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Suppression Mechanisms of Meloidogyne arenaria race 1
by Pasteuria penetrans'

Z.X. CuEn,? D. W. Dickson,’ D. J. MrtcHELL,* R. McSORLEY,® AND T. E. HEWLETT®

Abstract: The biological control of Meloidogyne arenaria on peanut (Arachis hypogaea) by Pasteuria pen-
etrans was evaluated using a six x six factorial experiment in field microplots over 2 years. The main
factors were six inoculum levels of second-stage juveniles (J2) of M. arenaria race 1 (0, 40, 200, 1,000,
5,000, and 25,000 J2/microplot, except that the highest level was 20,000 J2/microplot in 1995) and six
infestation levels of P. penetrans as percentages of ]2 with endospores attached (0, 20, 40, 60, 80, and
100%). The results were similar in 1994 and 1995. Numbers of eggs per root system, J2 per 100 cm? soil
at harvest, root galls, and pod galls increased with increasing nematode inoculum levels and decreased
with increasing P. penetrans infestation levels (P = 0.05), except that there was no effect of P. penetrans
infestation levels on J2 per 100 cm® soil in 1994 (P> 0.05). There were no statistical interaction effects
between the inoculum levels of J2 and the infestation levels of P. penetrans (P > 0.05). When the
infestation level was increased by 10%, the number of eggs per root system, root galls, and pod galls
decreased 7.8% to 9.4%, 7.0% to 8.5%, and 8.0% to 8.7% in 1994 and 1995, respectively, whereas ]2 per
100 cm?® soil decreased 8.8% in 1995 (P =< 0.05). The initial infestation level of P, penetrans contributed
81% to 95% of the total suppression of pod galls, whereas the infection of J2 of the subsequent
generations contributed only 5% to 19% suppression of pod galls. The major suppressive mechanism of
M. arenaria race 1 by P. penstrans on peanut is the initial endospore infestation of J2 at planting.
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Pasteuria penetrans (Thorne) Sayre & Starr
is an obligate mycelial and endospore-
forming bacterial parasite of root-knot
nematodes (Sayre and Starr, 1985). The first
report of an organism resembling P. pen-
etrans was made by Cobb (1906), who found
numerous highly refractile spores infecting
specimens of the nematode Dorylaimus bul-
biferous. He erroneously viewed these spores
as ‘“‘perhaps monads” of a parasitic sporo-
zoan. This error persisted for nearly 70
years. A more precise but still incorrect
placement, Duboscgia Perez 1908, was sug-
gested by Micoletzky (1925). Later, Thorne
(1940) described in detail a new parasite
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from Pratylenchus pratensis (de Man) Filipjev
and, on the assumption that the organism
was similar to the nematode parasite de-
scribed by Micoletzky, named it Duboscqia
penetrans. It was not until the nematode
parasite was examined under the electron
microscope that its affinities with bacteria
rather than protozoa were observed, and it
was then named Bacillus penetrans by
Mankau (1975). Sayre and Starr (1985), who
studied the ultrastructure of B. penetrans,
drew attention to its resemblance to the ac-
tinomycete Pasteuria ramosa (Metchnikoff,
1888) and subsequently renamed it Pasteuria
penetrans. Currently, the following three spe-
cies of Pasteuria have been described from
plant-parasitic nematodes: P. penetrans from
Meloidogyne spp., P. thornei from Pratylenchus
spp., and P. nishizawae from Heterodera spp.
and Globodera spp. (Sayre and Starr, 1989).

Fasteuria penetrans has shown great poten-
tial as a biological control agent of root-knot
nematodes (Dickson et al., 1994). It occurs
in nematode-suppressive soils (Dickson et
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al., 1994) and has suppressed nematodes in
greenhouse (Brown and Smart, 1985; De
Leij et al., 1992; Stirling, 1984) and field mi-
croplot experiments (Brown et al., 1985;
Chen et al., 1996b; Dube and Smart, 1987;
Oostendorp et al., 1991; Stirling, 1984). Re-
cently, we have demonstrated that applica-
tion of 10,000 endospores of P. penetrans per
gram of soil effectively suppressed the pea-
nut root-knot nematode on peanut (Chen et
al., 1996a; 1996b).

In this study, a two-factor factorial experi-
ment was conducted over a 2-year period
under field conditions. The objective was to
determine the suppressive relationships be-
tween P. penetrans infestation levels and M.
arenaria inoculum densities.

MATERIALS AND METHODS

Pasteuria penetrans isolate: An isolate of P.
penetrans designated P-20 (Oostendorp et
al., 1990), originating from M. arenaria race
1 from a peanut field in Levy County,
Florida, was propagated on M. arenaria
growing on tomato (Lycopersicon esculentum
Mill. cv. Rutgers) in a greenhouse. Second-
stage juveniles (J2) up to 5 days old with
approximately five endospores attached
were obtained by centrifugation (Hewlett
and Dickson, 1993). Tomato plants (45 to
60 days old) were inoculated with the endo-
spore-encumbered J2 at a rate of 3,000 J2/
pot. The tomato plants were grown in 15-
cm-diam. pots and fertilized weekly with 1 g
of 20-20-20 (N-P-K) /pot. Insecticide applica-
tions and water were provided as needed.
Root systems were harvested 45 to 60 days
after inoculation, rinsed, and incubated in a
12.5% cytolase PCL5 solution (Genencor In-
ternational, Rochester, NY) for 3 days. Fol-
lowing incubation, the material was de-
canted onto a sieve with 600-pm-pore open-
ings nested in a sieve with 75-pm-pore
openings and subjected to a high-pressure
spray of water to dislodge the females (Hus-
sey, 1971). Endospore-filled females, con-
spicuous by an opaque and white appear-
ance when illuminated from above, were
hand-picked using a pipette with the aid of a
microscope at x20. The females containing

endospores were ground in deionized water
using a 15-ml glass tissue grinder. The sus-
pension containing endospores was de-
canted into a flask and diluted to a volume
of 50 ml. Concentrations of endospores in
the suspensions were determined by count-
ing five 0.1-pl aliquots using a hemocytome-
ter at x450.

Nematode isolate: An isolate of M. arenaria
race 1 from Levy County, Florida, was cul-
tured on tomato in a steam-pasteurized pot-
ting soil. Eggs of M. arenaria were extracted
from roots using 0.5% sodium hypochlorite
(Hussey and Barker, 1973) and caught on a
sieve with 25-pm-pore openings, rinsed, and
placed on Baermann funnels. The roots and
plant debris were caught and separated
from eggs by a sieve with 75-pm-pore open-
ings nested on a sieve with 25-pm-pore open-
ings. Second-stage juveniles that hatched on
the first day were discarded to avoid using
nematodes that may have acquired endo-
spores in the potting soil. Juveniles up to 5
days old were collected by decanting the wa-
ter suspension from Baermann funnels onto
a sieve with 25-pm-pore openings, rinsed,
and transferred into a beaker. The number
of J2 in the suspension was determined by
counting five 1-ml aliquots with the use of a
compound inverted light microscope.

Field testing: The experiment was con-
ducted in 1994 and 1995. Microplots of clay
flue liners were installed in rows of nine with
a distance of 0.9 m in and between rows in
an Arredondo fine sand (94% sand, 1% silt,
5% clay, <0.1% organic matter; pH 5.6)
(McSorley et al., 1992) on the Green Acres
Agronomy Farm, University of Florida,
Gainesville. The soil profile consisted of
sand (=90% sand) to a depth of >1.2 m. The
flue liner dimensions were 25 cm x 40 cm
with a length of 100 cm, and each flue liner
was inserted 90 cm deep into the soil. The
microplots were fumigated in both 1994 and
1995 with 1,200 kg of a mixture of 98%
methyl bromide and 2% chloropicrin per
hectare applied under a 0.076-mm-thick
polyethylene plastic mulch 3 months before
adding inocula.

Meloidogyne arenaria ]2 were attached with
endospores of P. penetrans using centrifuga-
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tion at 150,000 endospores/ml (Hewlett
and Dickson, 1993). After centrifugation,
the suspension was decanted on a 25-pm-
pore sieve to remove the unattached endo-
spores. The endospore-encumbered ]2 were
then rinsed and transferred into a beaker.
Five subsamples, with 20 J2 in each sub-
sample, were taken to determine the num-
ber of endospores attached per J2. All J2 had
at least one endospore attached, based on
the total count of 100 J2 in both 1994 and
1995. The number of endospores attached
per J2 was 3.5 £ 0.3 for 1994 and 5.4 + 1.0 for
1995. The uninfected J2 were treated simi-
larly except they were not exposed to endo-
spores. Five hundred J2 in five subsamples
taken from the uninfested nematodes were
examined at x450, and no endospore attach-
ment to any of the J2 was observed.

The experimental design was a six x six
factorial with four replications for a total of
144 microplots; six levels of P. penetrans in-
festation and six levels of population densi-
ties of M. arenaria juveniles were established.
The population densities of M. arenaria were
0, 40, 200, 1,000, 5,000, and 25,000 J2 per
microplot in 1994 and 1995, except that the
highest level was 20,000 ]2 per microplot in
1995. Six P. penetrans infestation levels were
established by combining 0, 20, 40, 60, 80,
and 100% of endospore-encumbered J2
with uninfested J2 for each population den-
sity of M. arenaria. The experiment was ar-
ranged in a randomized complete block de-
sign with a total of four blocks. Microplots
were inoculated on 20 May 1994 and 23 May
1995. The six levels of J2 with the designed
percentages of P. penetrans infestations were
suspended individually in 300 ml water con-
tained in a 500-ml bottle. Fifteen uniformly
spaced holes, five each with depths of 7, 14,
and 21 cm, were made in each microplot
with a template. The inoculum suspensions
were sprinkled uniformly over the soil and
into the holes and mixed into the soil by
using a potato rake. A 10-day-old peanut
seedling (Arachis hypogaea L. cv. Florunner)
was transplanted into a 3-cm-deep hole in
each microplot immediately after inocula-
tion. After transplanting, 10 g of inoculum
of Rhizobium spp. (The Nitragin Company,

Milwaukee, WI) was applied into each mi-
croplot. Microplots were drip-irrigated and
hand-weeded as needed. Insecticides and
fungicides were applied as recommended by
the University of Florida Extension Service
(Whitty et al., 1975). During winter, the mi-
croplots were planted with wheat (Triticum
aestivum L. cv. Fla 304) as a cover crop.

After 125 days, the peanut plants were
harvested. Soil samples consisting of three
cores (2.5-cm-diam. x 20-cm-deep) were
taken in each microplot. Juveniles were ex-
tracted from 100 cm? soil using centrifugal
flotation (Jenkins, 1964) and counted. En-
dospore attachment at harvest was recorded
on 20 J2 for each year of the study. Pod and
root galls were counted individually in 1994
and were indexed on a 0-to-10 scale based
on the percentage of roots or pods galled in
1995 (0 = no galls; 1 = 1 to 10% galled; 2 =
11 to 20% galled; ..., 10 = 91 to 100%
galled) (Barker et al,, 1986). Eggs were ex-
tracted from roots using 0.5% sodium hypo-
chlorite (Hussey and Barker, 1973), and the
number of eggs per root system was deter-
mined by counting a 1-ml aliquot from a
20-ml suspension. Dry weights of foliage and
pods were determined after drying the tissue
at 60 °C for 1 week.

Before data analysis, rating data were
transformed with arcsin (vx/10) and nema-
tode densities and numbers of eggs per root
system with log;(x + 1). Means presented in
the text were back-transformed. The two-way
analysis of variance was used to determine
the effects of each factor and the interac-
tions. Regression analysis also was used to
establish the relationships between the
means and the levels of each main factor. An
equation was provided if the correlation was
significant at P = 0.05. Percentage suppres-
sion per each 10% increment of the initial P.
penetrans infestation level was calculated by
b/a x 10 x 100%, where a is the intercept of
the linear equation and b is the slope.

The percentage of suppressiveness was
compared with that of a related, previously
reported experiment of using soil applica-
tion of P. penetrans endospores (Chen et al.,
1996b). Suppression mechanisms of P. pen-
etrans against root-knot nematodes are dis-
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cussed as the relative effectiveness of initial
infestation levels of P. penetrans at planting
verses that of subsequent generations of
nematodes that occur during the cropping
season.

RESULTS

Results were similar in 1994 and 1995
(Tables 1,2). In peanut microplots without
P. penetrans the nematode inoculum density
was positively correlated with the number of
eggs per root system, J2 per 100 cm?® soil at
harvest, galls on roots or root galling index,
and galls on pods or pod galling index in
both 1994 and 1995, and root weight in 1995
(P = 0.05) (Tables 1,2). In peanut micro-
plots infested with P. penetrans, their levels

TasLE 1.
on peanut yield per microplot in 1994.>

were inversely correlated with the number
of eggs per root system, galls on roots and
galls on pods in 1994, and the number of
eggs per root system, J2 per 100 cm® soil at
harvest, root galling index, and pod galling
index in 1995 (P = 0.05) (Tables 1,2).

Based on the regression parameters, the
number of eggs per root system, galls on
roots, and galls on pods were suppressed by
7.8%, 7.0%, and 8.7%, respectively, per each
10% increment of P. penetrans infestation
level in 1994 (Table 1). The same 10% in-
crement of P. penetrans infestation level sup-
pressed the number of eggs per root system,
J2 per 100 cm? soil, root gall index, and pod
gall index by 9.4%, 8.8%, 8.5%, and 8.0% in
1995, respectively (Table 2).

Effects of Pasteuria penetrans on population densities and galling by Meloidogyne arenaria race 1 and

Eggs per J2 per Galls per Number Root Pod Foliage
Levels of root 100 cm® root of galls weight weight weight
Treatment treatment system soil system on pods (g) (g) (g)
Nematode
(J2/plot) 0 9a 2a 0.2a 0.2a 34 40 80
40 22a 6a 7.8a 1la 59 66 145
200 57a 7 ab 253 a 05a 4.0 42 38
1,000 229 a 22b 38.2a 09a 4.3 46 96
5,000 697 b 244 ¢ 121.3b 3.7b 10.4 38 95
25,000 1,290 ¢ 489 ¢ 186.0 ¢ 6.7¢ 6.9 35 82
Regression
parameters  a 0 0 0 0
b 0.0553 0.021 0.00814 0.000287
T 0.91 0.95 0.84 0.88
stest ok wot * *
P. penetrans
(%) 0 653 18 98.3a 43a 6.1 47 98
20 559 38 83.8 ab 2.8 ab 5.8 53 113
40 332 34 62.1 ab 1.8b 8.9 42 93
60 353 22 61.8 bc 2.1 ab 5.0 42 99
80 283 32 45.5 bc 16b 5.3 44 99
100 125 19 273¢ 05b 3.8 38 82
Regression
parameters  a 630.4 96.7 3.78
b -4.92 -0.67 -0.0329
r 0.96 0.98 0.93
Ltest *ox otk Aok
ANOVA Block NS NS NS * NS NS NS
Nematode ok K ok HEK NS NS NS
P. penetrans NS NS * * NS NS NS
Interaction NS NS NS NS NS NS NS

2 This was a six x six factorial experiment. Each mean of the main effect averaged from 24 microplots. Data of numbers of eggs
per root system and numbers of the second-stage juveniles (J2) per 100 cm® soil at harvest were transformed with logyo(x + 1)
before subjected to ANOVA and presented as back-transformed. Means followed by different letters are different (P < 0.05)
according to Duncan’s multiplerange test. Regression equations are linear (¥ = a + bx). The #test was applied to r. *, ¥, %
represent P < 0.05, P < 0.01, P < 0.001, respectively; NS = not significant at P> 0.05. Root weight, pod weight, and foliage weight
were the fresh weight (g) per microplot and could be transformed to dry weight by multiplying 0.26, 0.57, and 0.26, respectively.
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TasLE 2.
on peanut yield per microplot in 1995.2

Effects of Pasteuria penetrans on population densities and galling by Meloidogyne arenaria race 1 and

Eggs per J2 per Root Pod Foliage
Levels of root 100 cm® Root gall Pod gall weight weight  weight
Treatment treatment system soil index index (g) (€3] (g)
Nematode
(J2/plot) 0 5a la Oa Oa 79a 98 308
40 33b 3a 0.2 ab 032 82a 109 333
200 84b 3a 0.2 ab 0.2a 8.0a 96 277
1,000 561 ¢ 19b 0.6b 0.1a 6.8a 60 210
5,000 4,830d 274 ¢ 48¢c 3.0b 14.7b 88 304
20,000 14,420 d 740 ¢ 7.2d 54c¢ 18.6b 67 253
Regression
parameters  a 0 0 0 0 8.26
b 0.592 0.038 0.000396 0.000289 0.000557
r 0.989 0.991 0.90 0.944 0.92
t-test ok sk Ed 3 k¥ %
P. penetrans
(%) 0 804 46 ab 31la 18a 123 83 276
20 675 b3 a 2.2ab l4a 11.7 75 258
40 281 11 bc 1.1bc 1.1 ab 11.7 104 350
60 144 26 abc 1.8ab 1.0 ab 11.2 99 338
80 134 13 bc 1.1bc 0.7 ab 11.5 105 306
100 217 9¢ 03¢ 03b 5.9 53 158
Regression
parameters 2a 711.2 47.0 2.79 1.74
b -6.71 -0.414 -0.0237 -0.0139
r 0.87 0.81 0.90 0.99
Etest * * * kR
ANOVA Block NS NS NS NS NS NS NS
Nematode kKoK kK Lt 1 sokk L] NS NS
P. penetrans NS * Fx * NS NS NS
Interaction NS NS NS NS NS NS NS

2 This was a six x six factorial experiment. Each mean of the main effect averaged from 24 microplots. Data of numbers of eggs
per root system and numbers of the second-stage juveniles (J2) per 100 cm® soil at harvest were transformed with logyo{z + 1)
before analysis. The root gall index and pod gall index were graded from 0 to 10 based on the percentage of roots and pods galled
(0=no galls; 1 =1 to 10% galled; 2 =11 to 20% galled; . . . , 10 = 91 to 100% galled). The grading data were transformed with arcsin
(Vx/10) before subjected to ANOVA and presented as back-transformed. Means followed by different letters are different (P <
0.05) according to Duncan’s multiple-range test. Regression equations are linear (¥ = a + 5x). The ttest was applied to 7. %, #%, #*
represent P< 0.05, P=< 0.01, P =< 0.001, respectively; NS = not significant at P> 0.05. Root weight, pod weight, and foliage weight
were the fresh weight (g) per microplot and could be transformed to dry weight by multiplying 0.30, 0.59, and 0.26, respectively.

Based on two-way analysis of variance, the
effects of nematode treatments were signifi-
cant for the eggs per root system, J2 per 100
cm? soil at harvest, galls on roots or root
galling index, and galls on pods or pod gall-
ing index in both 1994 and 1995 (P = 0.05).
The effects of P. penetrans treatments were
significant for the number of galls on roots
and on pods in 1994, and J2 per 100 cm® soil
at harvest, root galling index, and pod gall-
ing index in 1995 (P = 0.05). There were no
statistical interaction effects between nema-
tode treatments and P. penetrans treatments
in either year (P> 0.05).

Except for peanut root weight in 1995,
peanut pod weight, root weight, and foliage

weight were not affected by P. penetrans or
nematode treatments in 1994 or 1995 (P >
0.05) (Tables 1,2). The peanut root weight
correlated with the nematode inoculum lev-
els in 1995 (P = 0.05) (Table 2). The in-
creased root weight with increasing nema-
tode levels in 1995 was due to root galls that
contained more root tissue than healthy
roots (Table 2).

The endospore attachment of J2 at har-
vest was generally low for both years, averag-
ing over all microplots only 0.05 endo-
spores/J2 in 1994 and 0.14 endospores/J2
in 1995. The percentage of J2 with at least
one endospore attached was 3.3% in 1994
and 7.6% in 1995.
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Di1scussION

Pasteuria penetrans suppressed root-knot
nematodes on peanut in both years of the
study. Suppression was proportional to P.
penetrans infestation levels, regardless of the
initial population densities of root-knot
nematodes. Therefore, the suppression was
independent of the nematode population
density. This suggested that P. penetrans was
a reliable biological control agent for man-
aging root-knot nematodes at various popu-
lation densities.

Neither the nematode inoculum levels
nor the P. penetrans infestation levels af-
fected peanut growth and yields. The yields,
determined by weight, were not a good in-
dex because diseased tissue tended to be
heavier than healthy tissue. The quality of
peanut pods, here presumed to be inversely
proportional to the number of galls on pods
and pod gall index, was improved by increas-
ing P. penetrans infestation levels, but the
quality deteriorated with increasing nema-
tode inoculum levels. In a related experi-
ment, both yield increase and quality im-
provement occurred when endospores of P.
penetrans were added directly to microplot
soil (Chen et al., 1996b).

The initial infestation level of P. penetrans
was an important factor in the suppression
of root-knot nematodes on peanut. The sup-
pressiveness correlated well with the initial
P. penetrans levels. Pasteuria penetrans did not
build up to a suppressive population density
in soil during one tested cropping season
because most endospore-filled females were
removed from the microplots along with
root systems, when much of the root system
was harvested. This was verified by the low
endospore attachment of J2 at harvest in
both years. Moreover, the chance of P. pen-
etrans infection of subsequent generations of
nematodes during the cropping season was
probably negligible, either because of the
minor endospore build-up in soil or because
J2 that hatched from egg masses on root
surfaces quickly enter adjacent roots without
being exposed to endospores in soil
(Stirling, 1984). Reductions of number of
galls on pods and reductions in the pod gall

index were 8.0% to 8.7% per 10% incre-
ment of initial P. penetrans levels. Similar re-
sults were obtained in a previously reported
study of soil application of P. penetrans en-
dospores (Chen et al., 1996b), where the
reduction of pod galls was 8.4% to 10.8%
per 10% increment of endospore attach-
ment before the season (Chen et al., 1996b).
When soil is treated with P. penetrans endo-
spores, the chance of bacterial infection of
subsequent generations of nematodes dur-
ing the cropping season should be antici-
pated. Reduction of pod galls in an experi-
ment using soil application of endospores
(Chen et al., 1996b), however, was only
slightly higher than that in the present
study. Thus, the suppressiveness contributed
from the P. penetrans infection on subse-
quent generations of nematodes was minor.
Again, this demonstrated that the initial in-
festation level of P. penetrans was critical for
the biological control of M. arenaria. Sup-
posedly the increase in suppressiveness ob-
served in the soil endospore application ex-
periment (Chen et al., 1996b) was contrib-
uted to the bacterial infection of subsequent
generations of nematodes during the crop-
ping season. Thus, we can calculate that the
initial infestation levels contributed 81% to
95% of the total suppressiveness of the pod
galls and that the infection of subsequent
generations of nematodes contributed only
5% to 19%. The limited importance of the
infection of subsequent generations of
nematodes might result from the short mi-
gration distances for J2 that hatched on root
surfaces to invade nearby roots (Stirling,
1984).

The population build-up of root-knot
nematodes decreased when initial infesta-
tion level of P. penetrans was increased. Num-
bers of eggs per root system in both years
and the number of J2 in soil in 1995 were
inversely correlated with the initial infesta-
tion level of P. penetrans. Initial infestation of
P. penetrans reduced the numbers of J2
invading roots (Stirling, 1984). The nema-
tode reproduction was blocked after the en-
dospore-encumbered J2 entered roots and
the bacterium developed in the nematode
pseudocoel (Bird, 1986). Because of the im-
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portance of the initial P. penetrans levels,
practices such as solarization, nematicide in-
corporation, and other integrated pest man-
agement measures might be optimized to
increase initial infestation levels of P. pen-
etrans for biological control of root-knot
nematodes (Brown and Nordmeyer, 1985;
Maheswari et al., 1987; Walker and Wachtel,
1988).

Behavior and efficacy of P. penetrans do
not always conform to general biological
control concepts. The most successful ex-
amples of biological control of pests have
been against insects of perennial crops
(Bennett, 1974). Perennial crops provide a
stable habitat for both insect pests and their
natural enemies. Vegetational diversity also
is important for encouragement and reten-
tion of effective populations of natural en-
emies for insect pests (Bennett, 1974). Pas-
teuria penetrans, however, has successfully
suppressed root-knot nematodes on both
annual and perennial crops (Chen et al.,
1996b; Stirling, 1984). Monoculture and ro-
tation with non-host crops for root-knot
nematode management has no obvious ad-
verse effects on P. penetrans (Dickson et al,,
1994). Population densities of P. penetrans
increased in monoculture over years (Dick-
son et al., 1994). Several adaptations of P.
penetrans may account for the reduced im-
pact of crop habitat and vegetational diver-
sity on its effectiveness as a biological control
agent. Pasteuria penetrans produces endo-
spores that are dormant in soil. Although we
do not know exactly how many years P. pen-
etrans endospores can survive in soil, similar
endospores of other bacteria probably sur-
vive in soil for more than 1,000 years (Lo-
gan, 1994). This is different from the natural
enemies of insects that usually require a con-
stant food supply to maintain their popula-
tion densities. Endospores of P. penetrans are
highly resistant to heat, desiccation, nemati-
cides, and other adverse environmental con-
ditions (Stirling, 1991). A short period of
absence of host crops has little effect on en-
dospore survival but may force J2 to move
long distances in soil to locate host roots and
facilitate attachment of endospores to J2
(Stirling, 1984). Endospore dormancy in

soil and endospore resistance to different
environments may be the key traits attribut-
ing to success in suppressing root-knot
nematodes on both annual and perennial
crops under various ecological conditions
and crop regimes.
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