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FIG. 2. Nematodes limit spread of amoebae in soil. One plate was
inoculated with 2-3 g of soil from a soil culture infected with C. elegans.
The next day 107 spores were added at the points marked by the
hatched circles. After 66 h there were slugs or fruiting bodies at the
positions marked by open circles, after 86 h there were slugs or fruiting
bodies as marked by triangles, and after 110 h there were slugs or

fruiting bodies at the places marked by closed circles.

tode in about 10 ,ul of water was placed on the edge of a Petri
dish of SM/5 agar spread with K aerogenes. Nematodes moved
rapidly from the point of origin onto the rest of the dish, and
after 3 days plaques of Dictyostelium appeared in the lawn of
bacteria (data not shown). These were often in a trail 5-6 cm
from the point of deposition. The average number of colonies
formed per nematode is shown in Table 1. A much larger
volume (100 ,lI) was tested for spore carryover than was

required to deposit a single nematode, but in the majority of
cases there were no uningested spores in the second wash.
Microscopy did not reveal any tendency for spores to stick to
the surface of the worms.

Nematodes may affect Dictyostelium in another way. C.
elegans dauer larvae form under conditions of starvation after
the second larval molt and are specialized for survival and
dispersal. They are motile but do not feed. In the soil condi-
tions described above, nematodes multiply rapidly, but after
6-7 days, dauer larvae appear. Dauer larvae climb the stalks of
slime mold fruiting bodies and become enmeshed in the spore

FIG. 3. Nematodes do not disrupt Dictyostelium slugs. Axenically

growing amoebae were washed, plated on agar prepared with distilled

water, and allowed to form slugs. Nematodes were removed from a

culture growing on K aerogenes and mixed with the slugs. Two

examples from among several hundred are shown. Slugs are the large
bodies running from top to bottom. Nematode larvae are 0.5-1 mm

long.

FIG. 4. Dictyostelium spores remain intact in the nematode gut.
Spores were harvested from mature fruiting bodies of strain NC4 and
resuspended in water. The spores were centrifuged and placed on an
agar surface with a population of C. elegans. After 4 h nematodes were
viewed as described for Fig. 1, except that a filter for blue fluorescence
was used. The phase image is superimposed.

masses, where they writhe and cause the fruiting bodies to
move. Fig. 5 Right shows an example of a dauer larva in a spore
mass. Adult nematodes remain at the base of the stalks of the
Dictyostelium fruiting bodies, as shown in Fig. 5 Left. In
cultures of soil inoculated with nematodes and D. discoideum,
many dauer larvae crawl up the stalk, so that one stalk, stripped
of its spores, can support 10-20 dauer larvae. The spore masses
are maintained by surface tension and when disturbed by the
dauer larvae, they slide down the stalk to the substrate. Spores
in these soil cultures are still viable, even though intact fruiting
bodies are no longer visible (data not shown).

D. discoideum and C. elegans are laboratory strains and it is
not clear that the interactions detailed above would be ob-
served in fresh isolates. To answer this question and because
other aspects of the relationship of social amoebae and
nematodes might be apparent in fresh isolates, we isolated
amoebae and nematodes that inhabited a single small sample
of soil. Among the slime mold species recovered from North
Carolina forest soil were Dictyostelium purpureum, Dictyoste-
lium mucoroides, Dictyostelium minutum, and Polysphondylium
violaceum. Several rhabditid species of nematode were recov-
ered that differ from C. elegans but have not been further
identified.
The recovered nematodes all feed on the UK7 tester strain

of D. discoideum. The most robust newly recovered nematode
species feeds on.amoebae of D. purpureum, a cellular slime
mold recovered from the same soil sample. Other aspects of
the interaction also occur. Fluorescent labeled amoebae are
ingested by the new isolate of nematode, although the pref-
erence of the worms is for bacteria. The new nematode is
unable to penetrate the aggregates of D. purpureum. Spores of
D. purpureum pass safely through the gut, and the ability of the

Table 1. Spores are transported by nematodes

Number Total Spores/worm
Exp. of worms colonies Avg. Range

1 15 75 5.0 1-15
2 17 45 2.6 1-9

Adult hermaphrodites were fed washed spores for 3-4 h on an
agarose plate. Individual nematodes were then removed and washed
in 2 ml aliquots of water. Each worm (in -10 ,ul H20) was placed on
an SM/5 plate prespread with K aerogenes and incubated for several
days at 22°C. Colonies of D. discoideum appeared after 2 days. Spores
were deposited at variable distances from the origin up to a distance
of 5 cm, depending on the path of the nematodes. A 100 Al aliquot of
the second wash was plated to assure that there was no carryover of
spores in the wash.
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FIG. 5. Dauer larvae climb into spore masses. Dictyostelium and C.
elegans were cocultivated on filters and fixed for scanning electron
microscopy as described. (Left) Adult nematodes at the base of a
fruiting body. (Right) Dauer larva that has climbed into the spore mass.
(Left, X50; Right, X78.)

dauer larvae to crawl into the spore masses is also apparent in
the wild combination. An additional aspect of the relationship
was detected. High densities of D. purpureum amoebae repel
the new rhabditid species. These results are shown in Fig. 6.
Ten nematodes were placed in the central 7-mm strip of each
plate. Bacteria (K aerogenes) were placed on one side and the
new isolate of D. purpureum on the other. Control plates with
no bacteria or amoebae show nematodes that have moved
randomly. Bacteria alone attract the worms. When bacteria
and amoebae are used, the preference is again for the bacteria.
Even when amoebae alone are the only food, the worms are
repelled into the empty region of the plate. D. purpureum
secretes an agent to which the worms are negatively chemo-
tactic. Labeling experiments show that these worms will eat the
amoebae when the entire lawn is composed of D. purpureum.

DISCUSSION
A predator-prey relationship may exist between C. elegans and
D. discoideum. C. elegans and D. discoideum compete for the
same food-bacteria. If the nematodes deplete the bacterial
population, the starving amoebae may respond by aggregating
and synthesizing the mucopolysaccharide sheath. Such an act
would be adaptive since the nematodes would otherwise
destroy them. In this view, the aggregates and slugs can be seen
as convoys of cells, sequestered from marauding nematodes.
The aggregating cells would be vulnerable to nematodes during
the first 12 h of their development, before they have assembled
and had time to secrete their mucopolysaccharide coating. We
speculate that enough sheath material to protect them can only
be synthesized by aggregates of cells. The sheath has been
subjected to a number ofbiochemical and electron microscopic
analyses (15, 16). It is a trilamellar cellulose and protein rich
structure up to 50 nm thick that is confined to the periphery
of the aggregate and slug and does not penetrate between the
cells (17, 18).

Individual cells may have evolved independent ways to
protect themselves from ingestion. C. elegans ruptures the
amoebae. This method of feeding might be defeated by a
microcyst or a macrocyst, which have rigid cellulose walls and
are larger than spores. The microcyst is a single cell dormant
form of some species of slime mold (19), although not of D.
discoideum. The macrocyst is a putative sexual stage of Dic-
tyostelium and other slime mold species and is composed of
many cells surrounded by a trilaminar cellulose wall (20). Many

other soil amoebae which are not multicellular may be prey for
nematodes (5). Most of these are capable of forming a single
cell cyst, which could be protective. An additional means of
protection may be the secretion of substances that repel the
worms, as shown in Fig. 6.
Once the slug has moved away from its original environ-

ment, culmination would occur as an additional adaptation to
aid in dispersal (2, 3), perhaps by microarthropods or annelids.
Adult C. elegans may participate in dispersal by carrying spores
in their digestive tracts. Nematodes also disperse bacteria, the
food of the cellular slime molds, and it is possible that the
relatively sessile bacteria and slime mold spores are deposited
and grow in a favorable spot, while the more motile nematodes
move on. Nematodes are not the only means of dispersal
among the soil macro fauna. Huss (21) demonstrated that
earthworms and pillbugs contained several Dictyostelium spe-
cies and, as in the case of the nematodes, spores were more

K. aerogenes D. purpureum

FIG. 6. Hepes buffered plates (pH 7.2) were solidified with 2%
phytagel and K aerogenes was spread on one side (9 >( 108) and D.
purpureum (5 X 108) was spread on the other in the combinations
indicated. The amount of protein on the side containing amoebae is
20(-50O times greanter thain oin the bacterial side. Teon aduiilt hermaphro-
dites were deposited in the center strip, allowed to migrate for 1 h, and
then killed with chloroform vapor. Their tracks were recorded using
negative contact prints (11).
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resistant than amoebae. Dispersal of various slime mold
species by birds has also been described in an extensive study
(22). Dictyostelid spores may pass up the food chain and be
dispersed over wide areas by migratory songbirds.
We postulate that the Dictyostelium spore coat is adapted to

survive the conditions of the nematode gut. As the information
in Fig. 4 shows, the spores pass through the gut without change
of shape and in viable form. Mutants that lack spore coat
proteins (23, 24) may be vulnerable to the gut of the worm,
although the spores that they produce appear normal under
laboratory conditions. Such a possibility was envisioned by
Loomis and his colleagues (23).
That there may be a close association of free living soil

nematodes and the social amoebae has not been appreciated.
For the nematodes, the amoebae are a source of food and may
also benefit the nematodes by providing a stalk that places the
dauer larvae, the stage specialized for dispersal, in a more
advantageous position for that dispersal. The long-term ad-
vantage for the amoebae, put forward as a hypothesis, may be
that through selection, the slime molds have evolved protec-
tive, antipredator mechanisms that depend on size increase by
assembly of a multicellular organism. This may then lead to
even more successful dispersal, both through creation of a
migratory slug and a fruiting body that projects into the
interstices of the soil, an environment of small arthropods.
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