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Quantification of'Endospore Concentrations of Pasteuria
penetrans in Tomato Root Material’

Z. X. Cuen,? D. W. Dickson,® anp T. E. HEwLeETT?

Abstract: Six methods for quantification of the endospore concentrations of Pasteuria penetrans
from tomato roots are described. Mortar disruption and machine disruption methods gave the
highest estimations (endospores per gram of root material) of 83.7 and 79.0 million, respectively.
These methods were significantly superior to incubation bioassay (47.7 million), enzymatic disrup-
tion (32.1 million), and enzymatic disruption + flotation (25.8 million) methods. A centrifugation
bioassay method gave the lowest estimation of 12.7 million.

Key words: bacterium, biological control, endospore, Lycopersicon esculentum, Meloidogyne arenaria,
method, Pasteuria penctrans, root-knot nematode, tomato.

Pasteuria penetrans (Thorne) Sayre &
Starr, an obligate mycelial and endospore-
forming bacterial parasite of root-knot
nematodes, has shown potential as a bio-
logical control agent of plant-parasitic
nematodes (5). It occurs in nematode sup-
pressive soils (6) and has suppressed nema-
todes in greenhouse (4,7) and field mi-
croplot experiments (13). Endospores of
P. penetrans attach to the cuticle of second-
stage juvenile (J2) of Meloidogyne spp. in
soil. Apparently infection occurs after the
J2 enters a plant root, where parasitized
nematodes are able to develop into females
but are incapable of reproduction (2). The
females and sometimes males (9) become
filled with endospores of the bacterium,
which are eventually released into the soil
upon host disintegration. Thus, the only
life stage of P. penetrans for practical appli-
cation in soil is the mature endospore.

Pasteuria penetrans has not been grown
on artificial media (3). The parasite must
be reared on Meloidogyne spp., which in
turn must be reared on susceptible plants
(16) or in a nematode-excised root system
(18). Generally, endospores of P. penetrans
are mass-produced in root-knot nema-
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todes on tomato plants. The roots of the
plants are air-dried and ground into a fine
powder (16). Counting of endospores is
nearly impossible in such preparations
(17). The amount of endospores applied to
the soil has been presented in either grams
of root inoculum per kilogram of soil (7) or
as the number of endospores attached per
juvenile (13). These methods lack accuracy
and precision because the number of en-
dospores per unit of root inoculum varies
significantly among different preparations
of inocula or among inocula from differ-
ent laboratories (16).

In this study, six methods for determin-
ing endospore concentrations in root ma-
terial are described and compared. The
objectives were to develop accurate, pre-
cise, and convenient methods for quantify-
ing endospores in root material. Such
methods are useful in field evaluations of
P. penetrans for managing root-knot nema-
todes.

MATERIALS AND METHODS

Nematode isolate: An isolate of Meloido-
gyne arenaria (Neal) Chitwood race 1 from
Levy County, Florida, was used in this ex-
periment. The isolate was cultured on to-
mato (Lycopersicon esculentum Mill. cv. Rut-
gers) in a steam-pasteurized potting soil.
Eggs of M. arenaria were extracted from
roots in 0.5% sodium hypochlorite for 30
seconds (12) and caught on a sieve with
25-pm-pore openings, rinsed, and placed
on Baermann funnels (1). The roots and
plant debris were caught and separated
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from the eggs by a sieve with 75-pm-pore
openings nested on a sieve with 25-pm-
pore openings. Second-stage juveniles (J2)
that hatched on the first day were dis-
carded to avoid using nematodes that may
have acquired endospores in the potting
soil. The juveniles were collected by de-
canting the water suspension from Baer-
mann funnels on a sieve with 25-pm-pore
openings, rinsed, and transferred into a
beaker. The number of J2 in the suspen-
sion was determined by counting five 1-ml
aliquots with use of a compound micro-
scope.

Pasteuria penetrans isolate: An isolate of P.
penetrans designated P-20 (13), derived
from M. arenaria race 1 from a peanut field
in Levy County, Florida, was propagated
on M. arenaria race 1 growing on tomato in
a greenhouse. Endospore-attached J2 (up
to 5 days old) were obtained by a centrif-
ugation attachment method (10). Potted
tomato seedlings (45—60 days old) were in-
oculated three times with the endospore-
attached J2 (1,000-1,500 J2/pot/time) at
intervals of 1 week. Averaged over all in-
oculations, 96 = 5% of the J2 had at least
one endospore attached, with 4.9 = 2.0 en-
dospores/]2 among those J2 with endo-
spores. These estimates were made by
counting 20 J2/aliquot. The tomato plants
were grown in 15-cm-d pots and were fer-
tilized weekly with 1 g of 20-20-20 (N-P-
K)/pot. Insecticide applications and water
were provided as needed. Root systems
were harvested 45-60 days after the last
inoculation, rinsed, and air-dried. The pri-
mary root was removed to reduce unnec-
essary root debris. The dried root systems
were chopped into pieces of 2- to 3-cm
lengths, mixed thoroughly, and weighed
approximately 1 kg. Random samples of
approximately 10 g each were taken for
enzymatic disruption and enzymatic dis-
ruption + flotation methods.

Quantification methods: 1. Enzymatic dis-
ruption method. Six random subsamples
of 1 g each were taken from the 10 g root
material and incubated in 50 ml of a 12.5%
cytolase solution (Genencor Internarional,
Rochester, NY). After 3 days, the material

was decanted onto a sieve with 600-pum-
pore openings nested in a sieve with 75-
pm-pore openings and subjected to a high-
pressure spray of water to dislodge the fe-
males (11). Endospore-filled females,
conspicuous by an opaque and white ap-
pearance when illuminated from above,
were hand-picked with a pipette (Fisher
Scientific No. 13-678-20A) with the aid of
a microscope at X20. The “healthy” fe-
males appeared shiny and somewhat trans-
parent. The females containing endo-
spores were ground in deionized water us-
ing a glass tissue grinder. The suspension,
containing endospores, was decanted into
a flask and diluted to a volume of 50 ml.
Concentrations of endospores in the sus-
pensions were determined by counting
five 0.1-pl aliquots using a hemocytometer
(Fisher Scientific No. 02-671-10) at X450,

2. Enzymatic disruption + flotation
method. The same method as described
above was used to dislodge females. Root
debris with endospore-filled females in wa-
ter were centrifuged at 1,000g for 3.5 min-
utes in a 50-m] centrifuge tube. The super-
natant was discarded and the pellet was
mixed with a 36% (w/v) sucrose solution
and centrifuged again. Females floating in
the sucrose solution were collected and
ground in deionized water, and concentra-
tions of endospores were determined.

3. Mortar disruption method. The
chopped-root material (ca. 900 g) was
ground in a Wiley mill (Model 4, Arthur
H. Thomas, Philadelphia, PA, Thomas
Scientific No. 3375-E10) to a powder that
passed through a sieve with 5-mm-pore
openings. Six random subsamples of 0.5 g
of this powder plus 5 ml deionized water
were placed in a 6-cm-d mortar and
ground with a pestle to a slurry. The slurry
was transferred to a 100-ml Erlenmeyer
flask and diluted to 100 m] with deionized
water. The endospore concentration in the
suspension was determined with a hemo-
cytometer at X450.

4. Machine disruption method. The
ground roots from the mortar disruption
method (No. 3) were further ground in a
Wiley mill (Intermediate Model, Arthur
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H. Thomas, Philadelphia, PA, Fisher Sci-
entific No. 08-338) into a powder that
passed through a sieve with 250-um-spore
openings. Six random subsamples of 0.5 g
each of this powder were suspended in 100
ml deionized water. The endospore con-
centration in the suspension was deter-
mined with a hemocytometer at X450.

5. Centrifugation bioassay method. The
remainder of the six endospore suspen-
sions from the mortar disruption method
(No. 3) were used. The suspensions were
passed through a sieve with 25-pm-pore
openings to separate the root debris and
further diluted by pipetting 1 ml of the
suspension into 9 ml water. Three subsam-
ples from each diluted suspension were
taken to determine the endospore concen-
trations using the centrifugation attach-
ment method (10). A combination of 0.9
ml of the diluted suspension and 0.1 of
2-day-old J2 suspension of 290 = 25 J2/ml
was placed in a 1.0-ml microfuge tube and
centrifuged at 8,700g for 2 minutes using a
Beckman microfuge (Beckman, Palo Alto,
CA). Nematodes were removed from the
tubes with a pipette and placed in Corning
cell wells (Corning, Corning, NY). Num-
bers of endospores per J2 were deter-
mined on 15 nematodes per replicate.

A standard curve was developed to in-
terpret the numbers of endospores per J2
to endospore concentrations in the suspen-
sion. A series of endospore concentrations
(600, 1,000, 5,000, 10,000, 50,000, and
100,000 endospores/ml) was prepared by
serially diluting a stock endospore suspen-
sion. The stock endospore suspension was
made from hand-picked females. Endo-
spore attachment of J2 from individual
concentrations was determined as de-
scribed above. Each concentration was rep-
licated three times. The endospore attach-
ment rates per J2 were subjected to regres-
sion analysis. Endospore concentrations in
the unknown samples were determined by
using the regression equation.

6. Incubation bioassay method. Three
subsamples from each of the six endospore
suspensions that originated in the mortar
disruption method (No. 3) were taken to

determine the endospore concentrations.
A combination of 0.9 ml of the diluted en-
dospore suspension and 0.1 ml of the ]2
suspension was placed into a Corning cell
well and incubated at 22-25 C for 18
hours. Fifteen J2 per replicate were exam-
ined for the number of endospores at-
tached.

A similar series of endospore concentra-
tions as indicated in the centrifugation bio-
assay method (No. 5) was prepared. Three
subsamples from each concentration were
incubated with J2 at 22-25 C to determine
the endospore attachment. The results
were subjected to regression analysis. The
concentrations of endospores in the un-
known suspension were determined from
the regression equation.

REsuLTS AND DiSCUSSION

Differences were observed among meth-
ods tested for determining endospore con-
centrations of P. penetrans in tomato root
material (P < 0.05) (Table 1). The estima-
tions from the mortar disruption and ma-
chine disruption methods were larger than
those of the other four methods (P =
0.05). The smallest estimation was from

Tasie 1. Comparison of six methods for quan-
tification of endospore concentrations of Pasteuria
penetrans from tomato roots (million endospores per
gram of root material).

Ccv

Method* Average SD (%)

Mortar disruption 83.7a> 116 139

Machine disruption 79.0 a 9.4 11.9

Enzymatic disruption 32.1¢ 3.8 11.8
Enzymatic disruption

+ flotation 25.8 ¢ 8.4 32.6

Incubation bioassay 47.7b 10.4 21.8

Centrifugation bioassay 12.7d 4.3 33.9

# Mortar disruption and machine disruption methods used
a mortar, and a Wiley mill, respectively, to grind root mate-
rial followed by hemocytometer counting of endospores. En-
zymatic disruption and enzymatic disruption + flotation
methods used cytolase to dislodge the females followed by
hand-picking of females and centrifuge separation of fe-
males, respectively. Incubation bicassay and centrifugation
bioassay methods used mortar-grinding of root material fol-
lowed by an incubation bioassay at 22—-25 C and centrifuga-
tion attachment method, respectively, to detect the endo-
spore concentrations.

® Numbers followed by different letters are different (P <
0.05) according to Duncan’s multiple-range test.
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the centrifugation bioassay method (P <
0.05).

Mortar disruption and machine disrup-
tion methods provided the most precise
and accurate estimations. These methods
detected large numbers of endospores
present in the tomato root material. The
coefficients of variation were relatively
small (Table 1). The similarity between the
results of these methods indicated that ma-
chine grinding of root materials was effec-
tive enough to produce a fine powder con-
taining endospores that could be used for
field evaluations of P. penetrans. Although
both methods gave satisfactory results, the
mortar disruption method produced a
slurry that often hindered viewing endo-
spores in the suspension. This method was
useful for handling small quantities of ma-
terial. Alternatively, the root powder pro-
duced by the machine disruption method
had a relatively consistent size. Endospore
suspensions made from this powder ap-
peared to facilitate viewing of the endo-
spores, primarily due to improved light
penetration of the suspension. Mortar dis-
ruption and machine disruption methods
produced large amounts of plant root de-
bris in the endospore suspension. The re-
moval of the primary root, however, re-
duced approximately half of the plant root
debris, thus enabling use of the hemocy-
tometer for counting endospores. The
counting was time-consuming, and experi-
ence was required to differentiate between
endospores and other particles. If the en-
dospore concentrations are low, these
methods may not detect the existing en-
dospores.

Sharma and Stirling (16) described a
method similar to the mortar disruption
method for quantification of endospores
in root material. They detected 100-1,200
million endospores/g of root material,
which is 3-35 times higher than we de-
tected with the mortar disruption and ma-
chine disruption methods. They, however,
did not provide standard deviations, so
comparisons of precision cannot be made.
Gowen and Channer (8) used an unknown

method (probably the same method of
Sharma and Stirling) to estimate endo-
spore concentrations and reported 480—
1,859 million endospores/root system,
which is ca. 15-60 times higher than we
obtained. They did not provide the stan-
dard deviations either. These differences
in the reported endospore concentrations
may reflect differences in isolates of P. pe-
netrans, cultural conditions, or detection
methods.

Enzymatic disruption and enzymatic dis-
ruption + flotation methods removed
much of the plant root debris from the
sample. This facilitated the counting of en-
dospores in the suspensions and reduced
counting time. Hand-picking of endo-
spore-filled females, however, was tedious.
Approximately 3—5 hours may be required
to pick all the females from the root debris
of a single plant (dry weight ca. 2 g). En-
zymatic disruption + flotation, on the
other hand, was rapid. It gave a slightly
lower estimation than that of the enzy-
matic disruption method (Table 1). The
lower estimation probably resulted from
some females becoming trapped in root
debris. Some endospore-filled females ad-
hered to loosened cortical tissue, while oth-
ers had their heads trapped inside the stele
tissue. The number of endospore-filled fe-
males trapped in debris varied consider-
ably from sample to sample. More females
appeared to be trapped in root gall tissues
induced from multiple nematode infec-
tions than from single nematode infec-
tions.

Compared with the -enzymatic disrup-
tion method, the enzymatic disruption +
flotation method required less time. Enzy-
matic disruption + flotation method re-
quired approximately 20 minutes to sepa-
rate endospore-filled females from six
samples, which was less than 3% of the to-
tal time required for the six samples pro-
cessed by the enzymatic disruption
method. The latter, however, had a small
coefficient of variation; indicating a high
precision of detection. Both methods pro-
duced low number of endospores (Table
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1), implying many females had been lost or
ruptured.

Although the specific weight of endo-
spores of P. penetrans is reported to be 1.28
glem® (14), 36% sucrose solution (specific
weight of 1.14 g/cm?) is sufficient to float
the endospore-filled females. Compared
to methods described by Pableo (15) and
Hussey (11), the enzymatic disruption +
flotation method involved fewer steps to
separate endospore-filled females from
root debris. The enzymatic disruption +
flotation method also used a higher con-
centration of sucrose solution during cen-
trifugation because endospore-filled fe-
males are denser than the uninfected fe-
males (pers. obs.). Methods used by Pableo
and Hussey, however, are more desirable
for obtaining Meloidogyne females for bio-
chemical studies. Enzymatic disruption +
flotation method was an extension of Hus-
sey’s method for separating endospore-
filled females from root debris.

Incubation bioassay method, which de-
tected 47.7 million endospores/g of root
material, was approximately half as effec-
tive as the mortar disruption and machine
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disruption methods. In this method nema-
todes acquired endospores by moving or
swimming in the endospore suspension.
The movement of nematodes correlates
with the endospore acquisition (17). The
lower estimation of endospores as com-
pared to the mortar disruption and ma-
chine disruption methods probably was
due to decreased nematode movement
during the incubation process. Degrada-
tion of plant root debris at room tempera-
ture could result in lower oxygen levels,
which reduces nematode activity (19). Cen-
trifugation bioassay method gave the low-
est estimation among the methods evalu-
ated (P =< 0.05) (Table 1) and was unsatis-
factory. The poor results obtained with
this method may be due to plant root de-
bris covering the J2, thus separating them
from endospores during centrifugation.
The standard curves were developed with
‘clean’ suspensions prepared with hand-
picked females (Fig. 1). Transformations
based on such curves will underestimate
the endospore concentrations in samples
containing debris. Thus, standard curves
made from ‘dirty’ suspensions may be
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F1c. 1. Regression of the number of endospores attached to second-stage juveniles (J2) of Meloidogyne
arenaria race 1 to endospore concentrations of Pasteuria penetrans. A) Centrifuge-bioassay method—]J2 were
centrifuged with endospore suspensions for 2 minutes at 8,700g. B) Incubation-bioassay method—]J2 were
incubated with endospore suspensions for 18 hours at room temperature (22-25 C). Bars show standard

deviations. Logarithm scale.
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needed to improve the estimates of endo-
spore concentrations in practical samples.
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