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Abstract

Entompathogenic nematodes are found worldwide in a wide array of soil habitats with a broad host range and
significant variation in foraging strategies. The primary use of entomopathogenic nematodes (EPNs) in managed
plant systems has been focused on inundative releases in a biopesticide strategy. Little effort has been placed in
investigating the use of natural occurring or adapted EPN strains for long-term suppression of pest outbreaks in
managed systems. This study examined the potential of EPN isolates from Northern New York (NNY), inoculated at
a low level (250 million 1J/ha), which are climate adapted and their persistent characteristics preserved to maintain
population levels in agricultural fields (N = 82) for multiple years and across crop rotation (alfalfa:corn:alfalfa).
Persistence levels for Steinernema carpocapsae (Weiser) (Rhabditida:Steinernematidae) ranged between 8 and 12%
of the soil cores assayed in continuous alfalfa and 1-14% of the soil cores assayed in continuous corn rotated from
EPN treated alfalfa. Steinernema feltiae (Filipjev) (Rhabditida: Steinernematidae) residual persistence level ranged
between 17 and 32% in continuous alfalfa and 22-41% in continuous corn rotated from EPN treated alfalfa. Combined
EPN level ranged between 27 and 43% of the soil cores in continuous alfalfa and 28-55% in continuous corn rotated
from EPN-treated alfalfa. Inspection of individual fields suggested EPN populations established in prior years at the
residual soil core level of 18-35% can respond positively to an increase of susceptible hosts in both alfalfa and corn,
often increasing their presence to 100%.
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Entompathogenic nematodes are found worldwide in a wide array in with the agricultural ecosystem. This mismatch may be the fac-

of soil habitats with a broad host range and significant variation in
foraging strategies (e.g., Hara et al. 1991, Kaya and Gaugler 1993,
Hominick 2002, Adams et al. 2006). Natural populations range
from <1 to 100% of collected soil samples, but are poorly under-
stood (e.g., Gaugler et al. 1992, Campos-Herrera et al. 2013). These
characteristics suggest the potential to control a wide array of soil
insect pest species with wide-ranging life histories (e.g., Lewis et al.
1992, 1993; Grewal et al. 1994; Lewis, et al. 1996; Campbell and
Gaugler 1997; Wilson et al. 2012).

Natural populations evolved within the native habitat recy-
cling on available native hosts utilizing the local flora for their
food source. When areas are converted to agriculture, the local
entomopathogenic nematodes (EPNs) may not share the same soil
niche (Ferguson et al. 1995) as the new potential host/insect pest
attacking the agricultural crops or may not be virulent enough to
overcome the immune system of the new potential hosts brought

tor preventing the native EPNs from suppressing the agricultural
soil-borne pests.

The primary use of EPNs in managed plant systems has been
focused on inundative releases in a biopesticide strategy (defined as
flooding the soil with high numbers of EPNs for immediate pest sup-
pression). Little effort has been placed in investigating the use of
natural occurring or adapted EPN strains for long-term suppression
of pest outbreaks in managed systems which range from turf to agri-
cultural fields. It has been suggested that an inoculative (defined as
establishing an adapted isolate in the soil at lower numbers and rely-
ing on recycling to build the population) and conservation approach
is the future use of EPNs (Lewis et al. 1998).

It has been suggested that an inoculative release program would
be successful if 1) susceptible host were present throughout most
of the year, 2) agricultural commodity has a high economic thresh-
old level, and 3) soil conditions are favorable for nematode survival
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(Kaya 1990). In the more northern climates, EPNs must survive long
periods of cold temperatures and frozen soils, so EPNs would need
to retain the genetic ability to conserve their resources and persist
between host availability (Shields et al. 1999).

This study was focused on the potential of climate-adapted EPN
isolates to persist across a common multi-year field crop rotation
after a single inoculation. A 4-yr alfalfa and 4-yr corn rotation is
a typical crop rotation sequence for the dairy producers in New
York State (NYS). This research is part of a larger effort to develop
an effective biological control program for the serious alfalfa
pest, alfalfa snout beetle, Otiorbynchus ligustici L. (Coleoptera:
Curculionidae) (Shields et al. 2009, Shields and Testa 2017). The
mix of EPN species (S. carpocapsae + S. feltiae) used have been
shown to be effective against alfalfa snout beetle in field studies
(Neumann and Shields 2008). This combination of two compatible
EPN species with distinct soil niche preferences also overlap the soil
profile preferences of the common agricultural soil insect (Ferguson
et al. 1995).

Methods and Materials

Source of EPNs

Our field study used two New York State (NY) EPN isolates.
Steinernema carpocapsae (Weiser) (Rhabditida:Steinernematidae)
(NY 001°), was initially isolated from soil samples collected in 1990
from Oswego County, NY. Steinernema feltiae (Filipjev) (Rhabditida:
Steinernematidae) (‘NY 04°), was initially isolated from soil sam-
ples collected from Jefferson County, NY in 2004. To maintain the
ability of these strains to persist in NY conditions, each species was
re-isolated from the field every second year beginning in 2007, and
used to reinitiate the laboratory culture. The EPN strains used in
this trial were re-isolated from field plots in 2007, 2009, and 2011
depending on the year of application. Greater wax moth, Galleria
mellonella (L.) (Lepidoptera: Pyralidae), larvae (Woodring and Kaya
1988) were used as hosts to maintain the nematode cultures between
field isolations. Culturing protocols have been modified to preserve
the genes for persistence in the population during the 2 yr of labora-
tory culturing (Shields 2015). A Galleria based non-white trap rear-
ing system (Testa and Shields 2017) was used for the production of
infective juveniles (IJs) for field application.

Field Sites

A total of 82 different alfalfa/grass mixed fields spread across the
six Northern NY alfalfa snout beetle infested counties (Clinton
[N = 7], Essex [N = 7], Franklin [N = 16], Jefferson [N = 15], Lewis
[N = 17], St Lawrence [N = 20]) (Shields et al. 2009, Shields and
Testa 2017) were selected for the study. Selected fields were in their
first full year of production after stand establishment the previous
year. EPN IJs were applied to 4 fields in 2007, 8 fields in 2008, 48
fields in 2009, 14 fields in 2010, and 8 fields in 2011. Within each
field, four sites were established with each site comprised of 0.10 ha.
GPS coordinates were recorded for the perimeter of each field site to
allow the return to the field site for soil sampling across the years of
the study regardless of the crop in the field. Each field site was pre-
sampled for the presence of native EPNs by collecting 100 soil sam-
ples, and conducting a laboratory bioassay for the presence of EPNGs.
All fields were within the range of 0-5% of EPN positive soil cores
with 99% of the EPNs detected identified as S. carpocapsae, and
1% identified as Heterorhabditis bacteriophora Poinar (Rhabditida:
Heterhabditidae). None of the pre-sample EPNs were identified as
S. feltiae.

EPN Application

EPN IJs were applied to each field site through a truck mounted
sprayer consisting of 2- to 190-liter tanks using 12-volt spray pumps
to generate 275 kPa pressure and a 2.5-m spray boom with spray
nozzles spaced at 56 cm. IJs were applied in 475 liters of water per
ha onto the soil surface through fertilizer stream nozzles (TeeJet
0008) at the rate of 2.5 million for each species per ha (500 million
IJ total per ha). IJs were applied 10-14 d after alfalfa harvest with
10-15 cm regrowth to provide ground shading. Applications were
initiated 1 h before sundown to allow EPNs to enter the soil with
minimal death from UV exposure.

EPN Sampling

All field sites were sampled for EPN establishment 30-45 d after
application and subsequently once per year for the duration of the
study. At each field visit, 25 soil cores were collected from each 0.10
ha site (total 100/field). Each soil core was collected with a probe
with a 2 cm internal diameter inserted 20 c¢cm into the soil. Each
sample was divided, with the top 7 cm placed in a 120 ml container
cup and the lower 13 cm placed in a 240 ml container. Soil cores
were divided in this manner to isolate S. carpocapsae from S. feltiae
for the assay (Ferguson et al. 1995). Each container had a tight-
fitting lid. All soil samples were laboratory bio-assayed using G. mel-
lonella larvae as indicator hosts (5 per 7 cm core, 10 per 13 cm core).
Samples were incubated at room temperature (23°C), on shelves in
the laboratory for 7 d. Dead G. mellonella were examined for nema-
tode infection by observing the condition and color of the cadaver
(Poinar 1984). Cadavers where death from EPNs were questionable
were placed on moist plaster of Paris disks in Petri dishes (White
1927) and observed for IJ emergence. Subsamples IJs from the white
trap emergence were used to verify EPN species/cadaver color-
ation by infecting G. mellonella, dissecting out the adult males and
verifying the EPN species with the shape of the male spicule head
(Neumann 2007).

Statistical Analysis

EPN population levels expressed in percent of soil samples with a
positive bioassay for the presence of EPNs were transformed with
Arcsine transformation before analysis. Significant differences in
populations between years was tested with single factor analysis of
variance (ANOVA) with post-hoc #-test applying Bonferroni correc-
tion (Systat Software Inc. 2009). Degrees of freedom were variable
depending on the group of data analyzed (number of fields) and is
listed in the results section with the other statistical results.

Results
EPN Levels in Alfalfa/Grass Mixed Fields

After inoculation, S. carpocapsae (NY-001) positive soil samples
from the assay ranged from 7 to 13 = 1-3%. Population levels were
statistically similar, regardless of year (F = 0.3; df = 170; P = 0.25).
S. feltiae (NY-04) positive soil samples from the assay ranged from 18
to 32 = 2-6%. Population levels were statistically different between
year 5 and year 6 (F = 2.3; df = 10; P = 0.05), but the remain-
ing years did not differ statistically (F = 0.4; df = 170; P = 0.23).
The combined level of both EPN species positive soil samples from
the assay ranged from 27 to 43 = 2-6% of the soil samples test-
ing positive in the assay. Population levels were statistically different
at the extreme values but not generally different from year to year
(F =2.4; df = 1705 P = 0.05). The levels of S. feltiae were statistically
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higher than the levels of S. carpocapsae regardless of year (F = 5.3;
df = 170; P < 0.01) (Fig. 1).

EPN Levels in Corn

All corn fields were rotated from alfalfa fields previously inoculated
with EPNs 2—4 yr prior to the rotation. For comparison, the EPN
population data from year 4 alfalfa was used as the initial starting
population value since this represents the typical timing of rotation
out of alfalfa and there was no significant difference in EPN levels
in alfalfa between years 3 and 5 (Fig. 1). EPN populations of both
species in first-year corn were not statistically different from the final
year of alfalfa (Sc 8 = 1% vs. 9 = 1%, Sf 22 = 3% vs. 23 = 2%)
(F =0.7; df = 28; P = 0.10). In second-year corn, populations of
S. carpocapsae increased numerically but the increase was not sig-
nificant (9 = 1% to 14 = 2%) (F = 1.3; df = 32; P = 0.10). However,

the S. feltiae population increased significantly over year 1 levels
(23 2% to 41 = 5%) (F = 4.3; df = 32; P < 0.01).

Additionally, the combined level of both EPN species increased
significantly over year 1 (31 = 2% to 55 = 6%) (F = 4.1; df = 32;
P < 0.01). During corn years 3-6, S. carpocapsae levels dropped to
less than 5% and S. feltiae populations returned to the year 1 levels
(23-31 = 1-4%), resulting in the combined EPN levels to drop to
similar levels (28-32 = 1-4%) (Fig. 2).

EPN Levels After Corn

After the corn fields were rotated back into alfalfa, the combined
EPN and S. feltiae levels remained at the long-term residential levels
(27-34% of the cores) and were not significantly different from the
levels before the corn rotation. However, the S. carpocapsae levels
remained lower than the pre-corn rotation levels (Fig. 3).
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Fig. 1. Frequency of soil cores testing positive to the presence of EPNs in continuous alfalfa using a Galleria bioassay. Field areas were inoculated with EPNs
once during the first year of alfalfa at the rate of 250 million IJs per species per ha. Graph values are: mean + SE and the number of fields represented by each

data point (N values) are indicated along the top of the graph.
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Fig. 2. Frequency of soil cores testing positive to the presence of EPNs in continuous corn using a Galleria bioassay. Field areas were inoculated with EPNs once
during the first year of alfalfa at the rate of 250 million IJs per species per ha prior to rotation to corn. Graph values are: mean + SE and the number of fields
represented by each data point (N values) are indicated along the top of the graph.
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Alfalfa After Corn
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Fig. 3. Frequency of soil cores testing positive to the presence of EPNs in alfalfa following the continuous corn rotation using a Galleria bioassay. Field areas
were inoculated with EPNs once during the first year of alfalfa prior to the corn rotation at the rate of 250 million IJs per species per ha prior to rotation to corn.
Graph values are: mean + SE and the number of fields represented by each data point (N values) are indicated along the top of the graph.

Discussion

Pre-Rotation Alfalfa

Climate-adapted EPN isolates persisted in alfalfa/grass mixed fields
for multiple years after an initial inoculation (Fig. 1), and these data
suggest that the alfalfa/grass mixed ecosystem is a stable system for
EPN persistence. S. carpocapsae with its preferred niche in the top
6 c¢cm of the soil profile maintained its population between 8 and
13% of the soil cores. S. feltiae with its preferred niche ranging from
the surface to 20 cm deep, maintained its population across multiple
fields between 21 and 32% of the soil cores. The combined species
level of EPNs ranged from 33 to 43% of the soil cores. These levels
were maintained for 6 production years after initial inoculation with
250 million IJ/ha of each species. This inoculation level is 10-fold
lower than the commercial level of 2.5 billion IJs per ha. The aver-
age EPN level across multiple fields is important because it strongly
suggests that this EPN combination of isolates is compatible with the
array of agricultural soils, ranging from clay-loams to sandy-loams,
used to grow alfalfa in Northern New York (NNY). In addition, per-
sistence indicates that EPN isolates are well adapted to the climate
and actively recycling in hosts present in the fields.

Our analysis across farms did not allow us to fully evaluate the
ability of these EPNs to respond to insect invasion. However, inspec-
tion of individual fields indicated that these long-term resident EPN
populations are responsive to an increase of insect hosts, which may
be economically damaging species. Four individual fields (Fig. 4)
are utilized to illustrate the potential of these long-term resident
EPN populations to respond to insect invasion. In the first example
(Fig. 4A), the high initial population level of EPNs 45 d after inocu-
lation (70% of the cores) indicates an abundance of hosts in the field
shortly after the initial inoculation compared to the expected level
(33% of the cores, Fig. 1). In subsequent years, the resident EPN
population decreased to the range of 14-27% soil cores, a long-term
resident level with minimum number of host available. In the sec-
ond example (Fig. 4B), EPN populations in the year of inoculation
established at the multiple field average level (34% of the cores). In
the third year after inoculation, EPN levels to exploded to 100%
of the soil cores (Sc = 29%, Sf = 88%), suggesting an insect inva-
sion before the population declined to the long-term resident range
of 17-25% the following year. While the combined EPN curve in

year 3 actually shows 117%, the value reflects soil samples which
tested positive for both EPN species. In the third example (Fig. 4C),
the EPN population responds to an insect invasion in year 4 after
inoculation (81% combined), declines in year 5 to a lower level
(24% combined) before rebounding in year 6. In the fourth example
(Fig. 4D), the EPN population established at an unusually low level
in year 1, increased to 16% combined in year 2, increased to 48%
combined in year 4, and increased to 100% in year 5. These four
fields clearly indicate a dynamic system where the EPNs have the
ability to reside for several years at a lower level and respond to
insect invasion. These data only track the EPN population and do
not suggest if the invading insects were controlled before causing
economic damage or losses.

Corn Rotation

During the first year of corn, EPN populations remained at the same
level as the final year of alfalfa. However, in year 2 corn, the EPN
population significantly increased to 55% of the soil cores averaged
across all nine fields. The larger standard error suggests an interest-
ing variation between the nine fields worth exploring. The two fields
in Fig. 5 demonstrate the potential of a residual EPN population to
respond to an insect invasion. In the first field (Fig. 5A), the EPN
population was at a very low level in the final year of alfalfa (7%
of the cores) and increased to 21% during the first year of corn. In
the second year of the corn rotation, EPN populations exploded to
100% of the soil cores with most of the population increase being
S. feltiae. In years 3 and 4, the EPN population dropped to the long-
term residential level of 23-36%. In the second field (Fig. 5B), the
EPN population was slightly higher in the final year of alfalfa (16%),
increased to 43% in the first year of corn and exploded to 100% in
year 2 corn before returning to the long-term residential level for
years 3—6 (19-31%). While the combined EPN curve in both fields
in year 2 actually shows values for the combined EPNs over 100%,
these values reflect soil samples which tested positive for both EPN
species.

Figures 2, 4 and 5 clearly indicate a dynamic system where the
EPNs have the ability to reside for several years at a lower level and
respond to insect invasion. These data only track the EPN popula-
tion and do not suggest if the invading insects were controlled before
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Fig. 4. Frequency of soil cores testing positive to the presence of EPNs in continuous alfalfa using a Galleria bioassay. These single fields (A-D) were inoculated
with EPNs once during the first year of alfalfa at the rate of 250 million IJs per species per ha. Graph values are: mean + SE.

causing economic damage or losses. The large increase of EPNs in
year 2 corn is suggested to be a result of recycling on corn root-
worm larvae, Diabrotica virgifera, an economically important insect
in year 2—4 continuous corn and a reported host. Validation of this
suggestion will require a follow-up study.

Another interesting study would be to expand on the data in
Fig. 3. During the alfalfa portion of the rotation after EPN inocula-
tion, the S. carpocapsae population remains between 8 and 13% of
the soil cores and appears stable across 6 yr after establishment. The
data from the corn years would suggest that this crop is not favora-
ble to retaining the S. carpocapsae portion of the EPN population
with the level dropping from the 8-14% range to 1-6% range in
corn years 3—6. Figure 3 illustrates the EPN levels after the fields are

rotated out of corn and back into alfalfa. In these fields, the S. car-
pocapsae populations remain very low and appear to not rebound
to the pre-corn levels. This raises questions regarding the long-term
survival of S. carpocapsae in the alfalfa-corn rotation.

Since S. carpocapsae was present at a 1-5% level in most of
the fields before a subsequent inoculation with the exact same
S. carpocapsae strain, it is difficult to know if the post inocula-
tion increased presence of S. carpocapsae is due to the inocula-
tion of additional EPN IJs, the addition and continued presence
of a second EPN species (S. feltiae ‘NY 04’) or some unknown
factor. However, since S. feltiae was never found in any of the pre-
samples and is rare in widespread sampling across NYS (Shields
unpublished), the continual persistence of S. feltiae for multiple
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Fig. 5. Frequency of soil cores testing positive to the presence of EPNs in continuous corn using a Galleria bioassay.These single fields (A and B) were inoculated
with EPNs once during the first year of alfalfa at the rate of 250 million IJs per species per ha before rotation to corn. Graph values are: mean = SE.

years after a single inoculation strongly suggests the introduction
of a complementary EPN species into the agricultural environment.
The continued persistence of S. feltiae at a significant level and its
response to insect invasion in both the alfalfa and corn portions
of the crop rotation strongly suggests the potential for biological
control of soil insect pests. Follow-up studies will be required to
parse out the soil insects being used as hosts in each of these crop-
ping environments, identify population reductions and its impact
on economic damage reduction.
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