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Granular Formulations of Steinernema carpocapsae (strain
All) (Nematoda: Rhabditida) with Improved Shelf Life

W. J. CONNICK, _]R.,1 W. R. NickLg,? K. S. WiLLiams,! anp B. T. VINvarD!

Abstract: Shelf life (nematode survival) of Steinernema carpocapsae (strain All) nematodes at 21 C in
“Pesta” granules, made by a pasta-like process, was increased from 8 to 26 weeks by incorporating
low concentrations of formaldehyde. Pesta samples containing an average of 427,000 nematodes/g
were prepared with wheat flour (semolina or bread flour), kaolin, bentonite, peat moss, nematode
slurry, and formaldehyde (0-1.4% w/w) and were dried to a water content of 23.6-26.9%. Nema-
todes emerged from Pesta (S. carpocapsae) granules when placed in water or on moist filter paper.
Incorporation of 0.2% w/w formaldehyde (nominal; 0.05% by analysis) was optimum for increasing
nematode survival in semolina-based Pesta, and also inhibited fungal growth on the granules. Bread
flour Pesta samples prepared by formaldehyde addition to the nematode slurry prior to dough
preparation, rather than by addition to a mixture of dry ingredients, had longer shelf life. Nema-
todes recovered from granules made with 0.2% formaldehyde and stored 20 weeks at 21 C caused
100% mortality of wax moth (Galleria mellonella) larvae.

Key words: biocontrol, entomopathogenic nematode, formaldehyde, formulation, nematode,
Pesta, Steinernema carpocapsae, shelf life, storage, water activity, wheat flour

“Pesta” products are based on dried
wheat flour dough containing living bio-
logical control agents such as fungal weed
pathogens (mycoherbicides) (2,5) and en-
tomopathogenic nematodes. Granular
Pesta formulations containing Steinernema
carpocapsae (strain All) entomopathogenic
nematodes are easy to prepare and have
controlled western corn rootworms (Dia-
brotica virgifera virgifera) and Colorado po-
tato beetles (Leptinotarsa decemlineata) in the
greenhouse (6,11). However, the wheat
flour component and the high moisture
content needed for prolonged nematode
viability can lead to unwanted fungal and
bacterial growth and spoilage of unrefrig-
erated Pesta formulations (6).

Formaldehyde is a broad spectrum fun-
gicide and bactericide in use for over 100
years as a preservative in numerous prod-
ucts (14). Dilute formaldehyde solutions
have been used for storage of nematode
suspensions (3,10,12) and nematode
creams (15), and in trap fluids (9). At
higher concentrations, formaldehyde can
function as a nematicide (8,13).
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The principal objective of this study was
to determine if incorporation of formalde-
hyde as a model antimicrobial agent would
extend shelf life (nematode survival) of
Pesta (S. carpocapsae) granules and, if so, to
optimize its concentration. Another objec-
tive was to determine if high-protein bread
flour could substitute for semolina as the
wheat flour ingredient.

MATERIALS AND METHODS

The nematode used in this study was
Steinernema carpocapsae strain #25 (All)
from biosys (Palo Alto, CA). Aqueous slur-
ries containing between 573,000 and
620,000 live nematodes per ml (19-21%
w/w) were aerated at 4 C with an aquarium
pump until used in sample preparation
(within 2 weeks of receipt). The number of
live nematodes was counted immediately
before formulation.

Preparation of Pesta granules: Semolina, a
coarse (95% of particles 0.180-0.425 mm),
enriched, durum wheat flour, was ob-
tained from Tropical Nut and Fruit (Char-
lotte, NC), and the high-protein bread
flour (enriched and bromated) used was
Pillsbury brand (Minneapolis, MN) (98%
of particles smaller than 0.150 mm) made
from hard spring wheat. Kaolin, RC-32
type, was supplied by Thiele Kaolin
(Wren, GA), and bentonite, HPM-20 type,
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was provided by American Colloid (Ar-
lington Heights, IL). Sphagnum peat moss

(Premier Brands, New Rochelle, NY) was

ground and sieved to pass an 80-mesh
screen. The solid ingredients in the formu-
lation consisted of 32 g flour, 4 g kaolin, 2
g bentonite, and 2 g peat moss.

The dry solids were mixed and 35 ml of
cold (1015 C) nematode slurry was added
and kneaded by hand to form a cohesive
dough. Formaldehyde, as formalin solu-

- tion (37.9% assay), was added to either the
dry mixture of solid ingredients (dry mix)
or to the aqueous nematode slurry just be-
fore dough preparation. Nominal levels of
formaldehyde were 0.1, 0.2, 0.35, 0.7, and
1.4% by weight of product, assuming a
51-g sample weight after drying and no
loss due to reaction or volatilization. This
addition corresponded to 0.13, 0.27, 0.47,
0.94, and 1.88 g of formalin, respectively.
Formaldehyde-free samples were also pre-
pared (Table 1). Formaldehyde is a sus-
pected human carcinogen, and proper
safety measures should be employed in its
handling and use.

The dough (pH 5.2-5.4) was pressed
flat, folded by hand, and passed through a
small pasta maker (Atlas Model 150, im-
ported by Vitantonio Co., Eastlake, OH)
set at the widest roller setting. This process
was repeated until the dough appeared to

be homogeneous. The dough sheet was ex-
truded a final time at a 2-mm roller setting.

Dough sheets were covered with two pa-
per towels and dried on a stainless steel
wire mesh rack at 21 C at 65% relative hu-
midity. The rack assembly was draped with
cotton fabric to reduce airborne contami-
nation and direct air drafts. Dough sheets
were dried 16 hours, broken into several
pieces, and dried uncovered until visible
dampness in the center of each piece had
just disappeared. v

After drying, the dough was ground in a
Thomas-Wiley mill, intermediate model,
equipped with a 10-mesh delivery tube
(Thomas Scientific, Swedesboro, NJ]). The
grinds were sieved to pass 10-mesh (2 mm)
and collected on 18 mesh (1 mm) screens.
Samples were stored in air in sealed glass
vials at 21 C and in snap-cap polypropy-
lene vials at 4 C for a total of 28 weeks. An
aliquot of each sample was removed at
4-week intervals for determination of
nematode viability over time (shelf life). It
is likely that nematode respiration pro-
duced anaerobic conditions within the
closed containers between samplings.

pH, water content, water activity, and form-
aldehyde determinations: The dough pH was
measured using a flat-tipped combination
electrode (Fisher Scientific, Pittsburgh,
PA). Water content of the Pesta granules

Tasie 1.  Composition of Pesta (Sieinernema carpocapsae) granules.
Formulationt
Formaldehyde Dried product}
Percent§ Formalin H,O Water activity No. live
Flour type {wiw) ® (%) (ay) nematodes/g"
Bread flour 0 0 24.4 0.95 414,000
0.35 0.13 26.1 0.96 403,000
Semolina 0 0 23.6 0.95 429,000
0.10 0.13 25.5 0.96 .+.422,000
0.20 0.27 25.7 0.96 438,000
0.35 0.46 25.7 0.96 .. 421,000
0.70 0.92 25.9 0.95 ' 443,000 7
1.40 1.84 26.9 0.96 447,000 °

t The formulation consisted of 32 g flour, 4 g kaolin, 2 g bentonite, 2 g peat moss (passed 80-mesh screen) and 35 ml of

nematode slurry (average of 618,000 live nematodes/ml).
+ Average of data from 4 to 10 sample preparations.

§ The nominal amount calculated assuming a dried dough weight of 51 g and no loss due to volatilization or reaction.
I A calculated value assuming no loss of nematode viability during processing.
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was determined by Karl Fischer titration
(AquaStar V1B titrator and Model EV-6
Solid Evaporator, EM Science, Cherry
Hill, NJ) using 0.18-g samples at a cham-
ber temperature of 175 C. Water activity
(a,) of granules (1.5-g samples) was mea-
sured with a CX-1 water-activity system
(Decagon Devices, Pullman, WA). Mult-
plication of a,, by 100 gives the relative hu-
midity of the atmosphere in equilibrium
with the sample. Water activity indicates
how much free water is available to micro-
organisms, as opposed to water that is
strongly bound to formulation compo-
nents. Pesta samples were analyzed for
formaldehyde by Galbraith Laboratories
(Knoxville, TN) by procedure #S5-540
whereby formaldehyde that leached from
a 2.5-g sample immersed in water over-
night was determined colorimetrically at
570 nm using chromotropic acid reagent.
Also, samples were made with nematodes,
but without formaldehyde, to serve as
blanks for the analytical method. All anal-
yses were run in duplicate or triplicate,
and results were averaged.

Emergence and counting of nematodes: For
freshly prepared samples, and subse-
quently at 4-week intervals, a 0.200 *
0.002 g aliquot of each sample was
weighed (8-cm square disposable weigh
boat), and 10 ml of freshly drawn tap water
was added. After 22—24 hours at 20-22 C,
the dish was swirled to suspend the sample
particles and air was pumped into the sus-
pension using a pipet to aerate and mix the
nematodes. The water-softened granules
had disintegrated substantially. The sus-
pension was transferred quantitatively to a
10-ml graduated cylinder and the volume
was brought back to 10 ml (about 4-6 ml
had evaporated during the soak period).
The stoppered cylinder was shaken, and
an aliquot was quickly removed from the
middlé‘with a pipet, diluted 10-fold if nec-
esgg’r[y_? ‘and placed in a 1-ml eelworm
counting slide (Hawksley & Sons, Lancing,
West Sussex, England). Live (active or
“hockey-stick”-shaped) nematodes were
counted and expressed as the number per
gram of sample. Two aliquots from each

sample were counted and averaged. In a
separate experiment, a sustained release of
nematodes from granules immersed in wa-
ter was observed over a 3-day period (data
not shown).

Assay for infectivity: Nematode infectivity
was tested on wax moth (Galleria mellonella)
larvae. A nematode suspension of 100-120
nematodes in 2 ml water was applied to 10
larvae on two layers of filter paper in a
petri dish, and the larval mortality was de-
termined after 72 hours. This method reg-
ularly provides 90-100% mortality (I. Pop-
iel and P. Pruitt, biosys, pers. comm).

Statistical analysis: Four experimental
factors were considered across time: two
factors identifying formulation composi-
tion (listed in Table 1), one factor denoting
the method of formulation preparation
(i.e., addition of formaldehyde to either
the nematode slurry or the dry mix), and a
storage temperature (4 C or 21 C) factor.

The data were subjected to statistical
analyses in two stages. An analysis of cova-
riance, using time as the covariate, was
conducted initially to compare the two
methods of formulation preparation at
each storage temperature for bread flour
and for semolina. Subsequently, in the
semolina formulations only, data collected
using the slurry and dry-mix addition
methods were combined to compare form-
aldehyde concentrations at 4 C and at 21 C
via analysis of covariance. Before each
analysis, the appropriate trend across time,
the covariate, was identified by choosing
the best fitting polynomial (i.e., linear,
quadratic, or cubic) regression model fit-
ted to the square root of the nematode
count. Each treatment was replicated in
duplicate or quadruplicate. Analyses were
conducted separately for each storage tem-
perature, because temperature had a sig-
nificant effect on nematode survival (6).

The curves representing the number of
live nematodes released across time were
not forced through the actual number re-
leased at time zero. Hence, the method of
least-squares regression was used to fit the
data. To determine treatments yielding
the better (longer) shelf life, regression es-
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timates of model parameter (e.g., mean
number of emerged live nematodes and

rate of decrease in number of live nema-’

todes across time) were compared for
equality among treatments. The 7° value of
the regression model fitted to each treat-
ment 1s reported to indicate the propor-
tion of the total data variability explained
by the model and, hence, (1 — 7?) is attrib-
utable to error.

REsuLTS

Pesta (S. carpocapsae) samples contained
an average of 427,000 nematodes/g (Table
1). Incorporation of 2 g bentonite in the
dough formulation (about 3.9% of the fi-
nal product) in place of the same amount
of kaolin (Table 1 and ref. 6) increased by
40% the amount of nematode slurry that
could be used and still make a cohesive
dough. However, dough cohesiveness de-
creased at higher bentonite levels, making
it difficult to obtain an intact dough sheet.
Throughout the 28-week test period, there
was no loss of water activity for samples
stored at 4 C and only about a 0.01 a,, loss
at 21 C.

Formaldehyde addition to bread flour formu-
lations: The order of addition of formalin
solution to bread flour Pesta formulations
had a significant impact on subsequent
nematode survival over time (shelf life).
When 0.35% formaldehyde was added to
the dry mix (** = 0.68), i.e., bread flour,
kaolin, bentonite, and peat moss, shelf life
of the nematodes in the Pesta granules at
21 C was shorter (P = 0.0082) than when
formalin was added directly to the aqueous
nematode slurry (r* = 0.95) (Fig. 1). For
example, 0 vs. 70,000 nematodes/g, re-
spectively, survived 16-week storage. Re-
gardless of order of addition, nematode
survival was superior for formaldehyde-
containing samples compared to formalde-
hyde-free (r* = 0.75) samples (P <
0.0322).

Refrigeration extended shelf life sub-
stantially, as anticipated from earlier work
(6). Shelf life differences for bread flour
samples containing 0.35% formaldehyde
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Fic. 1. Effect of the order of addition of 0.35%

(w/w; nominal) formaldehyde on shelf life (number
of live nematodes that emerged per gram of sample
vs. time) at 21 C in the preparation of bread flour
Pesta (S. carpocapsae) granules.

and made by each of the addition methods
and stored at 4 C were marginal (P =
0.0677). As observed at 21 C, formalde-
hyde extended shelf life, and formalin ad-
dition to the nematode slurry immediately
prior to dough preparation was more ef-
fective (* = 0.39) than addition to the dry
mix (#* = 0.30). Higher live nematode
counts were obtained with formaldehyde-
containing samples than with formalde-
hyde-free (+* = 0.63) samples (Fig. 2) (P =
0.0760 dry mix, P = 0.0214 wet slurry).
Formaldehyde addition to semolina formula-
tions: Semolina-containing Pesta formula-
tions were not as sensitive as bread flour
formulations to formaldehyde addition or-
der. The data plotted in Fig. 3 indicate a
shorter shelf life at 21 C for nematodes in
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Fic. 2. Effect of the order of addition of 0.35%
(w/w; nominal) formaldehyde on shelf life at 4 C in
the preparation of bread flour Pesta (S. carpocapsae)
granules.
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Fic. 3. Effect of the order of addition of 0.35%
(w/w; nominal) formaldehyde on shelf life at 21 Cin
the preparation of semolina Pesta (S. carpocapsae)
granules.

samples made by formalin addition to the

semolina-containing dry mix % = 0.70)
compared with addition (0.35% formalde-
hyde) to aqueous nematode slurry (* =
0.87), but the difference was not signifi-
cant (P = 0.1596). However, formalde-
hyde incorporation by either addition or-
der prolonged shelf life sngmﬁcantly com-
pared with formaldehyde-free (+* = 0.77)
samples (P < 0.0243).

At 4 G, results with semolina Pesta were
nearly identical, regardless of formalde-
hyde addition order (> = 0.43, dry; * =
0.48, slurry) and refrigeration prolonged
shelf life substantially (Fig. 4). Nematode
survival over 28 weeks was similar for sam-
ples with or without (> = 0.76) formalde-
hyde.

Wheat flour type was not a significant
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Fic. 4. Effect of the order of addition of 0.35%
(w/w; nominal) formaldehyde on shelf life at 4 C in
the preparation of semolina Pesta (S. carpocapsae)
granules.

factor affecting nematode survival over
time at 21 C for formaldehyde-free sam-
ples. When 0.35% formaldehyde was in-
corporated by addition to nematode
slurry, bread flour samples (* = 0.91)
gave no better nematode survival than
semolina (** = 0.87) throughout the 28-
week test. However, semolina (> = 0.70)
was marginally better (P = 0.0840) than
bread flour (> = 0.68) when formalde-
hyde was added to the dry mix. With 4 C
storage, bread flour (+** = 0.63) was no bet-
ter than semolina (** = 0.76) for samples
lacking formaldehyde, but was better (P =
0.0214) for samples where formalin was
added to the nematode slurry (** = 0.39,
bread flour; > = 0.48, semolina). Flour
type was not a significant factor for sam-
ples made by formaldehyde addition to the
dry mix and stored at 4 C. About 50,000
live nematodes/g were extracted from sam-
ples made with 0.35% formaldehyde and
stored 1 year at 4 C.

Effect of formaldehyde concentration on sem-
olina formulations: Formaldehyde was in-
corporated in semolina Pesta (S. carpocap-
sae) granules at 0, 0.1, 0.2, 0.35, 0.7, and
1.4% (w/w; nominal), and the samples
were stored at 21 C and 4 C. Data from
both methods of formaldehyde addition
(to dry mix and to nematode slurry) were
combined. At 21 C, there was a gradual
and total loss of nematode viability by 28
weeks for all the samples, but between 0
and 28 weeks there were significant differ-
ences in viability attributable to formalde-
hyde content (Fig. 5). The 0.2% level (+*
0.78) maintained more live nematodes
(about 90,000/g at 12 weeks) than any of
the other concentrations (P < 0.0476).
The 0.35% (** = 0.63) and 0.7% (* =
0.61) levels, the next most effective con-
centrations, gave equivalent results (about
30,000/g at 12 weeks). The 0.1% (* =
0.78) and 1.4% levels (> = 0.57), and the
formaldehyde-free sample were least ef-
fective at maintaining viable nematodes (0
to 10,000/g at 12 weeks) during 21 C stor-
age. Fungal growth was not observed on
samples containing at least 0.2% formalde-
hyde.
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corporated in semolina Pesta (S. carpocapsae) on shelf
life at 21 C.

Nematode viability during 4 C storage
was also affected by formaldehyde concen-
tration in the Pesta granules (Fig. 6). At
0.1% and 0.2%, initial levels of viable
nematodes were maintained over the 28-
week test. The 0.35% samples (+* = 0.26)
were the next most effective. The 0.7% (r*
= 0.31) samples did not differ from the
0% (r* = 0.38) formaldehyde samples.
Loss of viable nematodes was most pro-
nounced for the 1.4% (+* = 0.55) formal-
dehyde samples.

Formaldehyde analysis of Pesta granules:
Only 20-29% of the formaldehyde incor-
porated into the semolina Pesta (S. carpo-
capsae) granules was detected by analyses
conducted 1 to 3 weeks after preparation
and refrigerated storage (Table 2). The
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Fic. 6. Effect of formaldehyde concentration in-
corporated in semolina Pesta (S. carpocapsae) on shelf
life at 4 C.

TasrLe 2. Formaldehyde analyses of semolina
Pesta (Steinernema carpocapsae) granules.

Formaldehyde, % (w/w)t

Added Foundi
0.10 0.02
0.20 0.05
0.35 0.08
0.70 0.17
1.40 0.41

t Overnight aqueous leach, 2.5 g in 50 ml water, chromo-
tropic acid reagent, colorimetric analysis at 570 nm.

1 Subtracted blank value of 0.08%; average of 2 or 3 de-
terminations.

lowest percentage of added formaldehyde
was recovered from the 0.1% samples and
the highest from the 1.4% samples. Sam-
ples prepared with nematodes, but without
formaldehyde, analyzed 0.08% formalde-
hyde, which served as the blank value for
the analytical method.

Infectivity of nematodes released from form-
aldehyde-containing Pesta: Nematodes re-
leased from Pesta granules containing
0.1% to 1.4% formaldehyde and stored 8
weeks at 21 G caused 100% mortality of
wax moth larvae (with typical infection by
the bacterial associate). Nematodes from
samples containing 0.2% formaldehyde
stored 20 weeks at 21 C also caused 100%
larval mortality. No larvae were killed by
exposure for 4 days to 0.1 g of nematode-
free Pesta containing 0, 0.35, and 1.4%
formaldehyde.

Discussion

As an alternative to using a more con-
centrated nematode slurry, the number of
nematodes per gram of Pesta can be in-
creased by incorporating water-holding in-
gredients in the formulation. Dough made
with bentonite (ca. 3.9% of the final prod-
uct) effectively accommodated more aque-
ous slurry than dough made with 100%
kaolin as the clay component. High final
water content and water activity were
known to prolong shelf life of Pesta gran-
ules (6). Therefore, samples were pre-
pared with as high a water activity (Table
1) as practical for dough processing and
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grinding. These high moisture levels were
easier to achieve when dough sheet thick-
ness was increased from about 1.1 (6) to
2.0 mm, because this slowed the drying
rate.

Pesta (S. carpocapsae) granules were pre-
pared under non-sterile conditions and,
unless an antimicrobial agent was added,
fungi and bacteria frequently grew under
the favorable conditions of high water ac-
tivity and 21 C storage (6). Fungal growth
caused clumping of the granules and loss
of their free-flowing property. Incorpora-
tion of only 0.2% w/w (nominal; 0.05% ac-
tual) formaldehyde in semolina Pesta ex-
tended shelf life (measurable nematode vi-
ability) at 21 C from about 8 weeks to 26
weeks. Formaldehyde levels up to 0.35%
also improved refrigerated shelf life. It is
not certain from this study if the benefits
observed with formaldehyde are due solely
to its antimicrobial properties or if another
mechanism is involved.

The greatly reduced beneficial effect on
shelf life that resulted from formaldehyde
addition to the dry mix of bread flour
Pesta, versus addition to nematode slurry,
was probably due to reaction of formalde-
hyde with proteins in the finely ground
flour (7). The small amount of formalin
solution added was rapidly absorbed in a
localized portion of the flour-containing
mixture where some reaction could have
occurred before the aqueous nematode
slurry was added to prepare the dough.
Formaldehyde lost by reaction or other-
wise bound to a small portion of the flour
would not be available to function as a pre-
servative. In contrast, addition of formalin
to the nematode slurry uniformly exposed
the nematodes to formaldehyde before
contact with the flour. Semolina Pesta was
affected less because this flour’s coarse
particle size was much greater than that of
bread flour, so reaction would proceed
more slowly and to a lesser extent. Even
with semolina, it would be preferable to
add formalin to the nematode slurry to be
assured of optimum results.

Bread flour samples made by formalin
(0.35% formaldehyde) addition to the

nematode slurry gave no better shelf life
results than the equivalent semolina sam-
ples. Hence, both flours were suitable for
use in Pesta formulations, and factors such
as cost or dough-forming properties under
process conditions would dictate the
choice. Other flours or flour mixtures may
also prove to be acceptable. Exclusive of
formaldehyde level, the formulations were
not optimized. The ability to modify the
ratios of ingredients and incorporate new
additives are attractive features of Pesta
formulations. Previous work (6) has shown
that water activity and storage tempera-
ture affected shelf life much more than the
composition of the formulations tested.

The nominal 0.2% formaldehyde level
in semolina Pesta (S. carpocapsae) granules
that gave the best shelf life at 4 C and 21 C
actually contained only 0.05% formalde-
hyde by weight. Samples with a nominal
0.35% level, which also had good shelf life,
analyzed 0.08% formaldehyde (Table 2).
Higher formaldehyde levels either gave no
greater benefit or were harmful. Minimiz-
ing formaldehyde content in products is
prudent because it is a potential human
carcinogen as well as an irritant and sensi-
tizer. Differences between the amount of
formaldehyde added to the samples and
the amount found by analysis probably are
due to losses through volatility and reac-
tion with flour proteins.

Wax moth larval mortality results
showed that formaldehyde did not harm
the symbiotic Xenorhabdus nematophilus bac-
teria harbored by the infective-stage S. car-
pocapsae juveniles. Bacteria can survive
even chlorination inside the bodies of cer-
tain nematodes (4).

In Pesta granules, nematode movement
is restricted, conserving energy reserves of
the non-feeding, infective juveniles. The
clay components can adsorb potentially
toxic excretory products and, together
with the flour, release water slowly during
drying to allow the nematodes to physio-
logically prepare to enter a resting stage
(1).

Pesta (S. carpocapsae) granules are free-
flowing and easy to apply and incorporate
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in soil. Granular formulations of ento-
mopathogenic nematodes are not available
commercially, and would be an attractive
alternative or supplement to products de-
signed for spray application to soil. Ex-
tending shelf life at 21 C, as reported in
this work, is one step toward the goal of a
commercially attractive granular product
for insect biocontrol with nematodes.
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