used to stain mucus after
membrane filtration of the solution.

B-glucosidase activity was visualised using a method adopted from Hoppe (1983), who introduced a fluoro-
genic methylumbelliferyl-substrate (MUF) to measure the enzyme activity in brackish waters. Since contami-
nant micro-organisms, particularly fungi, may display strong B-glucosidase activities, axenisation procedures
with the nematodes were indispensable. Freshly collected Adoncholaimus were kept in boveri dishes with
brackish water containing the bacteriostatic Chloramphenicol (50 ppm) and the fungicide Actidione (= Cyclo-
heximide, Serva, 25 ppm) for three days before being transferred into the test substrate. MUF-B-glucoside
(Sigma) was dissolved in brackish water up to saturation and was then membrane filtered. This solution was
mixed 1: 1 v/v with warm 1 % sterile agar made up with brackish water, yielding halfsaturated MUF-substrate
in 0.5 % sloppy agar. One drop (50 or 100 pul) of the warm agar-MUF substrate was placed on a microscopic
slide. After cooling to room temperature (during which time the drop was protected by a petri dish), 20
Adoncholaimus were transferred with a hook-bent needle into the solidified drop and protected with an
18 x 18 mm cover slip. The slides were incubated at 22 °C. The fluorescence of the substrate was examined
(Zeiss Standard microscope with epifluorescence equipment, filter set 02, G 365, LP 420) under UV excita-
tion at intervals of about two hours, beginning two hours after starting the incubation. After 24 h the prepara-
tions were microscopically examined for the absence of microbes in the agar (Nomarski technique). Two test
runs were performed in April 2000, each consisting of three preparations with nematodes and two controls
without nematodes. Preliminary tests without the use of antibiotics and tests with the addition of antibiotics
during the incubation with MUF-substrates were also conducted.

Results

1. Promotion of microbial growth
in oligotrophic agar plates

Within only two or three days after introducing the nematodes (batches of 10 worms or
less) into the sterile agar plates, nematode crawling trails became clearly visible to the
naked eye. Using obliquely incident light the sinusoidal trails could be recognised by
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Fig.2. Agar plate in a petri dish with crawling trails of nematodes highlighted by dense aggregations of bac-
teria. The photograph was taken four days after the introduction of six Adoncholaimus thalassophygas. An
enlarged detail of an earlier developmental stage of the same agar plate is presented on Fig. 3C.

their colonisation with shining, white masses of bacteria (Fig. 2). This spectacular mi-
crobial growth occurred in most culture assays (about 50 experiments since 1985) using
the three species, Adoncholaimus thalassophygas, Anoplostoma viviparum and Saba-
tieria pulchra (Figs. 3-5). A more or less dense entanglement of trails highlighted by
bacteria crossed the agar plate, with some sections visible as continuous traces over dis-
tances up to 2—3 cm. The bacteria aggregates were confined to the nematode trails, ex-
cept for the places where the animals had been introduced with needles and those sites
where nematodes had perished. The trails (here applied to tracks or burrows marked by
bacteria) precisely traced the course of the undulatory locomotion of nematodes, fol-
lowing regular sine curves with a wavelength of about 1 mm.

In addition to these large trails, minute trails with a wavelength of only about 0.3 mm
were observed in cultures of Anoplostoma (Fig. 4). The small trails branched off the
normal trails or ran alongside them and were also filled with homogeneous masses of
bacteria. We attribute these miniature trails to freshly born, about 0.4 mm long, active
juveniles which could be observed in the agar at the same time (Anoplostoma vivipa-
rum, as its specific epithet suggests, is a viviparous species).

The microbe-containing trails are similar in general shape and persistence in all three
species examined, though individuals of Sabatieria pulchra, which are short-lived in
agar plates, produced rather few trails. The following description refers mainly to cul-
tures with Adoncholaimus thalassophygas, which is long-lived in agar.
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Fig.3. Trails of Adoncholaimus thalassophygas with bacterial aggregates. A. Overview, oblique illumina-
tion (3-day-old culture). Insert shows the nematode. B. Bacterial aggregate, Nomarski photograph (7 d). C.
Overview, bright-field, diaphragm stopped right down. Arrows pointing to gaps in the burrow walls with ex-
truded bacterial masses (2 d).
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Fig.4. Trails of Anoplostoma viviparum with bacterial aggregates. A. Nomarski photograph, showing the
trail of a mature female with the trails of juveniles branching off (28-day-old culture). B. Bacteria from the
trail of a juvenile (30 d). C. Overview, oblique illumination. Note sections of trails of juveniles extending
along the maternal trail (18 d).
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Fig.5. Trail of Sabatieria pulchra with bacterial aggregates. A. Overview. B. Detail, slightly squeezed
(23-day-old culture).
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Most of the trails had a thickness corresponding approximately to the diameter of the
nematodes, i. e. 50—70 um. A few trails were smooth, but most had a rough, fringed
contour. In addition, there were distinctly thinner trails, sometimes no more than one
quarter of the nematodes’ diameter; these thin trails may occupy web-like areas. Other
trails were very broad, up to ten times the nematodes’ diameter; the contours of such
trails, which may appear in only 3-day-old cultures, were diffuse. Sometimes a slender,
sharply contoured trail widened to a broad, diffuse structure. The trails may branch
(Fig. 3A) or they may run almost parallel to each other and converge. Occasionally,
very short sections of trails were visible, densely filled with bacteria, and with no ob-
vious connection to other trails. Sinusoidal trails were laid down in all planes, but the
horizontal plane was preferred even in 1-cm-thick agar plates. The trails occurred deep
in the agar as well as in the contact zone with the glass bottom.

The dense whitish masses of bacteria appeared homogeneous. With the light micro-
scope we were unable to recognise morphological differences in the bulk of bacteria
(short rods, about 3 um long) associated with any of the three nematode species. In
young cultures there were lively movements of bacteria in the interior of the bacterial
masses, also in the miniature trails of the Anoplostoma juveniles. Within compact bac-
terial strings, the movements were detectable in the interior even after four weeks,
while bacteria at the periphery of the trails were immobile. Besides bacteria, in a few
cases aggregates of colourless, round, 5-um-large flagellates were observed on the
trails of all three nematode species.

Bacterial aggregates were visible under the microscope at the earliest one day after
the start of the incubations. By day two or three, massive bacterial strings were clearly
visible with the naked eye. These observations suggest an unusually rapid, short-term
growth of bacteria associated with nematodes. The spectacular pulse-like growth was
restricted to a time span of a few days only, and by about one week after introducing the
nematodes we did not observe any further extension of the bacterial masses or increase
in the number of trails. Videoprints are available that demonstrate that there were no
changes in the Adoncholaimus trails between day 3 and day 7, though the trail pattern
was retained in cultures of this species for more than one year. The Anoplostoma trails
did not change (judged by comparison of videoprints) between day 5 and day 40 after
the start of the incubation, and the minute sinusoidal trails of juvenile Anoplostoma,
highlighted by their bacteria, remained distinct even after six months. However, no liv-
ing Anoplostoma were found in petri dishes after a 14-day incubation: the dormant bac-
terial aggregates, as a peculiar biogenic structure in a homogeneous medium, survived
the lives of the trail producers for several months.

Some low magnification observations indicate that the nematodes repeatedly visit
their trails and crawl along the preformed traces. Branchings, convergences and anasto-
moses (Fig. 3A) indirectly suggest repeated visits to the same trail. Direct observations
were rare, and only once during a 30 minute period of continuous observation did an
adult Adoncholaimus crawl for 3 mm within the bacterial masses, thereby exactly fol-
lowing the sinusoidal, preformed trail. Anoplostoma juveniles were observed crawling
within the trails of the adults.

Additional live observations were made at high magnification to elucidate the behav-
iour of Adoncholaimus and its relationships with the associated bacteria in very fresh
culture assays, i. e. four hours to three days after introducing the nematodes into the
agar. The nematodes crawled almost continuously through the agar, frequently chang-
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ing direction and moving tail first. In this way, they moved to and from up to five times
past one spot. This behaviour was reminiscent of a kind of scouring.

No ingestion of bacterial cells or discharge of mucus was observed. Occasionally,
crawling nematodes drew a fine trail of shining bacterial cells behind the tail, but we
could not discern whether invisible mucus was involved or whether a suction effect
transported the bacteria. In one case a nematode crossed a trail filled with bacteria from
which bacterial masses were streaming into the fresh burrow.

While crawling through the agar the nematodes sometimes left no visible trace.
Often, however, the formation of a distinct burrow was observed (Fig. 3C), whose di-
ameter was equal to or slightly less than that of the worm. The burrows were lined by
scale-like, strongly light-refractive wall structures with variable gaps between them.
Extended areas were occupied by anastomosing burrows, some sections being filled
with bacteria, others remaining empty. Near burrows we observed other trails occupied
by bacteria, but without any wall structures. There are indications that repeated visits of
the trails may influence the formation and later modification of the burrows and their
contents. Frequently, the burrow walls were bent to the outside at the gaps and masses
of bacteria were concentrated here (Fig. 3C). We sometimes observed a central canal
containing comparatively few bacteria in broad, conspicuous, bacteria-filled trails with
diffuse contours. All these observations indicate that nematodes have squeezed and ex-
truded the symbiotic bacteria out of the narrow burrows during repeated visits. These
processes must have occurred within the first hours and days after introducing the nem-
atodes into the oligotrophic batch cultures, because there was no further multiplication
and distribution of the bacteria after that time, as has been mentioned earlier.

2. Observations on mucus discharge
and mucus properties

Immediately after their introduction into boveri dishes filled with brackish water and
some diatomaceous earth (20 mg), individuals (10-20) of Adoncholaimus agglutinated
fine siliceous particles and hid in the lumps. The agglutination was less conspicuous in
fine sand, but even here the coherence of grains allowed the transport of agglutinated
lumps with a needle after several days. Microscopic inspection of such small lumps
after 14 days (sand) and 8 days (diatomaceous earth) stained with Alcian Blue revealed
the absence of any microbial aggregates; only a few single bacteria and small flagel-
lates were observed. Some stained droplets adhered to the particles and were assumed
to be contracted portions of mucus threads. In conclusion, there was no indication that
mucus secretions of nematodes per se would support substantial amounts of microbes
in the absence of organic detrital particles.

Live observations were made with Adoncholaimus thalassophygas and Anoplostoma
viviparum to identify the sites of mucus discharge and to visualise this discharge by
staining. If Adoncholaimus is touched with a needle at the caudal end, the worm some-
times adheres to the needle tip. With the nematode fixed in this way we observed that
the head end is sticky, taking up diatom shell fragments from the bottom of the boveri
dish. The pore of the ventral gland, which is located two head widths behind the anterior



106 Riemann & Helmke

end, showed no accumulation of particles. We then conducted experiments in which
pieces of cellulose tissue were laid on the siliceous sediment. While climbing and fas-
tening with the tail end within the meshes of the cellulose tissue, worms continuously
swept the substratum with swinging movements of the anterior body. They thereby at-
tached siliceous particles taken up from the substratum to the tissue fibres at places well
above the bottom and formed globular agglutinations. From these observations, we es-
timate the share of mucus derived from the head end in Adoncholaimus to be as high or
even higher than that secreted from the caudal glands during the formation of sediment
agglutinations. In contrast, the head end of Anoplostoma is only slightly sticky, and
these nematodes take up only a few particles from the ground with that region. The
main agglutination is produced by the caudal gland secretions, even when the worm is
hanging between cellulose fibres and is collecting sediment particles from the ground
beneath, as was described for Adoncholaimus. The posterior end of Anoplostoma with
the long, whip-like tail performs vigorous, undulatory movements during this activity.

Vital staining experiments with Alcian Blue conducted on nematodes within the sili-
ceous agglutinations revealed the very sticky, elastic and contractile mucus threads em-
anating from the caudal gland pores in both species. The thread thickness is only about
1 um. In Adoncholaimus a blue stained plug-like infilling in the barrel-shaped mouth
region was often observed (in 6 of 10 individuals in one series). This substance, pre-
sumably saliva, protruded sometimes to the exterior in front of the lips. In Anoplostoma
such a plug of stainable substance in the mouth was small and located close to the lips.

During staining we observed the extrusion of a mucus thread from the ventral gland
pore in three individuals of Adoncholaimus. These threads were as sticky and elastic as
those produced by the caudal glands, and the thickness of an extended thread fixed to
particles was about 1 wm.

3. Evidence for B-glucosidase activity

In agar preparations containing the fluorogenic methylumbelliferyl-p-glucoside
(MUF) and Adoncholaimus thalassophygas, an enhanced substrate fluorescence was
visible under the epifluorescence microscope after an incubation time of about 2 hours.
This fluorescence indicated B-glucosidase activity; its intensity increased during the
next few hours and, after one day, was visible to the naked eye using a normal UV lamp
(Hanau UV-Fluotest). Fluorescence was observed in assays processed both with and
without a prior antibiotic treatment of the worms. In the latter, microbial growth was
visible after 24 h, whereas in the former no growth occurred after that period. The nem-
atodes crawled vigorously during the first hours of the experiments, but became inac-
tive towards the end of the observation period due to coverslip pressure and other
unknown factors. Variations in the intensity of fluorescence were noted between micro-
scopic preparations, and sometimes clouds with a stronger fluorescence were observed.
An increased fluorescence was noted in one experiment around parts of Adoncholaimus
individuals that were crushed with a needle. Unfortunately, because the fluorescence
tended to fade in the UV light during extended periods of observation, we could not
locate the precise sites where the fluorescence originated.
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Discussion

1. Nematodes contribute to polysaccharidase
enzyme systems in sediments

The evidence for an extracorporeal B-glucosidase activity in cultures with Adoncholai-
mus thalassophygas, and our agar-plate observations, have provided new clues on the
significance of nematodes in the detritus food chains and may explain the function of
their detrital agglutinations. Extracorporeal discharge of various digestive enzymes has
been previously reported for a number of plant-parasitic and animal-parasitic nemato-
des (see Lee & Atkinson, 1976, for review), but the suspected occurrence of such an
activity in free-living aquatic nematodes, mentioned in the ‘Problem’, remained hypo-
thetical.

We observed that members of three nematode families (Oncholaimidae, Anoplosto-
matidae, Comesomatidae) promoted a conspicuous microbial growth on their trails in
agar plates, and with some reservation we can add members of three other common ma-
rine families (Monhysteridae, Xyalidae and Enoplidae), that generate similar effects, as
was displayed on the micrographs of Jensen (1996, which also showed trails of the co-
mesomatid Sabatieria pulchra). Thus, it appears that these conditions represent a life-
habit trait of aquatic nematodes that can be generalised.

Based on Meschkat (1934), who described a continuous mucus discharge by crawling
nematodes, Riemann (1986) tacitly assumed that secretions provided the nutritive sub-
strate for microbial growth, comparable to the results found with gastropods (Peduzzi
& Herndl, 1991; for contrasting results with triclad plathelminths see Calow, 1979).
Our present experiments with oncholaimids in mineral sediments (diatomaceous earth)
demonstrated no substantial discharge of nutritive mucus to support the development of
massive microbe aggregates as were seen in the oligotrophic agar plates. This result
prompted us to consider the nematodes’ capacity to discharge an enzyme that hydroly-
ses refractory agar components, thus liberating low molecular sugars which can be as-
similated by the nematodes and by their associated microbes. The main component of
agar is agarose, which contains B-glucosidic bonds (Schlegel, 1981).

B-glucosidases hydrolysing cellulose (i. e. components of the cellulase system) and
other refractory carbohydrates have long been reported to be produced by plant-attack-
ing nematodes (see review by Deubert & Rohde, 1971), but these studies were perpetu-
ally accompanied by doubts as to the contribution of associated microbes to the
relevant hydrolysing activity. Supporting evidence in the present study for an endoge-
nous production of B-glucosidases in nematodes comes from the growth pattern of mi-
crobe aggregates in the agar plates. They are strictly confined to the nematodes’ trails
for long times, up to one year or more, indicating that the worms actually contribute to
the enzymatic cleavage of refractory polysaccharide compounds. If the microbes them-
selves had agarolytic capabilities, we would expect an extended growth all over the
agar layer in the petri dish.

Smant er al. (1998) characterised four endogenous cellulase (-1,4-endoglucanase)
genes in two species of plant-parasitic tylenchid nematodes and assumed that the ability
to produce cellulases endogenously might be widely distributed within the Nematoda.
However, all previous indications for such activity derive from observations of the sub-
class Secernentea, while evidence from the subclass Adenophorea, which dominates in
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marine habitats, was lacking. Homology with bacterial cellulases raised the question
(Smant et al., 1998) whether nematodes have acquired their cellulases by horizontal
gene transfer from a prokaryote. There is the possibility that the acquisition of these
genes is based on a comparatively recent event that is not manifest in all phylogenetic
branches of the Nematoda. Therefore, a future molecular analysis of adenophoreans
(e. g., oncholaimids) for the presence of the same cellulase genes is desirable not only
because of its ecophysiological relevance but also for phylogenetic information.

Smant et al. (1997) demonstrated that exposure to potato root diffusate triggers the
secretion of the cellulase-containing pharyngeal gland proteins in plant-parasitic tylen-
chids. Accordingly, environmental factors probably also induce and repress the relevant
enzymatic activity in aquatic nematodes. In the agar-plate experiments the spectacular
bacterial growth was restricted to few days only, and it appears that this period is limited
by the termination of the nematodes’ enzymatic activity.

Fluorogenic methylumbelliferyl-substrates (MUF) have been used as substrate ana-
logs (Hoppe, 1983; methodological limitations are discussed by King, 1986) to analyse
polysaccharidase enzyme activity in sediments, mainly with microbiological perspec-
tives (Meyer-Reil, 1986; King, 1986; Boetius, 1995). Employing another technique,
Faubel & Meyer-Reil (1983) attempted to identify the proportion of degradation rates
caused by meiofauna versus micro-organisms. In a sandy beach sediment, the meiofau-
na (dominated by Oligochaeta) contributed one third of the total B-glucosidase activity,
but the authors assumed that a considerable amount of this activity could be derived
from micro-organisms that they found in the digestive tracts of the oligochaetes. No
attempt was made to axenise the animals in order to assess that amount.

Nematodes accelerate the decomposition processes of polysaccharide-rich plant de-
tritus. Examples of experiments conducted with marine nematodes are presented by
Findley & Tenore (1982) and Alkemade et al. (1992). Grazing on bacteria, because of
the concomitant maintenance of the microbial community in the log phase of growth,
and bioturbation effects have been discussed among others (see also Lee, 1980) as
causes for the higher mineralisation rates in the presence of nematodes. Based on our
present results with artificial glucosides we now consider the possibility that nematodes
with endogenous B-glucosidases interact in a more direct way with micro-organisms to
decompose refractory polysaccharides. Cellulose and other refractory carbohydrates
are degraded in soils and aquatic sediments mainly by fungi and bacteria which produce
a number of synergistically operating cellulases that attack structurally different com-
pounds of these most abundant natural polymers (Beguin & Aubert, 1994). We suggest
that aquatic nematodes may deliver enzymes supplementary to the complex microbial
cellulase system.

The attraction of degrading cellulose for nematodes is relevant here. Such an attrac-
tion was reported by Franz (1942) for secernentean soil nematodes (see ‘Problem’). In
marine habitats, Meyers & Hopper (1966, 1967, 1973) observed the attraction of on-
cholaimid nematodes to fungus-degraded cellulose substrates in the field and reported
on a numerically large and diverse nematode population in degraded cotton cellulose
filters of a laboratory seawater system (1967). They concluded (1973) that the activity
of nematodes may be correlated with microbial conversion of plant cellulose in the eco-
system. Other types of polysaccharides are also attractive. Heip et al. (1985, p. 461)
observed the concentration of juvenile and adult Oncholaimus oxyuris around tracks
made by the polychaete Nereis diversicolor. This observation concurs with our opinion
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related to the mucopolysaccharidic nature of the tracks, because oncholaimids are
attracted also to the mucus tracks of tubificid oligochaetes (Riemann, unpublished).
Riemann (1995) presented examples of the concentration of nematodes in freshly sedi-
mented gelatinous aggregates of plankton organisms, also noting the preferential immi-
gration of nematodes into agar media. In all these cases of attractive polysaccharides,
the B-glucosidase potential of nematodes could have a direct nutritive significance as it
may yield monomeric carbohydrates that can be consumed by the worms.

2. The role of associated heterotrophic microbes in the
nutrition of benthic nematodes: questions to a paradigm

Nematode behaviour in the microbe-loaded trails in agar plates did not include brows-
ing on bacteria. Studies on oncholaimids and other nematodes in degrading cellulose
detritus (Meyers & Hopper, 1967; Riemann & Schrage, 1978; Lopez et al., 1979) like-
wise failed to demonstrate uptake of micro-organisms involved in the cellulose degra-
dation process (although an unnoticed uptake of other microbiota in the community
was surmised). This is an unexpected result, since abundant species of several nema-
tode families occurring in detrital habitats have been demonstrated to feed on bacteria
(Nicholas, 1984; Schiemer, 1987, for reviews; modern examples: Herman & Vranken,
1988; Moens & Vincx, 2000). In our opinion, however, the issue of the generally as-
sumed high nutritive value of bacteria cell contents for benthic nematodes is still not
settled despite intensive research over many years (for old literature, see Overgaard
Nielsen, 1949; Hirschmann, 1952).

The failure to demonstrate bacteria-grazing, together with the evidence presented
here that several nematode species may directly use components of refractory polysac-
charides, suggests a shift in prevailing concepts on the relative nutritional significance
of elements of the detritus complex (particulate substrate, sorbed dissolved substances,
and the residing microbial community: detritus definition by Christian & Wetzel,
1978). Remarkably, the pertaining debate on the significance of microbial versus non-
living fractions also continues in studies on macrobenthic deposit feeding. Lopez &
Levinton (1987) reviewed the validity of the paradigmatic “microbial stripping hypoth-
esis” in the nutrition of detritus feeders and called particular attention to nonliving frac-
tions.

Concerning nonliving nitrogenous food resources for detritus feeders, nematodes
provide a special physiological argument. The intestines of benthic nematodes appa-
rently lack an efficient endogenous proteolytic digestion system (compare Jennings &
Colam, 1970; Lee & Atkinson, 1976; Deutsch, 1978; Nuss, 1985; Van de Velde & Coo-
mans, 1989). Only colloids may be processed by endocytosis in the intestine or (as was
observed in Anoplostoma) in the epidermis (Nuss, 1985). Accordingly, in order to as-
similate sizeable particulate food like microbe cells, the nematodes must rely on en-
zymes of foreign origin or on autolytic processes initiated by mechanical damage to the
ingested cells. Terrestrial and freshwater plectids and rhabditids, both notorious bacte-
ria-feeders (Nicholas, 1984), possess sclerotised elements in their pharynges which
might be suitable for squeezing bacteria. Most marine nematodes from detrital habitats,
however, lack bacteria-destroying mechanisms in their pharynges. If bacteria are taken
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up, they may persist for four days undigested in the intestine of the monhysterid Diplo-
laimella sp. (Deutsch, 1978).

Consequently, the apparent lack of efficient proteolytic capabilities in a number of
marine nematodes abounding in detrital sediments (e. g., Diplolaimella spp.) suggests
the existence and use of a pool of labile nitrogen compounds other than microbial
protein in this habitat. These compounds, probably dissolved or adsorbed amino acids
(about 5 to 10 % of the total amino acids in North Sea sediments are available without
application of proteolytic enzymes: Dauwe et al., 1999), may represent the nitrogenous
food for nematodes in detrital aquatic habitats.

3. Nematodes and heterotrophic microbes in detrital
habitats: the ‘enzyme-sharing’ concept

The lack of an efficient endogenous proteolytic digestion system in the intestines of
benthic nematodes may be compensated by microbial proteolytic activity in the ambi-
ent detritus. Data on such activity in muddy sand of the Kiel Bight have been presented
by Meyer-Reil (1986). Very high activity values were found by Boetius (1995) and Boe-
tius & Lochte (1996) in deep-sea sediments. Disturbance of sediment may boost values
an order of magnitude higher compared to undisturbed sediments; this should be con-
sidered in the context of bioturbation effects on microbial populations (Meyer-Reil,
1986). The incessant movements of most benthic nematodes are relevant here.

Detrital aggregates in the water column may serve as model microhabitats compara-
ble to detrital agglutinations produced by the nematodes. Smith ez al. (1992; see also
Martinez et al., 1996) noted an intense bacterial hydrolytic (mainly proteolytic) enzyme
activity on water column aggregates and they implied rapid particle dissolution, during
which most of the hydrolysates of particulate combined amino acids (about 97 %) dif-
fuse away. There are indications that protein is solubilised faster than polysaccharide.
The sinking aggregate was conceived as an “enzymatic reactor”, fuelled not only by the
particulate organic material of the aggregate itself, but also by the suspended particles
and colloids it accretes. In marine-snow studies nematodes have been found occasion-
ally in water column aggregates, and an anecdotal report by Shanks & Walters (1997)
precisely described what we expect many aquatic nematodes from benthic detrital hab-
itats will do: “Nematodes were observed to remain in aggregates throughout the obser-
vation period adding material from the surrounding water to the home aggregate”. This
sentence repeats the essence of what Meschkat (1934) had written. Accordingly, the
perpetual accretion of detrital organic particles could be an adaptation of nematodes to
run the machinery of an “enzymatic reactor”.

Finally, we recognise a relationship of mutual commensalism of nematodes and het-
erotrophic microbes in detrital habitats. We propose the term ‘enzyme sharing’ to de-
scribe this relationship. Both parties invest in a common enzyme pool that decomposes
organic detritus for their nutrition. Our experiments provide evidence that nematodes
contribute B-glucosidase involved in the cellulase system. The literature data suggest
that microbial enzymatic processing of detrital proteins yields amino acids available as
food for nematodes, whose intestines apparently lack an efficient proteolytic enzyme
system.
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Conclusions

In conclusion, we agree with the statement of Pomeroy (1979) concerning trophic level
concepts applied to detrital systems: “While it is relatively straightforward to organise
the classical plant-grazer-carnivore structure into trophic levels, the microbial com-
munity, living at the expense of a variety of particulate and dissolved substrates, does
not fit that scheme. Although there are several energy transfer steps between substrate,
bacteria and grazers, both protozoan and metazoan, they cannot be separated into neat,
distinct, trophic levels. This would be a trivial problem had not ecologists given the tro-
phic level concept such a strong sense of reality.”

Most arguments in our enzyme-sharing concept derive from observations made on
nematodes belonging to the family Oncholaimidae (Subclass Adenophorea). Oncholai-
mids are abundant in coastal waters, are easily kept in the laboratory (though a continu-
ous reproduction has not yet been achieved, see Moens & Vincx, 1998), and have often
been used for experimental studies. The conclusions on the role of nematodes in detrital
habitats depend, of course, on the extent to which these studies can be generalised.
“The success of nematodes in inhabiting such a wide range of environments rests on
their physiological, behavioural and biochemical adaptations, not on their structural di-
versity” (Nicholas, 1984). It is this functional diversity of the class that makes the des-
ignation of a ‘model nematode’, applicable for the elucidation of ecosystem processes,
a difficult task; it can only be solved by the joint efforts of ecologists and taxonomists.
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