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A Collagenolytic Fungus, Cunninghamella elegans, for 
Biological Control of Plant-parasitic Nematodes I 

S. GALPER, 2 E. COHN,  ~ Y.  SPIEGEL, 2 AND I.  CHET ~ 

Abstract: T h e  root-galling index of  tomatoes inoculated with Meloidogynejavanica was decreased 
70% when collagen was used as a soil amendment  (0.1% w/w) and 90% when the amendment  was 
supplemented with the collagenolytic fungus Cunninghamella elegans. T h e  root-galling index was 
reduced 80% when the  fungus was homogenized in collagen culture medium and added to soil 
without collagen supplement. Culture filtrates of  the fungus C. elegans, grown on collagen as a single 
source of carbon and nitrogen, immobilized M. javanica second-stage juveniles and inhibited egg 
hatch. Root galling was reduced when tomato plants were inoculated with filtrate-treated juveniles. 
Culture filtrates reduced the motility of  Rotylenchulus reniformis and Xiphineraa index, but  they had 
less effect on Anguina tritici and almost no effect on Ditylenchus dipsaci. Cunninghamella elegans had 
collagenolydc, elastolytic, keratinolytic, and nonspecific proteolytic activities when grown on col- 
lagen media, but  only chitinolytic activity when grown on chitin media. 

Key words: Anguina tritici, biological control,  chitinase, collagen, collagenase, Cunninghamella ele- 
gans, Ditylenchus dipsaci, elastase, fungus, keratinase, Meloidogyne javaniea, Rotylenchulus reniformis, 
Xiphinema index. 

Biological cont ro l  of  plant-parasi t ic  
nematodes has been achieved through ap- 
plication of  organic amendments  (10) and 
fungal or bacterial parasites of juveniles, 
females, and eggs (12). In previous work 
(4), we showed that collagenase and pro- 
tease suppressed infection of  tomato roots 
by juveniles of  Meloidogyne javanica, Also, 
collagen was more lethal to nematodes than 
were other  protein amendments,  probably 
because collagen induced collagenase in 
addition to other  proteases. 

The  collagenous nature of  the nematode 
cuticle has been reported in the animal par- 
asite Ascaris lumbricoides (8), the free-living 
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nematodes Caenorhabditis elegans (3) and 
PanagreUus silusiae (6), and the plant-par- 
asitic nematode Meloidogyne incognita (11). 
Collagen was found mainly in the medium 
and basal cuticle layers of  C. elegans and M. 
incognita (3,11), but it occurred in all layers 
of  the cuticle of  the adult female and sec- 
ond-stage juvenile of M. incognita (5). We 
suspect that the suppression ofM. javanica 
by collagen amendments to soil results from 
the production of collagenase and the sub- 
sequent damage to the nematode cuticle. 

Adding both a collagenolytic fungus and 
collagen to soil might accelerate the pro- 
duction of collagenase and thereby en- 
hance the nematicidal effect of  the amend- 
ment. The  purpose of  our work was to 
evaluate the nematicidal effect of  collagen 
supplements to the soil when combined 
with a collagenolytic fungus, Cunningham- 
ella elegans (Mucorales). 

MATERIALS AND METHODS 

Nematodes: Infective, second-stage ju- 
veniles (]2) ofAnguina tritici were extracted 
from infected, seedlike wheat (Triticum aes- 
tivum cv. Lakhish) galls and rinsed on a 10- 
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~m-pore sieve to remove plant tissue. Dit- 
ylenchus dipsaci was propagated on garlic 
(Allium sativa cv. Lavinia) in the green- 
house. Infective juveniles, females, and 
males were dissected from infected plant 
tissues. Meloidogyne javanica and Rotylenchu- 
lus reniformis were propagated in the green- 
house on tomato (Lycopersicon esculentum cv. 
Faculta 38) and on pot ted seedlings of  up- 
land cotton (Gossypium hirsutum cv. Acala 
1517-C), respectively. Juveniles were col- 
lected from infected roots in a mist cham- 
ber. FemaleS~ males, and juveniles of Xiph- 
inema index were extracted from soil around 
fig trees (Ficus carica L.) grown in our 
screenhouse, All nematodes were washed 
with distilled water or phosphate buffered 
saline (PBS). 

Fungus: Cunninghamella elegans was iso- 
lated from sandy soil from Bet Dagan that 
had been enriched with collagen. Ten  
grams of  moist soil was placed in a 500-ml 
flask containing 400 ml autoclaved water 
and stirred for 15 minutes. An aliquot (ca. 
0.2 ml) of  the suspension was spread on 
rose bengal medium (7) and incubated for 
5 days at 28 C. Fungal colonies were trans- 
ferred to a chitin-agar medium where pro- 
fuse sporangiophores allowed easy identi- 
fication of  the species. The  fungus was 
maintained at 10 C on chitin-agar contain- 
ing per  liter: 2 g colloidal chitin, 1 g 
(NH4)2SO4, 0.3 g MgSO~, 0.8 g KH2PO4, 
0.4 g KNO3, and 20 g agar. For the soil 
studies, the fungus was grown in three liq- 
uid media: 1) Czapek without agar; 2) chi- 
tin medium as described above without 
agar, and 3) collagen medium containing 
per  liter: 2 g collagen (Sigma), 0.8 g 
K2HPO4, 0.1 g CaC12, and 0.3 g MgSO4" 
7H20.  The  fungus was incubated in 100 
ml of  each medium in 250-ml flasks on a 
shaker; chitin-agar discs (1.5 cm) colonized 
with the fungus were used to inoculate the 
flasks, one disc per flask. After  5 days at 
28 C, the fungus was homogenized with 
the culture medium or separated from the 
medium by centrifugation (20 minutes at 
12,000 g) and suspended in water. The  ho- 
mogenate was diluted 1:1 with water be- 
fore addition to soil. The  culture filtrate 

obtained after separation of  mycelium was 
passed through a cellulose triacetate filter 
(0.45-gm-pore) and used for in vitro tests. 

Greenhouse tests: Four-week-old Faculta 
38 tomato seedlings from surface-sterilized 
seeds were transplanted to 500-cm 3 plastic 
pots filled with untreated sandy loam soil 
(47% sand, 38% silt, 15% clay; pH 7.9-8.1, 
organic matter  0.8%). In one experiment, 
a mycelial suspension of  C. elegans (0.5 g 
dry weight/pot) ,  with or without 0.1% 
W / W  collagen, was mixed into the soil at 
transplanting. In another experiment,  the 
homogenized culture without additional 
collagen was mixed into the soil at trans- 
planting. In both experiments, approxi- 
mately 600 M. javanica eggs were added to 
the soil near the roots of  each plant at 
transplanting. Unamended,  nematode-in- 
oculated plants served as controls. The  
plants were maintained in a growth cham- 
ber (28 + 3 C). Thirty-five days after in- 
oculation, the experiments were terminat- 
ed and galling was evaluated using a 
subjective scale from 0 to 5, where 0 = no 
galling, 1 = 20%, 2 = 40%, 3 = 60%, 4 = 
80%, and 5 = 100% of  the roots covered 
with galls. Each treatment had eight rep- 
licates, arranged in a completely random- 
ized block design, and the experiments 
were conducted three times. 

In vitro studies: The  effect of  the fungus 
and its collagen culture filtrate on the mo- 
tility of  several plant-parasitic nematodes 
was studied in multiwell plates (Becton 
Dickinson Labware, Rutherford,  N J). An- 
guina trit~ci, D. dipsaci, M. javanica, R. ren- 
iformis, and X. index (ca. 50 vermiform nem- 
atodes/well)  were incubated for 48 hours 
at 30 C with 1.5 ml of  fungal culture filtrate 
or  mycelial  suspension (2 m g / m l  dry  
weight). In the case of  M. javanica, various 
dilutions of  the culture filtrate were also 
tested. Deionized water and autoclaved fil- 
trates were used as controls. Motility was 
the criterion used to evaluate the effect of  
the fungus or its culture filtrate on the 
nematodes. The  effect on M. javanica egg 
hatch was evaluated by incubating 50 eggs 
per well containing 1.5 ml of  the fungal 
culture filtrate or mycelial suspension (2 



CunninghameUa eIegans as a Biocontrol Agent: GaIper et al. 271 

mg /ml  dry weight). Deionized water and 
autoclaved filtrates were used as controls. 
The  number  of  hatched eggs was deter- 
mined after incubation at 30 C for 48 hours. 
All treatments were performed in eight 
replicates, one well per  replicate, and each 
experiment was conducted three times. 

The  infectivity of  M. javanica treated in 
vitro with the culture filtrate was evaluat- 
ed. Four-week-old tomato seedlings were 
transplanted to pots with the same soil and 
kept under  the same conditions as de- 
scribed for the greenhouse tests. Each pot  
was inoculated with 400 J2 that had been 
treated with the culture filtrate for 48 hours 
at 30 C. Juveniles were rinsed with water 
before inoculation. Juveniles incubated 
under  the same conditions in water were 
used as controls. After 5 weeks, plants were 
removed and root  galling was rated. The  
tests were performed with 10 replicates and 
repeated three times. 

Enzymatic activity of Cunninghamella ele- 
gansfiltrates: The  culture filtrates of  C. ele- 
gans from the chitin, collagen, and Czapek 
liquid media were tested for chitinase, col- 
lagenase, elastase, keratinase, and protease 
activity. The  enzyme assays were per- 
formed with substrates that release a dye 
into the medium when degraded. Proteo- 
lytic activity was tested with a substrate so- 
lution of  6 m g / m l  Azocasein (Sigma) in a 
buffer solution of  0.05 M Tris-HC1 (pH 
7.6) and 5 mM CaC12. Culture filtrate (0.5 
ml) was incubated with 0.5 ml of  the sub- 
strate solution at 37 C for 20 minutes. The  
reaction was terminated by adding 0.5 ml 
10% trichloroacetic acid, and the mixture 
was incubated for 30 minutes on ice. The  
mixture then was centrifuged for 15 min- 
utes, and the supernatant was analysed in 
a spectrophotometer  (Schimadzu UV 120- 
02) at 400 nm. Elastase activity was deter- 
mined by using elastin congo red (Sigma) 
(13). Collagenase activity was tested with a 
synthetic peptide (p-phenylazobenzyloxy- 
carbonyl-L-propyl-L-leucylglycyl-L-propyl- 
D-arginine) (Boehringer) (14). Keratinase 
was tested by incubating 2 mg keratin azure 
(Sigma) and 1 ml fungus culture filtrate at 
37 C for up to 15 hours. After centrifu- 

gation, the supernatant was read at 595 
nm. Chitinase activity was determined by 
incubation of  2 mg chitin azure (Sigma) 
with 0.5 ml culture filtrate and 0.5 ml 0.05 
M buffer citrate, pH 5.5, at 40 C. The  re- 
action was terminated after 18 hours by 
adding 0.5 m110% trichloroacetic acid, and 
the mixture was incubated for 30 minutes 
on ice. The  mixture then was centrifuged, 
and the supernatant was read at 540 nm. 

Data were subjected to an analysis of  
variance, and means were separated by 
Duncan's multiple-range test (P = 0.05). 
Because similar results were obtained with 
repeated experiments, data presented are 
from one representative experiment. 

RESULTS 

The  addition of  collagen to soil reduced 
the root-knot galling index in tomato roots 
by 70% (Fig. 1). When both Cunningham- 
ella elegans hyphae and collagen were add- 
ed to soil, the galling index was reduced 
by about 90%, irrespective of  the medium 
on which the hyphae were grown. How- 
ever, fungal hyphae grown on collagen me- 
dium, as well as on the two other  media 
(data not shown), did not significantly in- 
fluence root  galling in the absence of  sup- 
plemental collagen (Fig. 1). When added 
to soil, the collagen culture homogenate  
reduced the galling index by 80%, the chi- 
tin culture homogenate  reduced it by only 
30%, and the Czapek culture homogenate  
did not reduce root  galling (Fig. 2). 

The  motility (expressed as a mean + SE 
percentage of  the water controls) of  nema- 
todes treated with collagen culture filtrate 
was 0 + 0 for X. index, 3 + 0.3 for R. 
reniformis, 10 + 3 fo r  M. javanica, 62 + 7 
for A. tritici, and 90 +_- 10 for D. dipsaci. 
The  motility of  M. javanica juveniles de- 
creased as the concentration of  the colla- 
gen culture filtrate increased (Fig. 3). About 
30 _+ 8% of  the immobilized juveniles that 
had been treated with undiluted culture 
filtrate recovered (i.e., became  motile) af- 
ter 24 hours in deionized water. The  root- 
galling index of  tomato plants inoculated 
with untreated J2 was 4.5, and with J2 pre- 
treated with undiluted culture filtrate it was 
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F16. 1. Galling of tomato roots by Meloidogyne ja- 
vanica as affected by soil amendments  of  collagen and 
hyphae of  Cunninghamella elegans grown on different 
media. Galling was rated on a scale from 0 (i1o galling) 
to 5 (100% of roots covered with galls). Values with 
the same letter do not  differ (P = 0.05) according to 
Duncan's  mukiple-range test. Each value is the mean 
of  eight replicates, and the data represent  one of  three  
trials performed.  Soil amendments  were as follows: 
Collagen plus hyphae of  C. degans grown in Czapek 
medium (column 1), collagen plus hyphae ofC. elegans 
grown in chitin medium (column 2), collagen plus 
hyphae of  C. elegans grown in collagen medium (col- 
umn 3), collagen alone (column 4), and C. elegans hy- 
phae (from collagen medium) alone (column 5). Un- 
amended soil was used as a control (column 6). 
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F1o. 2. Galling of tomato roots by Meloidogyneja- 
vanica as affected by soil amendments  of  Cunningham- 
ella elegans homogenized in different culture media. 
Galling was ra ted on  a scale f rom 0 (no galling) to 5 
(100% of roots covered with galls). Values with the 
same letter do not  differ (P = 0.05) according to Dun- 
can's multiple-range test. Each value is the mean of 
eight replicates, and the data represent  one of  three  
trials performed.  T h e  following fnngal culture ho- 
mogenates were added to soil without collagen: Cza- 
pek (column 1), chitin (column 2), and collagen (col- 
umn 3). Unamended soil was used as a control (column 
4). 
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FIo. 3. Motility of Meloidogynejavanica as affected 
by culture filtrates of  Cunninghamella elegans grown 
in collagen medium. Values are means +- SE of eight 
replicates, ca. 50 juveniles per  replicate. The  data 
represent  one of  three  trials performed. 

2.5; this difference was significant (P = 
0.05). Trea tment  with mycelial suspension 
did not affect the motility in vitro of  M. 
javanica juveniles or of  the other genera 
tested (data not shown). 

Undiluted collagen culture filtrate re- 
duced hatch ofM. javanica by 75%, where- 
as autoclaved filtrate reduced hatch by 35% 
(Fig. 4). Diluted filtrates did not affect egg 
hatch (data not shown). Hatch was not af- 
fected by treatment with hyphae alone (Fig. 
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Egg hatch of Meloidogyne javanica as af- 
fected by cuhure  filtrate of Cunninghamella elegans 
grown in collagen medium. Values are means of  eight 
replicates, with ca. 50 eggs per  replicate. Values with 
the same letter do not differ (P = 0.05) according to 
Duncan's  multiple-range test. The  data represent  one 
of  three  trials performed in water (column 1), culture 
filtrate (column 2), autoclaved culture filtrate (column 
3), and mycelial suspension (column 4). 
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4). When eggs that did not hatch after ex- 
posure to collagen culture filtrate were 
washed and placed in water, 80 + 10% 
hatched within 48 hours. 

Collagen culture filtrates of  Cunning- 
hamella elegans exhibited proteolytic, col- 
lagenolytic, keratinolytic, and elastolytic 
activities. Chitin culture filtrate showed 
chitinase activity only. None of  these en- 
zymes was detected in Czapek culture fil- 
trate. 

DISCUSSION 

In a previous repor t  (4), collagen was the 
most effective of  several proteinaceous soil 
amendments against root-knot nematodes. 
In the present work, the effect of  collagen 
was enhanced when a collagenolytic fungus 
was added to the amendment,  even though 
half the concentration of  collagen was add- 
ed to soil this time. The  fungus did not 
appear to be parasitic on the nematode, 
and the inhibition was evidently indirect. 
The  fungal hyphae did not affect juveniles 
in soil or in vitro; the antagonistic effect 
was obtained only when the fungus was 
added with collagen to the soil or when a 
collagen culture filtrate was applied di- 
rectly to M. javanica juveniles or eggs. 

The  effect of  the homogenized fungal 
cultures on galling of  roots varied with the 
media; the collagen culture homogenate  
substantially suppressed galling, whereas 
the Czapek culture homogenate  did not 
affect galling. The  presence or  absence of  
protease and collagenase in the culture fil- 
trates might explain these results. Colla- 
genase and protease decrease M. javanica 
egg hatch, juvenile motility, and infectivity 
(4). Collagenase-treated M. javanica juve- 
niles are unable to cause galling in tomato 
roots (4). Keratinase and elastase in the fil- 
trate also might affect the nematode cuti- 
cle, because the external cortical layer in 
some respects resembles keratin (1) and it 
is also sensitive to digestion by elastase (3). 
Chitinase was repor ted also to be lethal to 
plant-parasitic nematodes (9). The  results 
obtained with the homogenized chitin me- 
dium suggest that chitinase, which we de- 
tected in the chitin culture, might affect 

M. javanica, although chitin was never 
found in the nematode cuticle. In contrast 
to the chitin and Czapek cultures, the col- 
lagen culture exhibited collagenolytic and 
general proteolytic activities. We suggest 
that the inhibition of  M. javanica juveniles 
by the collagen culture in soil or in vitro 
resulted from the interaction of  these en- 
zymes with collagen-like proteins of  the cu- 
ticle (1,3,5). Meloidogynejavanica eggs were 
less affected than the juveniles by the fun- 
gal filtrates. This confirms our previous re- 
port  (4) that M. javanica juveniles appar- 
ently are more sensitive than eggs to 
collagenase and protease. The  adverse ef- 
fect on hatching by the autoclaved culture 
filtrate indicates that other  nonprotein- 
aceous factors in the filtrate may affect egg 
hatch. 

The  filtrates immobilized most but not 
all nematodes examined. We have no ex- 
planation as to why A. tritici and D. dipsaci 
were less responsive than other  nematodes 
to the filtrates. However,  these two species 
differ from the others in that they are par- 
asites of  above-ground plant organs and 
are adapted to exposure to drier condi- 
tions. Cayrol et al. (2) found that the ac- 
tivity of  culture filtrate of  the nematopha- 
gous fungus Paecilomyces lilacinus was very 
specific. The  authors attributed this spec- 
ificity to differences in the chemistry of  the 
nematode cuticle. A bet ter  understanding 
of  the composition of  the nematode cuticle 
might facilitate the selection of  soil micro- 
organisms capable of  damaging plant-par- 
asitic nematodes. 
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