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Abstract—Quantitative investigation of the factors responsible for trap formation in the nematophagous fun-
gus Duddingtonia flagrans F-882 in submerged liquid culture was carried out. The data obtained suggest a
complex program for the regulation of zootrophic nutrition in D. flagrans. Optimal concentrations of such
carbon and nitrogen sources as sucrose (0.4%), ammonium ions (0.2%), and tryptone (0.2%) promote trap
formation in the case of contact with the nematodes Panagrellus redivivus. Increased concentrations of these
compounds, however, inhibit trap formation. The sensitivity of the mycelium to nematode excreta depends
on the state of the culture and is increased under limitation by certain nutrient components or in the course
of prolonged starvation. A direct correlation was found between the number of caught nematodes and the
number of chlamydospores formed on the mycelium. The nutrients obtained from the nematode biomass are
used for formation of additional chlamydospores (on average, about 20 chlamydospores per nematode).
Environmental and evolutionary aspects of the role of zootrophic nutrition in carnivorous fungi are discussed.
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Carnivorous (nematophagous) fungi, apart from
saprotrophic growth on plant and animal debris, are
able to catch and kill soil nematodes to feed on their
content. Thus, in the structure of soil microcenoses,
carnivorous fungi play the roles of both predators and
decomposers. The fungi may act in either of these
roles, depending on environmental conditions.
Although the manner and mechanisms of nutrition in
carnivorous fungi have been investigated, some specif-
ics of these processes remain unclear [1]. Researching
the relationships between carnivorous fungi and their
prey improves our understanding of the structure of
soil microcenoses, including the role of nematopha-
gous fungi. Knowledge of the factors controlling their
life cycle will make it possible to establish the evolu-
tionary role of zootrophic nutrition in fungi.

Moreover, such research is of considerable applied
importance. Carnivorous fungi have long been used
against phytoparasitic nematodes [1]. Research on the
application of carnivorous fungi, mostly Duddingtonia
flagrans, against animal helmintoses and for improv-
ing the infective background of pastures has recently
been intense [2]. Attempts at practical application of
carnivorous fungi against parasitic nematodes have
sometimes been unsuccessful. The failures resulted
mainly from poor understanding of the physiology and
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ecology of the fungi used as a base for biopreparations.
Understanding of the factors controlling various stages
of the fungal life cycle is required for successful appli-
cation of nematophagous fungi in agriculture.

In surface cultures, D. flagrans forms an aerial
mycelium, which develops thin-walled two-cell
conidia after 1—2 days and chlamydospores with thick
rigid walls after 3 days. While conidia lose their viabil-
ity after several months, chlamydospores remain via-
ble for several years. Adhesive rings for capturing the
nematodes are formed by both aerial and submerged
mycelium on contact with the nematodes or their
excretions.

The goal of the present work was investigation of
the major factors responsible for transition from the
saprotrophic to the zootrophic type of nutrition in
D. flagrans.

MATERIALS AND METHODS

Subject of research was Duddingtonia flagrans
strain F-882 deposited in the collection of the Vector
State Research Center of Virology and Biotechnology.
The strain was maintained by transfers on peptone-
maize agar (PMA). The fungus was grown in liquid
culture in 750-ml flasks on a rotary shaker (180 rpm)
at 28°C. The MK medium contained the following:
molasses, 30 ml; maize extract, 7.5 ml; KH,PO,, 5 g;
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NH,NO;, 5g; MgSO,, 2 g; and tap water, to 11; pH 6.8
[1]. Liquid cultures were inoculated with the spores
obtained from the washout of the PMA-grown surface
culture.

The test object was the nematode Panagrellus redi-
vivus.

The samples for trap-developing experiments were
obtained in 200-ml conical flasks with 25 ml of the
medium grown for 2 days on a rotary shaker (180 rpm)
at 28°C. Each variant was carried out in three itera-
tions. The traps were enumerated under a 400x
Jenaval microscope, and the average results for
40 fields of view were determined.

The conditioning medium was prepared as follows:
the nematodes P. redivivus were stored in water for
4 days (1000 organisms/ml) and then removed by fil-
tration through a paper filter. The fungal culture sam-
ples were supplemented with the required amount of
the conditioning medium and antibiotics (ampicillin,
0.5 mg/ml, and benzylpenicillin, 1.0 mg/ml). The
composition of the conditioning medium was not
investigated.

Chlamydospore content in the sample was deter-
mined after 30-s sonication (20 pm) by counting in a
Goryaev chamber.

RESULTS AND DISCUSSION

Most works on carnivorous fungi have been carried
out with surface cultures grown on agarized media [3,
4]. They, however, exhibit extreme heterogeneity, since
different sites of the fungal culture differ in age and
physiological state. The composition of nutrients and
biologically active compounds differs in different sites
within an agarized medium. The results of quantitative
investigation on the physiology of carnivorous fungi
are therefore often imprecise and vary from author to
author.

Mixed liquid culture is a good alternative to surface
cultures, since it ensures uniform distribution of the
nutrients and their availability to the mycelium. In our
experiments, D. flagrans was grown in flasks on a tem-
perature-controlled rotary shaker. Trap formation by
the nematophagous fungus Arthrobotrys oligospora in
liquid medium was investigated by a similar technique
[5]. Stirring results in creation of homogeneous condi-
tions and therefore in the uniformity of the culture. In
MK medium, D. flagrans developed a loose mycelium
with a high biomass density (up to 12 g of dry biomass
per liter). We focused on the conditions for transition
of the fungus to zootrophic nutrition, i.e., the condi-
tions for formation of the nematode traps. D. flagrans
F-882 forms traps both in submerged and surface cul-
tures, making it possible to carry out quantitative
investigation of the parameters controlling this pro-
cess.

Critical concentration of the nutrient medium for
trap formation. We determined that D. flagrans F-882
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Table 1. Effect of different concentrations of carbon and
nitrogen sources on trap formation by D. flagrans
no. Medium* 0?52;211

1 | 80% water, no fresh medium ++

2 | 70% water, 10% fresh medium ++

3 | 60% water, 20% fresh medium ++++

4 | 40% water, 40% fresh medium ++

5 | 35% water, 45% fresh medium —

6 | 80% fresh medium —

7 | 0.2% sucrose ++

8 | 0.4% sucrose ++++

9 | 0.8% sucrose +++
10 | 1.2% sucrose +
11 | 1.6% sucrose -
12 | 0.2% NH4NO; ++++
13 | 0.4% NH4NO; +++
14 | 0.8% NH,NO; +
15 | 0.2% NaNO;, +
16 | 0.4% NaNO; +
17 | 0.8% NaNO; +
18 | 0.2% NH,CI ++++
19 | 0.4% NH,CI ++++
20 | 0.8% NH,CI +++
21 | 0.2% tryptone ++++
22 | 0.4% tryptone ++
23 | 0.8% tryptone +
24 | 1.0% tryptone —

Notes: * All samples were supplemented with the nematodes
P. redivivus, 100 individuals/ml.

** No traps (—), sporadic traps (+), two to five traps per field
of view (++), five to ten traps per field (+++), over ten
traps per field (++++).

did not form traps spontaneously. Trap formation was
induced only by contact with nematode excreta. This
type of induction is known for many carnivorous fungi
[6]. However, the presence of nematodes or their
excreta was not the only factor controlling trap forma-
tion. Introduction of the nematodes to MK-grown
liquid culture of D. flagrans did not result in formation
of traps. Rich media are known to inhibit trap forma-
tion in a number of other fungi [7].

We have shown that, in the culture of D. flagrans F-
882 grown in MK medium and then diluted with
water, contact with the nematodes induced trap for-
mation. In a series of experiments, the inoculum (3- to
4-day liquid culture, 20% of the final volume of the
liquid) was either diluted with water and fresh MK
medium at different ratios or supplemented with car-
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Table 2. Sensitivity of D. flagrans cultures with different histories to nematode excreta

Number of traps*
no. Medium
5% CM 10% CM 20% CM 40% CM 80% CM
1 Balanced medium — — — ++ NI
2 Sucrose medium — — ++ 44+ A4+
3 Old culture + +++ ++++ ++++ ++++

* No traps (—), sporadic traps (+), up to 5 traps per field of view (++), 5—10 traps per field (+++), over 10 traps per field (++++). CM stands

for conditioned medium.

bon and nitrogen sources. The nematodes P. redivivus
were added to all samples (Table 1).

The number of traps in submerged culture peaked
after two days at 28°C; i.e., it occurred at about the
same rate as in the surface culture [3]. The critical
nutrient concentration was within the 40—45% range
of their concentration in full-strength medium
(Table 1). Addition of small amounts of fresh medium
to the inoculum induced trap formation, while high
concentrations of the medium (~45%) completely
inhibited their formation. Under such conditions
(samples nos. 5 and 6), the nematodes remained viable
for a long time, while in samples nos. 1—3 they all were
dead after 2—3 days.

These results provided no information concerning
the nature of the compounds inhibiting trap forma-
tion. The effect of the individual components of the
medium on trap formation was therefore investigated.

Critical concentrations of different carbon and
nitrogen sources. Molasses—a mixture of different
carbohydrates, mostly sucrose (up to 50%)—is the
carbon source in MK medium. Maize extract and
ammonium nitrate are the nitrogen sources. Molasses
and maize extract have a complex composition.
Molasses contains also nitrogen compounds (amino
acids), while maize extract contains significant
amounts of lactic acid [8]. In order to determine the
role of carbohydrates and nitrogen compounds in trap
development, the effect of sucrose, ammonium, and
nitrate ions was studied. Tryptone, a nitrogen source of
animal origin, with elevated levels of amine nitrogen
(amino acids and peptides) was also investigated.

Table 1 shows that moderate concentrations of all
these compounds (except for sodium nitrate) pro-
moted trap formation. However, high concentrations
of the same compounds inhibited development of the
traps. The optimal concentrations resulting in the
maximal number of traps formed were 0.4, 0.2, and
0.2% for sucrose, ammonium chloride, and tryptone,
respectively. Ammonium ions (0.2—0.8%) increased
the number of traps. Nitrate ions, however, exhibited a
certain inhibitory effect. In the case of ammonium
nitrate (0.2—0.4%), the incentive effect prevailed.

While the critical addition of fresh medium (45%)

equivalent to approximately 0.7% sucrose inhibits trap
formation completely, the same amount of sucrose

does not inhibit trap formation. The sugars of molasses
and nitrogen present in the complete medium proba-
bly act as synergists.

The reaction to tryptone shows that D. flagrans
mycelium is especially sensitive to amino acids, which
stimulate trap formation at low concentrations and
inhibit it partially or completely at higher concentra-
tions. Arthrobotrys oligospora is also known to form no
traps on media with three amino acids (histidine,
methionine, and tryptophan) and some vitamins [9].

Thus, two requirements are necessary for initiation
of trap formation. First, the concentrations of carbon
and nitrogen sources should be below a certain level.
Second, the mycelium should be in contact with the
nematode excreta. These findings suggest technologi-
cal recommendations for the application of D. fla-
grans-based biopreparations. While excessive intro-
duction of organic and mineral nitrogen fertilizers
may inhibit trap formation, thus decreasing the effi-
ciency of the preparation, moderate introduction of
ammonium-containing fertilizers will stimulate trap
development. This will lead to lower consumption of
the preparation at the same level of its efficiency.

Effect of the history of the culture on mycelial sensi-
tivity to nematode excreta. The data on the sensitivity
of the mycelium to nematode excreta are of interest.
Three samples of D. flagrans mycelium were studied,
namely, fresh 4-day culture grown in the balanced MK
medium, fresh 4-day culture grown in 3% sucrose
solution (nitrogen limitation), and MK-grown culture
after incubation for 3 months at 4°C. Each sample was
supplemented with 20% of the relevant culture and an
aliquot of conditioning medium containing nematode
excreta and water (Table 2).

The cultures exhibited different responses to nem-
atode excreta. The old culture (no. 3) with the highest
degree of limitation was the most sensitive. The cul-
ture incubated in pure sucrose-containing medium
(under nitrogen limitation) also exhibited relatively
high reactivity. The fresh culture grown in rich bal-
anced medium was the least sensitive to nematode
excreta. Thus, the physiological state of the culture has
a significant effect on its reaction to excreta of the
nematodes. Limitation by one or several nutrient
components makes the mycelium sensitive to the
excreta.
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Table 3. Chlamydospore yield depending on the amount of nematodes added to D. flagrans culture grown in an unbalanced medium

Nematodes added, Chlamydospores, | Chlamydospore yield .
no- individuals/ml 104/ml relative to the control Chlamydospore quality
1 Control, no nematodes 106 +1.5 1 Immature, with thin walls
2 400 20.7%£2.6 2 Mature, with thick dark walls
3 800 20.9+3.1 2 Mature, with thick dark walls
4 1600 21.4+2.8 2 Mature, with thick dark walls

Our results suggest a complex program for regula-
tion of zootrophic nutrition in D. flagrans. Traps are
not formed when the nematodes are scarce or absent
in the medium. Prolonged starvation or an imbalance
of the nutrient components increases the sensitivity to
nematode excreta, so that the traps are formed at a
lower nematode concentration in the environment.
On the contrary, traps are not produced in rich
medium, irrespective of the number of nematodes.

Zootrophic nutrition and chlamydospores. D. fla-
grans is a good model for investigation of the role of
zootrophic nutrition. We have previously determined
that dilution of liquid medium with water induces the
process of chlamydospore formation [10], while it is
also one of the requirements for trap formation. Thus,
in D. flagrans culture grown in a rich medium diluted
with water and supplemented with nematodes, two
processes are induced simultaneously, i.e., trap forma-
tion and chlamydospore development. The traps begin
to form by the end of the first day, with their maximum
after 2 days of incubation on a shaker at 28°C. Forma-
tion and maturation of chlamydospores are completed
after 4—6 days of incubation.

The experiments were arranged in order to deter-
mine the effect of zootrophic nutrition on the quantity
and quality of chlamydospores in the culture. The test-
ing was carried out on two types of cultures. In the first
case, the culture was grown for 4 days in 3% sucrose,
i.e., under limitation by nitrogen and other nutrients.
The second type was a 4-day culture grown in MK bal-
anced medium. Different amounts of the nematodes
P. redivivus were added to the samples. The same cul-
tures without nematodes, diluted fivefold with water,
were used as the control. The content of chlamy-
dospores was determined after 6 days.

After 2 days, numerous traps were formed in all
variants, except for the controls. All the nematodes
were Kkilled and consumed by the mycelium over
3 days. In culture no. 1 with sucrose excess (control),
numerous chlamydospores were budded (Table 3).
However, formation of normal chlamydospores was
not completed due to the imbalance of the medium.
The chlamydospores varied in size and had transpar-
ent contents and thin colorless walls, which are char-
acteristics peculiar to immature chlamydospores.
Addition of the nematodes (400 individuals/ml) had
two significant consequences (Table 3). The yield of
chlamydospores was twice as high as in the control.
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Moreover, the chlamydospores themselves acquired
the characteristics of mature spores, i.e., thick dark
walls. The substances obtained by the mycelium from
the nematodes were evidently used to counteract
nutrient deficiency. Further increase in the number of
nematodes (samples nos. 3 and 4) did not result in a
significant increase of the chlamydospore vyield.
Numerous immature chlamydospores were budded in
the imbalanced sucrose medium prior to the introduc-
tion of the nematodes. The result of 2 x 10° chlamy-
dospores/ml probably correlates with the number of
chlamydospore buds. Since budding chlamydospores
vary greatly in the size and rigidity of their walls, some
of them were probably disintegrated during sonication
during preparation of the samples, resulting in an
underestimate of budding chlamydospores in the con-
trol. In this case additional nutrition could not result
in a significant increase of the number of chlamy-
dospore initiated prior to the contact with the nema-
todes. Additional nutrition obtained from the nema-
tode biomass was used for development of chlamy-
dospores and simultaneous mycelial growth. A similar
effect was reported for a nematophagous fungus
Arthrobotrys oligospora, where the addition of a small
number of nematodes resulted in a significantly
increased conidium yield on solid medium [9].

In the culture grown of the balanced MK medium,
dilution with water resulted in formation of normal
mature chlamydospores both in the experimental and
control variants. Storage compounds in the mycelium
had a balanced composition, so that the nematodes
were not required for formation of mature chlamy-
dospores. Only an increase in chlamydospore yield
was therefore observed (Table 4). An evident correla-
tion exists between the number of nematodes added
and an increase of the chlamydospore yield. The coef-
ficient of linear correlation was 0.9 (at a 95% signifi-
cance level). An average of 19 mature chlamydospores
were formed per nematode. Additional nutrition
derived from the biomass of the killed nematodes was
used to form additional chlamydospores, i.e., the
nematode biomass was used to form the reproductive
structures of nematophagous fungi. In this case, both
processes (formation of chlamydospores and traps)
were initiated simultaneously, while, in sucrose
medium, chlamydospore buds were formed prior to
addition of the nematodes.
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Table 4. Chlamydospore yield depending on the amount of nematodes added to D. flagrans culture grown in a balanced medium

o, N;mgtgdes added, Chlamyiiospores, Chlamydospore yield Average increa}se in , Incrqase in chlamydospore
individuals/ml 10%/ml relative to the control |chlamydospore yield, 10 yield per nematode
1 Control, no nematodes 34+04 1 0 —
2 800 4.7£0.6 1.3 1.3 16.2+2.1
3 1600 6.6+0.5 1.9 3.2 20.0+ 1.5
4 3200 10.3£0.8 3 6.9 21.6+1.7

Evolutionary aspect. The role of zootrophic nutri-
tion in the life of carnivorous fungi is still debatable.
Two hypotheses exist explaining the reasons for the
repeated emergence of carnivorism in the evolution of
fungi. The first suggests that nematodes serve as a
nitrogen source, since available nitrogen is known to
be deficient in plant waste, where carbon sources rela-
tively predominate [11]. The second hypothesis some-
what supplements the first one, suggesting that the
nematodes probably act as a source of biologically
active compounds, which stimulate sporulation on
poor media [9]. In both cases, the limitation by defi-
cient substances is overcome by obtaining them from
the nematode biomass.

Our research demonstrated that the D. flagrans cul-
ture is able to obtain all the nutrient components
required for chlamydospore formation from the nem-
atode biomass. The ecological role of the fungus is
determined by the state of its mycelium, depending on
the growth conditions, and by the conditions in the
soil microzone surrounding the mycelium. When
there is an excess of organic matter, it utilizes purely
saprotrophic nutrition, which is supplemented with
the zootrophic mode under nutrient deficiency.

Importantly, unlike addition of soluble carbon and
nitrogen sources, addition of the nematodes did not

Growth of vegetative Depletion of the medium

mycelium

Contact
with the nematode

inhibit chlamydospore formation induced by dilution
of the medium. The process of chlamydospore forma-
tion is not interrupted, and additional nutrients are
used for development of additional chlamydospores.
Saprotrophic nutrition is therefore the basis of the life
cycle of D. flagrans, as well as of its ancestors (see fig-
ure). For these fungi, zootrophic nutrition is a second-
ary mode in both evolutionary and ecological aspects,
simply supplementing the basic life cycle of a typical
saprotroph.

However, when induced, zootrophic nutrition car-
ries out all the functions of nutrition, together with the
saprotrophic mode. Singling out the limitation of any
specific component as a leading factor in the evolution
of carnivorous fungi is a flawed approach. D. flagrans
is able to form full-grown spores on plant substrates,
e.g., on medium with molasses and maize extract. A
captured nematode is just another substrate, similar to
other organics present in soil. The mycelium extracts
all the necessary components from the nematode in
order to ensure spore formation and mycelial growth.

Development of the zootrophic mode of nutrition
made it possible for carnivorous fungi to expand their
ecological niche significantly. The worldwide occur-
rence of such fungi, including D. flagrans, confirms
their evolutionary success. The known D. flagrans iso-

Resting phase, chlamydospore
formation

Increase in
in chlamydospore number

Formation of traps

Role of zootrophic nutrition in the life cycle of D. flagrans.
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lates are known to be genotypically very close, having
diverged from a common ancestor in the relatively
recent past (16—23 000 years ago) [12].

The results obtained suggest existence of a complex
program for the regulation of zootrophic nutrition in
D. flagrans. While the mode of nutrition typical of
their saprotrophic ancestors remains the main one, the
zootrophic mode is used only under conditions of lim-
itation by specific nutrient components. Experiments
with submerged culture made it possible to determine
the critical concentrations of some carbon and nitro-
gen sources and compare the sensitivity to the nema-
tode excreta for mycelia grown under different condi-
tions. The nematodes were shown to be used not only
to compensate nutrient limitation, but also to ensure
formation of full-grown chlamydospores.
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