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Population Development of Pasteuria penetrans 
on Meloidogyne arenaria 1 

M. OOST~NDORP, 2 D. W. DICKSON, ~ AND D.J .  MITCHELL 3 

Abstract: A microplot study on the influence of  cropping sequences with peanut  in summer and  
bare fallowed or  cover crops of rye or vetch in winter on the population development  of Pasteuria 
penetrans was initiated in the spring of  1987. T he  number  of spores of  P. penetrans attached per  
second-stage juvenile ofMeloidogyne arenaria race 1 increased from 0.11 in the fall of 1987 to 7.6, 
8.6, and 3.6 in the fall of 1989 in the rye, vetch, and fallowed plots, respectively. Higher  (P -< 0.05) 
levels of P. penetrans occurred in the rye and vetch plots than in fallowed plots. No influence of P. 
penetrans on peanut,  rye, or  vetch yield was observed in 1987 and 1988, but  in 1989 peanut  yield 
was 64% higher  (P < 0.05) in plots infested with P. penetrans than in plots without P. penetrans. 
Numbers  ofM. arenaria in plots without P. penetrans were influenced by the cropping sequences in 
the spring of  1988 and 1989 but not  in the fall following the  peanut  crop. In the spring the plots 
with rye had the lowest nematode numbers  in ei ther  year (P -< 0.05). Nematode numbers  were 
lower (P < 0.05) in plots with P. penetrans than in plots without P. penetrans in the spring of 1989 
(vetch) and the fall of 1989 (rye, vetch, and fallowed). 

Key words: Arachis hypogeae, biological control,  Meloidogyne arenaria, microplot,  Pasteuria penetrans, 
peanut,  peanut  root-knot nematode,  population dynamics. 

The  endospore-forming parasite o f  root- 
knot  nematodes ,  Pasteuria penetrans 
(Thorne) Sayre & Starr, is a promising bi- 
ological control agent. It was observed in 
nematode suppressive soils (1,10, Dickson, 
unpubl.) and was successfully tested in 
greenhouse (5) and field microplot exper- 
iments (3,13). However,  Pasteuria penetrans 
has not been grown successfully on artifi- 
cial media. It must be reared on nematodes 
in the greenhouse (14) or in a nematode- 
excised root  system (16). Neither proce- 
dure provides for the production of  suffi- 
cient inoculum for large-scale applications. 

The  population dynamics of  the antag- 
onist are not yet understood. It has been 
associated with relatively high (11) and with 
low (1,15) nematode population densities. 
A field microplot experiment was estab- 
lished to determine whether the cropping 
sequence of  peanut (AracMs hypogeae L.) and 
winter cover crops influences the infection 
ofMeloidogyne arenaria (Neal) Chitwood by 

Received for publication 16 March 1990. 
Florida Agricultural Experiment Station Journal Series 

No. R-00560. Research supported in part by grants from 
Ciba-Geigy, Ltd., Basle, Switzerland and USDA 89-34135- 
4574. 

Postdoctorate and Professor, Department of Entomology 
and Nematology, Institute of Food and Agricultural Sciences, 
University of Florida, Gainesville, FL 32611-0611. 

Professor, Department of Plant Pathology, Institute of 
Food and Agricultural Sciences, University of Florida, 
GainesviUe, FL 32611-0513. 

58 

P. penetrans and whether the presence of  
the antagonist improves peanut growth 
over time. 

MATERIALS AND METHODS 

The  population densities of  P. penetrans 
and ofM. arenaria race 1 with and without 
the  antagonis t  were d e t e r m i n e d  f rom 
spring 1987 to fall 1989 in microplots. The  
experiment was a split-plot design with 
randomized main plots. The  main factor 
was the inoculum, which consisted of  three 
treatments: no nematodes or bacteria, M. 
arenaria alone, and M. arenaria plus P. pene- 
trans. The  three summer-winter  crop se- 
quences of  peanut- rye  (Secale cereale L.), 
peanut-vetch (Vicia villosa Roth), and pea- 
nu t -bare  fallow were subplots. Each com- 
bination of  inoculum and crop sequence 
was replicated 10 times. 

Ninety microplots were arranged in 10 
rows of  nine plots with a distance of  1.5 m 
between plots in an Arredondo fine sand 
(94% sand, 1% silt, 5% clay; pH 5.6, < 1% 
organic matter). The  76-cm-d microplots 
were encircled with 60-cm-wide fiberglass 
sheets inserted 50 cm deep into the soil (8). 
The  plots were treated with methyl bro- 
mide (98% a.i.) at 977 kg /ha  under  3-mil 
polyethylene plastic 3 months before in- 
oculation. No plant-parasitic nematodes 
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were detected in soil sampled before in- 
oculation. 

A local population of  M. arenaria race 1 
that is maintained in our culture collection 
in the greenhouse on tomato (Lycopersicon 
esculentum Mill. cv. Rutgers) and an isolate 
ofP.  penetrans designated P-20, which was 
isolated from M. arenaria race 1 from a 
peanut field in Levy County, Florida, were 
used for the experiment. Pasteuria pene- 
trans was harvested from dried, nematode- 
infected peanut hulls collected from the 
field. They were incubated in Pectino159L 
(Genencor, South San Francisco, Califor- 
nia) overnight and washed on a 600-um 
sieve nested in a 75-~m sieve. Spore-filled 
females were selected under  a stereoscope 
and ground in water in a glass-tissue grind- 
er. The  resulting spore suspension was 
mixed with a suspension of 30,000 freshly 
hatched M. arenaria second-stage juveniles 
(J2) and agitated on a shaker. After about 
3 hours, 80% of the J2 had one or more 
spores attached and each of  30 tomato 
plants was inoculated with 1,000 of  these 
J2. Simultaneously, each of  a second set of  
30 tomato plants was inoculated with 1,000 
J2 of the same population but not exposed 
to P. penetrans. Thir ty  noninfected tomato 
plants were grown for the control treat- 
ment. After 85 days the soil and roots of  
each set of  plants were mixed, and 800 cm 3 
of  the soil preparation was placed in a hole 
(10 x 20 cm) in the center of  each micro- 
plot. The inoculum levels were 22,000 eggs 
plus 52,000J2 per plot without P. penetrans 
and 14,000 eggs plus 80,000 J2 per plot 
with P. penetrans. Forty percent of  the lat- 
ter J2 had one or more adhering spores. 

Seeds of  peanut cv. Florunner were dust- 
ed in a commercial Rhizobium sp. prepa- 
ration, and four pairs of seeds were placed 
in 4-cm-deep holes in equally spaced pat- 
terns in each microplot on 2June 1987, 10 
May 1988, and 18 April 1989. Each plot 
was covered with a 2.5-cm-mesh wire screen 
to protect seeds and emerging plants from 
birds. After emergence, one of  each pair 
of  the seedlings was removed. A 90-cm- 
high wire-mesh fence was placed around 
each plot to confine the peanut plants. Cli- 

matological data were recorded daily by a 
weather station adjacent to the plot area. 

Rye (2.6 g seed/plot) and vetch (1.3 g 
seed/plot) were broadcast seeded as cover 
crops in mid-November each year, after 
harvest of  peanuts. Vetch and peanut are 
hosts for M. arenaria race 1, but rye  is not. 
Fertilization and other agronomic practic- 
es for peanut, rye, and vetch followed rec- 
o m m e n d e d  practices.  T h e  plots were 
weeded, irrigated by overhead sprinklers, 
and sprayed for pest control as needed. 
The soil in each plot was mixed between 
crops. In the fall of  1988, the control plots 
without M. arenaria or P. penetrans were 
retreated with methyl bromide because 
contamination by M. arenaria had occurred 
in several plots. 

One peanut plant from each plot was 
destructively sampled 38-42 days after 
p lant ing to de t e rmine  the  n u m b e r  o f  
nematodes that penetrated the roots. Roots 
were washed, weighed, stained (2), and 
macerated in 250 ml water in a blender for 
20 seconds. The  number of  nematodes in 
a 50-ml aliquot of each sample was count- 
ed. 

The  number of  M. arenaria J2 per 125 
cm s soil was estimated at harvest of  peanut 
(128-136 days after planting) and each of  
the winter cover crops. Each sample con- 
sisted of a composite of  ten 2.5-cm-d cores 
per plot taken 25 cm deep in the root zone. 
The  soil was mixed and processed by sugar 
flotation centrifugation (7). The number 
of  P. penetrans spores attached per J2 was 
counted on 20 specimens from each plot 
with an inverted microscope at 450 x.  The  
nematodes in the roots were stained and 
counted. 

Data were subjected to analysis of  vari- 
ance. If  the main plot or the subplot effects 
were significant (P - 0.05), means were 
separated by Duncan's multiple-range test. 
I f  a significant main plot × subplot inter- 
action (P -< 0.05) was observed, main plot 
means for each subplot and subplot means 
for each main plot were separated by Dun- 
can's multiple-range test using the error 
term formulas given by Cochran and Cox 
(4). 
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FIe. 1. Number  of second-stage juveniles 02) ofMeloidogyne arenaria race 1 in soil of microplots planted 
with peanut  in summer  and with rye or vetch, or bare fallowed in winter. A) Without  Pasteuria penetrans 
isolate P-20. B) With P. penetrans isolate P-20. Means of  the cropping sequences at individual sampling dates 
followed by the same letter are not  significantly different according to Duncan's  multiple-range test (P -< 
o.o5). 

RESULTS 

Meloidogyne arenaria race 1 became well 
established in the microplots under the first 
peanut crop. The  population levels were 
> 10,000J2/100 cm s soil at the end of  the 
1987 season in plots with M. arenaria alone 
(Fig. 1A) or M. arenaria plus P. penetrans 
(Fig. 1B). The peanut yield was greatly re- 
duced (P - 0.05) in plots containing nema- 
todes compared with the nematode-free 
control (Table 1). Penetration of peanut 
roots by M. arenaria did not differ between 
plots with or without P. penetrans. 

In spring 1988, at harvest of the winter 

cover crops, the vetch crop was severely 
damaged (P < 0.05) byM. arenaria in plots 
with or without P. penetrans (Table 1). The  
nonhost rye crop was not affected by M. 
arenaria. In 1988 nematode penetration 
into roots of peanut was reduced (P -< 0.05) 
38 days after planting in P. penetrans-in- 
rested plots compared with plots of  M. ar- 
enaria alone. At harvest, no differences (P 
< 0.05) in nematode penetration between 
these treatments were observed, and the 
peanut yields were reduced (P -< 0.05) be- 
low those in the control in both treatments. 

In spring 1989, growth of  the cover crops 
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TABLE 1. W e i g h t  o f  cover  c rop  foliage,  yield o f  
p e a n u t  crop,  and  n u m b e r  o f  n e m a t o d e s  in p e a n u t  
roo t s  in microp lo t s  wi thou t  n e m a t o d e s  (control),  wi th  
Meloidogyne arenaria (Ma), and  with M. ar~naria plus  
Pasteuria penetrans (Ma + Pp). 

TABLE 2. P e r c e n t a g e  o f  second-s tage  juven i l es  
(J2) ofMeloidogyne arenaria race  1 with spores  o f  Pas- 
teuria penetrans a t t a ched  to the i r  cuticle in soil samples  
f r o m  microp lo t s  p l an t ed  with p e a n u t  in s u m m e r  and  
with rye o r  ve tch  o r  ba re  fal lowed in winter .  

Cover crop 

Peanut 

Cover Nematodes/g 
root 

crop 
foliage 129- 
weight Yield 38-42 136 

Treatment t  (g/plot) (g/plot) days days 

Rye 

Ve tch  

Fallow 

Rye 

Vetch  

Fallow 

1987 

Cont ro l  252 a 0 b 0 b 
Ma 65 b 20 a 71 a 
M a +  Pp 5 5 b  2 9 a  7 6 a  

1988 

Cont ro l  728 a 2 0 8 a  0 c 4 b 
Ma 6 4 7 a  7 b  5 0 0 a  4 6 0 a  
M a + P p  7 3 7 a  8 b  2 2 6 b  4 8 3 a  

Con t ro l  837 a 193 a 32 c 48 b 
Ma 7 9 b  2 b  3 2 1 a  3 2 4 a  
M a + P p  6 1 b  1 5 b  1 9 7 b  4 2 0 a  

Con t ro l  0 200  a 0 c 0 b 
Ma 0 2 b  3 7 1 a  4 1 2 a  
M a + P p  0 5 b  2 1 1 b  4 6 8 a  

1989 

Cont ro l  515 a 296 a 0 b  0 b 
Ma 3 8 9 b  9 1 c  8 5 a  1 7 6 a  
M a + P p  4 7 0 a b  1 8 3 b  7 b  1 7 2 a  

Con t ro l  265 a 246 a 0 b  0 b  
Ma 1 3 8 b  6 2 c  1 4 4 a  2 0 2 a  
M a + P p  2 1 3 a b  1 4 5 b  2 2 b  1 5 7 a  

Con t ro l  0 243 a 0 b 0 b 
Ma 0 1 4 7 c  5 5 a  1 8 0 a  
M a + P p  0 1 6 4 b  2 1 b  1 6 8 a  

Means of the main plots of each year followed by the same 
letter are not different according to Duncan's multiple-range 
test (P -< 0.05). There were no differences among the subplots 
(crop sequence) or main plot x subplot interactions (P -< 
0.05). Cover crop foliage was weighed fresh at harvest, and 
weights were compared separately for each crop. 

~" In the fall of 1988 all control plots were retreated with 
methyl bromide because 26% of the control plots were con- 
taminated with M. arenaria. 

was suppressed (P - 0.05) in the plots with 
M. arenaria alone relative to the control 
without nematodes (Table 1). Plant growth 
in the P. penetrans-infested plots did not 
differ from that in the other  treatments. 
In 1989, 42 days after planting, penetra- 
tion of  peanut roots by M. arenaria in P. 
penetrans-infested plots was 8 (rye), 15 
(vetch), and 38% (fallow) of  that in plots 
with M. arenaria alone. At harvest, how- 
ever, root  penetration was not influenced 
by P. penetrans, but  peanut yield was higher 

Cropping Number of spores attached/J2 

sequence O 1-4 5-9 10-19 >- 20 

Fall 87 

93 7 0 0 0 

Spr ing  88 

Rye  89 10 0 0 < 1 
Vetch  89 10 < 1 0 0 
Fallow 93 6 < 1 0 0 

Fall 88 

Rye 75 22 2 1 0 
Ve tch  70 26 3 1 0 
Fallow 82 17 1 0 0 

Spr ing  89 

Rye 70 29 1 < 1 0 
Vetch  66 28 4 0 2 
Fallow 68 30 1 0 < 1 

Fall 89 

Rye 28 25 14 8 25 
Vetch  20 28 12 14 26 
Fallow 43 31 11 8 7 

Values in each row were based on 10 replicates, 20 J2 
observed per replication. 

(P -< 0.05) in P. penetrans-infested plots than 
in plots with M. arenaria alone. 

In the spring, the population levels of  M. 
arenaria were influenced by the cropping 
sequences (Fig. 1A and B). Lower numbers 
of  j 2  were recovered from rye than from 
vetch plots with nematodes alone (Fig. 1A). 
In the fall after harvest of  peanut, no influ- 
ence of  the winter crops on nematode levels 
was observed. The  nematode soil popula- 
tion density in plots with nematodes alone 
d ropped  cont inuously f rom more  than 
10,000/100 cm ~ soil in fall 1987 to about 
170/100 cm 3 soil (average of  the cropping 
sequences) in spring 1989 and increased 
again in the summer 1989 (Fig. 1A). 

In theP. penetrans-infested plots (Fig. 1B), 
the nematode numbers showed the same 
overall pattern as in plots with M. arenaria 
alone (Fig. 1A). In spring 1989, fewer 
nematodes were found after vetch than af- 
ter fallow (71 vs. 138/100 cm 3 soil) (Fig. 
1B). Nematode numbers were lower in soil 
infested with P. penetrans when compared 
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FIG. 2. Number  of spores of Pasteuria penetrans isolate P-20 attached to second-stage juveniles (J2) of 

Mel~oidogyne arenaria race 1 in microplots planted with peanut  in summer and with rye or vetch, or bare 
fallowed in winter. Means of  the cropping sequences at individual sampling dates followed by the same letter 
are not significantly different according to Duncan's  multiple-range test (P -< 0.05). 

with soil without P. penetrans in the vetch 
plots in spring 1989 (71 vs. 228/100 cm 3 
soil) and averaged across rye, vetch, and 
fallowed plots in fall 1989 (1,178 vs. 2,383/  
100 cm 3 soil) (P - 0.05). 

Numbers of  spores ofP.  penetrans per J2 
in P. penetrans-infested plots increased from 
0.11 in fall 1987 to 7.6, 8.6, and 3.6 in fall 
1989 in the rye, vetch, and bare fallowed 
cropping sequences, respectively (Fig. 2). 
Nematodes in vetch plots had more spores 
attached (P _< 0.05) than did those in fal- 
lowed plots in spring and fall 1989, where- 
as nematodes in rye plots had more spores 
attached than did those in fallowed plots 
in fall 1989 (P < 0.05). Most of  the nema- 
todes in soil were still free of spores in 
spring 1989 (Table 2). In fall 1989, how- 
ever, a rapid increase of  P. penetrans was 
observed and up to 80% of the nematodes 
(vetch plots) carried one or more spores. 

In the plots with M. arenaria alone, no 
P. penetrans spores were observed except 
low numbers (< 0.1 spore/J2) in two plots 
at the last sampling date in fall 1989. Path- 
ogens of  nematodes other than P. penetrans 
were not noticed in the soil samples. 

DISCUSSION 

The number of P. penetrans spores ad- 
hering to the J2 in soil increased contin- 

uously over the 3-year experiment and was 
influenced by the cropping sequence. De- 
spite the high temperature requirements 
of  P. penetrans (12), spore attachment in- 
creased during the winter season 1988-89 
under  vetch, a good host for M. arenaria. 
The mean soil temperature 10 cm deep for 
December-February 1987-88 was 14.1 
and 16.9 C for 1988-89. Under rye, a poor 
host for M. arenaria, and under fallow, no 
increases in the densities of  P. penetrans 
were observed in the winter season. There- 
fore, the increase under vetch in the winter 
of  1988-89 does not seem to be caused by 
cultural practices or slow release of spores 
from degrading peanut roots, but by the 
presence of  a host plant. In the rye plots, 
the number of spores of  P. penetrans ad- 
hering to M. arenaria increased greatly in 
the summer of  1989 and reached higher 
levels than in the fallowed plots in the fall 
of  1989. The  reasons for the higher in- 
crease on rye are not understood, but may 
be related to an influence of the rye on 
microbial population balances, soil struc- 
ture, organic matter, or other unknown 
factors. 

Differences in the numbers ofM. arenar- 
ia in plots without P. penetrans among the 
three cropping sequences were observed 
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only in the spring of  each year, and not in 
the fall. This indicates that the summer 
crop, which was peanut in all plots, had a 
stronger influence on the nematode pop- 
ulation density than did the cover crops or 
the fallowing in winter. 

We first observed lower numbers of  
nematodes in the P. penetrans-infested plots 
than in the plots with M. arenaria alone in 
1989. In spring 1989, nematode density in 
the soil was reduced only in plots that had 
been planted with vetch. In these plots, 
30% of the juveniles had one or more spores 
attached at the preceding sampling date in 
fall 1988. This was equivalent to 0.75 
spores/J2. It was reported previously (13) 
that 73% of juveniles with one P. penetrans 
spore attached developed into egg-pro- 
ducing females. Therefore,  we expected a 
much smaller reduction in the nematode 
population density than we observed. This 
may indicate a high virulence of  isolate P-20 
or a significant increase in spore attach- 
ment between the fall sampling date and 
the planting of  the succeeding crop. In rye 
and fallowed plots infested with P. pene- 
trans, reductions of  the nematode soil pop- 
ulation densities were first observed in fall 
1989, compared with plots without P. pen- 
etrans. Again, 30% of the J2 was found to 
have spores attached at the preceding sam- 
pling date in spring 1989. 

A reduction of  nematode penetration of  
the roots occurred in pot experiments only 
if high numbers of  P. penetrans spores at- 
tached to the nematode cuticle (13). In 
1988 and 1989, we observed reduced num- 
bers of  nematodes in the peanut roots 38- 
42 days after planting in all three cropping 
sequences, although the nematode num- 
bers in soil were similar to those in plots 
with M. arenaria alone (except the vetch 
plots in 1989) and only a low percentage 
of  the J2 had more than 20 spores at- 
tached. A spore load of  at least 20 is thought 
to be necessary to reduce nematode mi- 
gration (13). This, again, may be explained 
by an increase in the at tachment rate be- 
tween the sampling dates and the actual 
crop planting dates. In addition, a nema- 
tode may have to migrate longer distances 

before root penetration under  field con- 
ditions than in pots. Therefore,  low num- 
bers of  attached spores may have a more 
detrimental effect in the field than in pots. 

Peanut and vetch yields were substan- 
tially suppressed by M. arenaria. In spring 
1988, numbers of M. arenaria were high. 
The  yield of  the succeeding peanut crop 
was greatly suppressed and nematode num- 
bers in the fall were lower than in the 
spring. In 1989, with lower initial nema- 
tode numbers than in 1988, peanut yields 
improved and the nematode population 
density increased. The high increase in 
numbers of  P. penetrans in summer 1989 
paralleled reductions in the nematode pop- 
ulation density and increases in peanut yield 
in the P. penetrans-infested plots. 

In this study, the population density of  
P. penetrans increased over time from the 
relatively low levels of  spores added ini- 
tially. Thus, even if large-scale production 
of  inoculum of  P. penetrans proves to be 
impossible or too costly, the use of this an- 
tagonist in integrated nematode manage- 
ment schemes may be feasible. Studies on 
cereal monoculture in Great Britain showed 
a continuous decrease in the population 
density of  the cereal cyst nematode, Het- 
erodera avenae, after a population peak in 
the second year. This decrease was due to 
egg and cyst parasitic fungi, mainly Nema- 
tophthora gynophila and Verticillium chlamy- 
dosporum (6,9). Additional long-term ex- 
perimentations are needed to determine 
whether nematode population densities can 
be similarly maintained at acceptable low 
levels by P. penetrans. 
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