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Virulence of Entomopathogenic Nematodes to Plum Curculio,
Conotrachelus nenuphar: Effects of Strain, Temperature, and Soil Type
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Abstract: The plum curculio, Conotrachelus nenuphar, is a major pest of stone and pome fruit (e.g., apples, pears, peaches, cherries,
etc.). Entomopathogenic nematodes (Steinernema spp. and Heterorhabditis spp.) may be used to control the larval stage of C. nenuphar
following fruit drop. Indeed, certain entomopathogenic nematodes species have previously been shown to be highly effective in
killing C. nenuphar larvae in laboratory and field trials. In field trials conducted in the Southeastern, USA, Steinernema riobrave has thus
far been shown to be the most effective species. However, due to lower soil temperatures, other entomopathogenic nematode strains
or species may be more appropriate for use against C. nenuphar in the insect’s northern range. Thus, the objective of this study was to
conduct a broad screening of entomopathogenic nematodes. Under laboratory conditions, we determined the virulence of 13
nematode strains (comprising nine species) in two different soils (a loam and clay-loam) and three different temperatures (128C,
188C, and 258C). Superior virulence was observed in S. feltiae (SN strain), S. rarum (17 C&E strain), and S. riobrave (355 strain).
Promising levels of virulence were also observed in others including H. indica (HOM1 strain), H. bacteriophora (Oswego strain),
S. kraussei, and S. carpocapsae (Sal strain). All nematode treatments were affected by temperature with the highest virulence observed
at the highest temperature (258C). In future research, field tests will be used to further narrow down the most suitable nematode
species for C. nenuphar control.
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The plum curculio, Conotrachelus nenuphar (Herbst),
is a major pest of pome and stone fruit in North
America (Racette et al., 1992; Horton and Johnson,
2005). Adult weevils enter orchards from overwintering
sites in the spring to feed and oviposit in fruit. Attacked
fruit aborts or is deformed rendering it non-saleable.
Larvae continue to develop in fallen fruit, exit as fourth
instars, and burrow into the soil (1 - 8 cm) to pupate
(Racette et al., 1992). After emergence, adults feed on
fruit and migrate to litter surrounding the orchard to
overwinter (Racette et al., 1992; Olthof and Hagley, 1993).
In the southern United States, an additional generation
may occur on many peach cultivars prior to overwintering
(Horton and Johnson, 2005).

Current control recommendations for C. nenuphar
consist solely of above-ground applications of chemical
insecticides to suppress adults (Horton et al., 2011). Due
to environmental and regulatory concerns, research on
developing alternative control strategies is warranted.
Entomopathogenic nematodes are one of the potential
control options (Shapiro-Ilan et al., 2004, 2008).

Entomopathogenic nematodes in the genera Stei-
nernema and Heterorhabditis are obligate parasites of in-
sects (Poinar, 1990). These nematodes have a mutualis-
tic relationship with a bacterium (Xenorhabdus spp. and
Photorhabdus spp. for steinernematids and heterorhabditids,
respectively) (Poinar, 1990). Infective juveniles (IJs), the
only free-living stage, enter hosts through natural
openings (mouth, anus, and spiracles), or in some cases,
through the cuticle. After entering the host’s hemocoel,
nematodes release their symbiotic bacteria, which are

primarily responsible for killing the host, defending
against secondary invaders, and providing the nema-
todes with nutrition (Dowds and Peters, 2002). The
nematodes molt and complete up to three generations
within the host after which IJs exit the cadaver to
search out new hosts (Kaya and Gaugler, 1993). En-
tomopathogenic nematodes are effective at controlling
a variety of economically important pests including the
larvae of several weevil species (Coleoptera: Curculio-
nidae) (Shapiro-Ilan et al., 2005). Due to the nema-
tode’s sensitivity to desiccation and ultraviolet (UV)
radiation (Kaya, 1990) below-ground stages of C. ne-
nuphar are the preferred targets for nematode appli-
cations (Shapiro-Ilan et al., 2004, 2008).

Application of certain entomopathogenic nematode
species has shown efficacy in laboratory and field trials
when targeting the larval stage of C. nenuphar in soil
(Tedders et al., 1983; Olthof and Hagley, 1993; Shapiro-
Ilan et al., 2002, 2004, 2008). In the laboratory, when six
nematode species were compared for virulence to C. ne-
nuphar larvae, Steinernema feltiae (Filipjev) and S. riobrave
Cabanillas, Poinar and Raulston were pathogenic whereas
Heterorhabditis bacteriophora Poinar, H. marelata Liu and
Berry, H. megidis Poinar, Jackson and Klein, and S. carpo-
capsae (Weiser) were not (Shapiro-Ilan et al., 2002). In
subsequent field trials conducted in a peach orchard in
Byron, Georgia, S. riobrave exhibited high levels of sup-
pression (control averaged 94% in four trials), whereas S.
feltiae was not effective (Shapiro-Ilan et al., 2004). In
contrast, Alston et al. (2005) observed suppression of
C. nenuphar larvae using S. feltiae in field tests conducted
in Utah; albeit the levels of control were low to moderate
(< 40% corrected mortality). The ability of S. riobrave to
cause high levels of suppression, e.g., > 90%, when tar-
geting C. nenuphar larvae was also confirmed in later
studies (Shapiro-Ilan et al., 2008; Pereault et al., 2009).

Our overall goal is to develop an integrated multi-
stage management program for C. nenuphar suppression;
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application of entomopathogenic nematodes for control
of soil-dwelling stages is intended to be part of that strat-
egy. The tactic will be initially tested in the eastern range
of C. nenuphar within the US. As indicated above S. riobrave
has exhibited high levels of efficacy in the Southeastern
US (i.e., Georgia), yet it is possible other entomopathogenic
nematode species or strains will be more appropriate for
use against C. nenuphar in the insect’s northern range,
e.g., in the mid-Atlantic and New England states. Two
environmental factors that can vary across latitudinal
regions and influence nematode efficacy are soil type
and temperature (Kaya, 1990; Grewal et al., 1994; Shapiro
et al., 1999; Shapiro-Ilan et al., 2006). Thus our objective
in this study was to conduct a broad screening of en-
tomopathogenic nematode species and strains at three
different temperatures and in two soil types (one soil
typical of the fruit growing region in the mid-Atlantic
and one typical of New England).

MATERIALS AND METHODS

Insects, nematodes, and soils: C. nenuphar were reared at
the USDA-ARS laboratory in Kearneysville, WV at 258C
and 14L:10D on a diet of green thinning apples based on
the methods of Amis and Snow (1985). Fourth-instar C.
nenuphar were collected in drop trays upon exit from
fruit and separated into groups of 100. To limit self-
inflicted injury during holding and transport, groups of
100 larvae were placed in 200 ml plastic cups (Dixie,
Georgia-Pacific Consumer Products, Atlanta, GA) filled
with superfine grade vermiculite (W.R. Grace and Com-
pany, Cambridge, MA). Larvae were shipped overnight
to Byron, GA for experimentation in an insulated Sty-
rofoam cooler with 2 -1oC cold packs (U-Tek, Thermo-
safe Brands, Arlington Heights, IL). Upon receipt, weevil
larvae were separated from vermiculite by screening
and larvae were used in experiments within 2 days.
Dead larvae or larvae that appeared damaged were
discarded.

Nematodes were reared on commercially obtained last
instar Galleria mellonella (L.) at 258C according to pro-
cedures described in Kaya and Stock (1997). Following
harvest, nematodes were stored at 138C for less than 2 wk
before experimentation. Two soil types were included in
this study, with both collected from apple orchard plots;
one from the mid-Atlantic (Kearneysville, WV) and the
other from New England (Lebanon, New Hampshire).
Hereafter they will be referred to in the text as the NH
and WV soils. The NH soil is classified as a loam with
38:50:12 percentage sand:silt:clay and a pH of 6.2. The
WV soil is classified as a clay loam with 28:44:28 per-
centage sand:silt:clay and a pH of 7.18. The soil was au-
toclaved prior to shipment and kept at least two wks at
room temp prior to use (Kaya and Stock, 1997).

Virulence bioassays: Virulence screening in the two
different soils was conducted separately using identical
methods. In each soil a series of three rounds of screening

were conducted (hereafter referred to as Rounds 1, 2, and
3); a total of 13 nematode strains comprising nine spe-
cies were compared. In Round 1, seven nematode strains
were compared. Round 2 compared the remaining six
strains that were not tested in the first round, as well as
one nematode that was common to both Round 1 and
Round 2 (i.e., S. riobrave 355 strain), which was used to
facilitate qualitative comparisons between the two rounds
(see Table 1 and 2 for a list of nematodes in each round).
Subsequently, in Round 3, a ‘‘best candidate’’ screening
was conducted consisting of the five or six most promising
strains from the first two rounds (see Figs. 1 and 2 for the
strains tested). All Rounds (within soil type) were run
simultaneously at 128C, 188C and 258C. The choice of
temperatures was based on a range that might occur
during the first C. nenuphar-induced fruit drop in mid-
Atlantic and New England states.

Nematode virulence to C. nenuphar larvae was as-
sessed based on procedures described by Shapiro-Ilan
et al. (2002, 2003). Experiments were conducted in
plastic cups (Bioserv Inc., Frenchtown, NJ). The cups
(3-4 cm i.d., 3.5 cm deep) were filled with 20 g of oven-
dried WV soil or 15 g of NH soil (which was equivalent
to approximately 17.01cm3 volume for both soils). Ap-
proximately 500 IJs were applied to each cup in 0.5 ml
tap water; prior to addition of nematodes, tap water was
added to the soil so that final moisture level in each cup
was at field capacity (30% for NH soil and 32% for WV
soil). Controls, which were included in each assay, re-
ceived water only. After application of nematodes and
water, one weevil larva was added to each cup. Sub-
sequently, cups were stored in the three temperatures,
and survival of C. nenuphar was determined 5 d and 12
d post-treatment. The experiments were arranged in
a completely randomized factorial design with tem-
perature and nematode treatment constituting the
main effects. All experiments included three replicates
of 10 cups per treatment. Using identical experimental
parameters, all experiments were repeated once in time
with a fresh batch of nematodes (i.e., there were two
trials per experiment).

Statistical analysis: Within each experiment, treat-
ment effects were analyzed using ANOVA. If a signifi-
cant F-test was detected, the Student-Newman-Keuls’
(SNK) test was used to further specify treatment dif-
ferences (SAS Version 9.1, SAS Institute, Inc., Cary,
NC). Initially, main effects in the factorial design
(nematode and temperature) were analyzed for in-
teractions. As significant main effect interactions were
detected, a complete analysis of simple effects was
conducted (Cochran and Cox, 1957). Specifically,
within each temperature treatments were compared to
the control and to each other. Additionally, although
our primary goal was to compare virulence among
nematode strains and species, we also evaluated the
impact of temperature on virulence within each nem-
atode treatment. For analysis of temperature effects,
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control mortality was corrected using Abbott’s formula
(Abbott, 1925) so that potential differences in natural
mortality among temperatures would not be a factor.
Prior to analysis, percentage survival was transformed by
arcsine of the square root (Southwood 1978, Steel and
Torrie 1980). Non-transformed means are presented in
the Results section. The alpha level for all statistical tests
was 0.05.

RESULTS

Assessment of main effects and justification to focus on
simple effects: Interactions between main effects were
detected in both soils. Significant interactions between
temperature and nematode treatment were detected in
all analyses at 12 d post-treatment (both soils and all 3
rounds) (P = 0.0001 in all analyses except Round 2 in the
WV soil P =0.0109). Main effect interactions were also
detected 5 d post-treatment in the WV soils (P = 0.0001

except Round 2 in the WV soil P = 0.0121), but the in-
teractions were not significant 5 d post-treatment for
the NH soil (P = 0.1256, 0.0871, and 0.2138 for
Rounds 1, 2 and 3, respectively). In these cases, where
the main effects were independent, temperature had
a significant impact on C. nenuphar survival across
nematode treatments (P = 0.0001 for all 3 rounds).
Specifically in the NH soil at 5 d post-treatment, in
Rounds 1 and 3 C. nenuphar survival was highest at 128C
followed by 188C and 258C had lowest survival; in
Round 2 survival was higher at 258C than 188C and 128C
(which were not different from each other) (data not
shown). Rounds 1 and 3 (at 5 d post-treatment) also
exhibited significant treatment effects across tempera-
tures in the NH soil (P = 0.0001 for both rounds); in
both experiments only the S. feltiae (SN) and S. riobrave
(355) treatments caused lower survival relative to the con-
trol (data not shown). Treatment effects in Round 2 across
temperatures (5 d post-treatment) were not detected

TABLE 1. Average percentage survival (± SEM) of Conotrachelus nenuphar larvae following exposure to entomopathogenic nematodesa in
a loam soil (from New Hampshireb).

Round DPIc Treatment 128C 188C 258C

1 5 Control 100 6 0a 98.33 6 1.67a 100 6 0a
1 5 Hb-Oswego 96.67 6 2.11a 96.67 6 2.11a 93.33 6 3.33ab
1 5 Hb-VS 100 6 0a 95 6 2.24a 93.33 6 3.33ab
1 5 Hm-UK211 100 6 0a 96.67 6 2.11a 91.67 6 3.07ab
1 5 Sf-SN 95 6 3.42a 83.33 6 4.94a 65 6 9.57c
1 5 Sr-355 88.33 6 6.01a 88.33 6 4.01a 78.33 6 9.1bc
1 5 Sr-7_12 93.33 6 4.94a 91.67 6 3.07a 91.67 6 4.77ab
1 5 Sr-TP 100 6 0a 96.67 6 2.11a 78.33 6 7.92bc

1 12 Control 96.67 6 2.11a 90 6 3.65a 88.33 6 3.07a
1 12 Hb-Oswego 95 6 2.24a 76.67 6 4.22ab 13.33 6 4.94c
1 12 Hb-VS 91.67 6 3.07a 81.67 6 4.77ab 40 6 8.16b
1 12 Hm-UK211 93.33 6 6.67a 80 6 3.65ab 16.67 6 5.58c
1 12 Sf-SN 51.67 6 8.72b 43.33 6 5.58b 8.33 6 4.01c
1 12 Sr-355 73.33 6 6.67b 66.67 6 6.15ab 3.33 6 2.11c
1 12 Sr-7_12 90 6 5.16a 73.33 6 8.03ab 3.33 6 2.11c
1 12 Sr-TP 96.67 6 2.11a 80 6 6.32ab 3.33 6 2.11c

2 5 Control 100 6 0a 100 6 0a 98.33 6 1.67a
2 5 Hg-Kesha 100 6 0a 96.67 6 2.11a 96.67 6 2.11a
2 5 Hi-HOM1 100 6 0a 100 6 0a 88.33 6 4.01a
2 5 Sc-All 100 6 0a 100 6 0a 91.67 6 1.67a
2 5 Sc-Sal 100 6 0a 93.33 6 3.33a 88.33 6 5.43a
2 5 Sk 98.33 6 1.67a 100 6 0a 95 6 3.42a
2 5 Sr-355 100 6 0a 100 6 0a 90 6 4.47a
2 5 Srar-17C&E 100 6 0a 95 6 3.42a 88.33 6 4.01a

2 12 Control 100 6 0a 96.67 6 2.11a 83.33 6 4.94a
2 12 Hg-Kesha 100 6 0a 85 6 2.24a 40 6 4.47b
2 12 Hi-HOM1 96.67 6 3.33ab 90 6 5.16a 11.67 6 4.01d
2 12 Sc-All 98.33 6 1.67ab 96.67 6 2.11a 25 6 5.63bcd
2 12 Sc-Sal 95 6 2.24ab 78.33 6 5.43a 11.67 6 5.43d
2 12 Sk 91.66 6 1.67b 86.67 6 6.67a 15 6 5.63cd
2 12 Sr-355 98.33 6 1.67ab 85 6 2.24a 0 6 0e
2 12 Srar-17C&E 95 6 2.24ab 85 6 3.42a 31.67 6 4.77bc

a Nematodes in each round of experiments were tested separately. Hb = Heterorhabditis bacteriophora, Hg =H. georgiana, Hi = H. indica, Hm = H. megidis, Sc = S.
carpocapsae, Sf = S. feltiae, Sk = S. kraussei, Srar = S. rarum, Sr = S. riobrave; strain designations are indicated following the species abbreviation and a hyphen. Control =
water only.

b see text for details on the soil type.
c Insects were exposed to nematodes for 5 or 12 days (DPI = d post-inoculation), and at three temperatures.
Different letters within each round, DPI, and temperature indicate statistical significance (SNK test, % = 0.05).
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(P = 0.3994). Despite these instances in which main
effects were independent, and given that significant
interactions among main effects were detected in the
majority of analyses (in 8 out of the 12 analyses), a
complete analysis of simple nematode treatment ef-
fects (within each temperature) and temperature ef-
fects (within each treatment) was deemed to be in order.
The results of these analyses follow.

Assessment of nematode virulence in the NH (loam) soil: Dif-
ferences in nematode virulence to C. nenuphar were
detected in the NH soil at all 3 temperatures (Tables 1
& 3: Figs. 1 & 2). In Round 1 at 5 d post-treatment,
treatment differences were not detected at 128C or 188C
analyses (although ANOVA indicted a significant
treatment effect at 128C, the SNK test did not differ-
entiate among treatments) (Tables 1 & 3). At 258C
survival of C. nenuphar was lower in the S. feltiae (SN)
treatment than all others except S. riobrave (355) and S.
riobrave (TP) (these three treatments were also the only

ones different from the control) (Tables 1 & 3). At 12
d post-treatment, S. riobrave (355) and S. feltiae (SN)
exhibited higher virulence than all other treatments at
128C, and S. feltiae (SN) was superior at 188C; at 258C all
treatments suppress C. nenuphar survival relative to the
control, and the nematode treatments were not differ-
ent from each other except higher C. nenuhphar survival
was observed in the H. bacteriophora (VS) treatment
(Tables 1 & 3).

In Round 2, treatment differences were not detected
at 5 d post-treatment (although ANOVA indicted a sig-
nificant treatment effect at 188C, the SNK test did not
differentiate among treatments) (Tables 1 & 3). At 12
d post-treatment and 128C (in Round 2) S. kraussei
(Steiner) was the only treatment that caused lower C.
nenuphar survival relative to the control, yet at 188C
treatment differences were not elucidated (despite a
significant ANOVA), and at 258C the lowest survival was
detected in S. riobrave (355) followed by S. carpocapsae

TABLE 2. Average percentage survival (± SEM) of Conotrachelus nenuphar larvae following exposure to entomopathogenic nematodesa in clay
loam soil (from West Virginiab).

Round DPIc Treatment 128C 188C 258C

1 5 Control 85 6 2.24ab 90 6 3.65a 80 6 2.58a
1 5 Hb-Oswego 96.67 6 2.11a 58.33 6 7.92b 61.67 6 7.92a
1 5 Hb-VS 85 6 3.42ab 83.33 6 4.94ab 81.67 6 6.01a
1 5 Hm-UK211 90 6 6.32ab 83.33 6 3.33ab 80 6 4.47a
1 5 Sf-SN 80 6 2.58ab 60 6 3.65b 25 6 5.63b
1 5 Sr-355 81.67 6 5.43ab 78.33 6 7.92ab 38.33 6 4.77b
1 5 Sr-7_12 80 6 4.47ab 76.67 6 4.94ab 71.67 6 9.1a
1 5 Sr-TP 71.67 6 11.08b 80 6 5.16ab 75 6 5a

1 12 Control 80 6 2.58ab 68.33 6 6.01a 68.33 6 6.01a
1 12 Hb-Oswego 81.67 6 7.49a 15 6 2.24b 16.67 6 5.58bc
1 12 Hb-VS 50 6 8.56bcd 53.33 6 4.94a 25 6 5b
1 12 Hm-UK211 68.33 6 7.03ab 36.67 6 3.33a 13.33 6 4.22bc
1 12 Sf-SN 26.67 6 6.67d 16.67 6 6.15b 1.67 6 1.67d
1 12 Sr-355 61.67 6 8.33abc 55 6 9.57a 0 6 0d
1 12 Sr-7_12 58.33 6 5.43abc 53.33 6 9.89a 8.33 6 4.01cd
1 12 Sr-TP 36.67 6 8.03cd 65 6 7.19a 6.67 6 2.11cd

2 5 Control 96.67 6 2.11a 98.33 6 1.67a 96.67 6 2.11a
2 5 Hg-Kesha 95 6 3.42a 90 6 4.47a 55 6 8.85c
2 5 Hi-HOM1 93.33 6 3.33a 83.33 6 4.94a 70 6 7.3bc
2 5 Sc-All 98.33 6 1.67a 90 6 2.58a 76.67 6 5.58bc
2 5 Sc-Sal 100 6 0a 90 6 4.47a 71.67 6 6.01bc
2 5 Sk 93.33 6 6.67a 93.33 6 4.94a 81.67 6 4.77b
2 5 Sr-355 90 6 4.47a 93.33 6 3.33a 60 6 6.83bc
2 5 Srar-17C&E 96.67 6 2.11a 80 6 7.3a 66.67 6 4.22bc

2 12 Control 93.33 6 3.33a 90 6 4.47a 58.33 6 8.72a
2 12 Hg-Kesha 85 6 3.42ab 53.33 6 11.16ab 15 6 8.47bc
2 12 Hi-HOM1 83.33 6 3.33ab 35 6 14.32b 1.67 6 1.67c
2 12 Sc-All 81.67 6 4.01ab 63.33 6 8.03ab 5 6 3.42c
2 12 Sc-Sal 86.67 6 4.94ab 68.33 6 9.46ab 5 6 2.24c
2 12 Sk 63.33 6 3.33b 35 6 15.65b 1.67 6 1.67c
2 12 Sr-355 83.33 6 7.6ab 63.33 6 9.19ab 0 6 0c
2 12 Srar-17C&E 86.67 6 2.11ab 41.67 6 4.01b 16.67 6 3.33b

a Nematodes in each round of experiments were tested separately. Hb = Heterorhabditis bacteriophora, Hg =H. georgiana, Hi = H. indica, Hm = H. megidis, Sc = S.
carpocapsae, Sf = S. feltiae, Sk = S. kraussei, Srar = S. rarum, Sr = S. riobrave; strain designations are indicated following the species abbreviation and a hyphen. Control =
water only.

b see text for details on the soil type.
c Insects were exposed to nematodes for 5 or 12 days (DPI = d post-inoculation), and at three temperatures.
Different letters within each round, DPI, and temperature indicate statistical significance (SNK test, % = 0.05).
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(Sal) and H. indica Poinar Karunakar and David
(HOM1 strain) (Tables 1 & 3). Based on the virulence
levels observed in Round 1 and Round 2, we chose H.
indica (HOM1), S. carpocapsae (Sal), S. feltiae (SN), S.
kraussei and S. riobrave (355) for further study in Round 3.

In Round 3, at 5 d post-treatment, S. feltiae (SN) was
the only treatment that caused a reduction in C. nenuphar
survival relative to the control at 188C, and S. feltiae (SN)
and S. riobrave (355) were the only treatments that caused
lower C. nenuphar survival than the control at 258C (no
differences were detected at 128C) (Table 3; Fig. 1). At 12
d post-treatment (in Round 3) S. feltiae (SN) was the only
treatment that reduced C. nenuphar survival compared
with the control at 128C and 188C (Table 3; Fig. 2). At
258C all treatments caused lower C. nenuphar survival
than the control and no differences were detected among
the nematode strains and species (Table 3; Fig. 2).

Assessment of nematode virulence in the WV (clay loam) soil:
Differences in virulence were detected in the WV soil at
all three temperatures (Tables 2 & 4; Figs. 3 & 4). In

Round 1 at 5 d post-treatment no differences were de-
tected among treatments relative to the control at 128C,
whereas at 188C S. feltiae (SN) and H. bacteriophora
(Oswego) caused lower C. nenuphar survival than the
control, and at 258C S. feltiae (SN) and S. riobrave (355)
caused lower survival than the control (Tables 2 & 4).
After 12 d post-treatment (in Round 1), C. nenuphar
survival was lower in the S. feltiae (SN), S. riobrave (TP),
and H. bacteriophora (VS) treatments than the control at
128C, and at 188C S. feltiae (SN) and H. bacteriophora
(Oswego) caused lower C. nenuphar survival than the
control (all other treatments were not different from
the control) (Tables 2 & 4). At 258C (Round 1 and 12 d
post-treatment), all treatments caused lower survival
than the control and survival was lower in the S. feltiae
(SN) and S. riobrave (355) compared with other treat-
ments except for S. riobrave (7-12 and TP strains).

In Round 2 at 5 d post-treatment, no treatment ef-
fects were detected at 128C and 188C (Tables 2 & 4); at
258C all treatments caused lower survival than the control
(Tables 2 & 4). At 12 d post-treatment (in Round 2) S.
kraussei was the only treatment that caused lower C. ne-
nuphar survival than the control at 128C, and S. kraussei,
H. indica (HOM1), and S. rarum (de Doucet) (17C&E
strain) caused a reduction in C. nenuphar survival relative
to the control at 188C (Tables 2 & 4). At 258C, all treat-
ments reduced C. nenuphar survival and no differences
were detected among them except survival was higher in
the S. rarum (17C&E) treatment than all others except
H. georgiana Nguyen, Shapiro-Ilan and Mbata (Kesha
strain) (Tables 2 & 4). Based on the results of Rounds 1
and 2, we chose H. bacteriophora (Oswego), H. indica
(HOM1), S. feltiae (SN), S. kraussei, S. rarum (17C&E),
and S. riobrave (355) for further study in Round 3.

In Round 3, at 5 d post-treatment S. feltiae (SN) was
the only treatment that caused a significant reduction in
C. nenuphar survival relative to the control at 128C, and S.
feltiae (SN) and S. rarum (17C&E) were the only treat-
ments with lower C. nenuphar survival than the control at
188C (Table 4; Fig. 3). At 25 8C (in Round 3, 5 d post-
treatment) all nematode treatments suppressed C. nenu-
phar survival except H. indica (HOM1) and S. kraussei; S.
rarum (17C&E) exhibited higher virulence than all other
treatments except S. feltiae (SN) and S. riobrave (355)
(Table 4; Fig. 3). After 12 d post-treatment at 128C S. feltiae
(SN) was the only treatment causing lower survival than
the control, at 188C S. feltiae (SN) caused the lowest sur-
vival followed by S. rarum (17C&E) (the other treatments
caused lower survival than the control and were different
from each other), and at 258C all nematode treatments
suppressed C. nenuphar with no differences detected
among them (Table 4; Fig. 4).

Assessment of temperature effects within treatments: Tem-
perature effects on corrected C. nenuphar survival were
detected within nematode treatments in all 6 assay
rounds (three rounds x 2 soils). At 5 d post-treatment
significant temperature effects were observed in some

FIG. 1. Average percentage survival (± SEM) of Conotrachelus ne-
nuphar larvae following a 5 d exposure (5 dpi) to entomopathogenic
nematodes in a loam soil (from New Hampshire). Hi = Heterorhabditis
indica, Sc = Steinernema carpocapsae, Sf = S. feltiae, Sk = S. kraussei, Sr = S.
riobrave; strain designations are indicated after the species abbrevia-
tion and hyphen. Control = water only. Different letters above bars
indicate statistically significant differences (SNK test, % = 0.05).
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treatments but not others (data not shown), yet by 12
d post-treatment temperature effects were observed in
all treatments (P < 0.01 in all analyses except P = 0.0334
for the H. bacteriophora [VS] treatment in WV soil
Round 1, and P = 0.0160 in the S. feltiae [SN] treatment
NH soil Round 3). In all treatments (all rounds and all
soils at 12 d post-treatment) C. nenuphar survival was
lower at 258C than 128C except in the H. bacteriophora
(VS) treatment for Round 1 WV soil where survival was
lower at 258C than 188C and 128C was intermediate. C.
nenuphar survival was also lower (12 d post-treatment) at
258C than 188C in all treatments except in the H. bac-
teriophora (Oswego) treatment for Round 1 WV soil, and
the S. feltiae (SN) and S. rarum (17C&E) treatments in
Round 3 WV soil. In a number of treatments, survival at
188C was lower than 128C: H. megidis (UK211) in WV
soil Round 1; H. indica (HOM1), S. kraussei, and S. ra-
rum (17C&E) in WV soil Round 2; H. georgiana (Kesha),
S. carpocapsae (Sal), and S. riobrave (355) in NH soil
Round 2; and S. riobrave (355) in WV soil Round 3. In

one case C. nenuphar survival (at 12 d post-treatment)
was higher at 188C than at 128C, i.e., in the S. riobrave
(TP) treatment Round 1 WV soil.

DISCUSSION

Substantial differences in virulence to C. nenuphar
larvae were observed among nematode species. Similar
to our study, diverse virulence responses have been
observed among nematode species and strains in lab-
oratory screening studies targeting other weevil species
such as the sweetpotato weevil, Cylas formicarius (F.),
(Mannion and Jansson, 1992), Diaprepes root weevil,
Diaprepes abbreviatus (L.), (Shapiro and McCoy, 2000),
and the guava weevil, Conotrachelus psidii Marshall,
(Dolinski et al., 2006). Our results indicated that S.
feltiae (SN), S. riobrave (355) and S. rarum (17C&E)
possess particularly high levels of virulence because
these nematodes distinguished themselves relative to
other nematodes in a number of comparisons in-
cluding Round 3 (the ‘‘best candidate’’ assay). These
findings are in corroboration with those of Shapiro-Ilan
et al. (2002) in that S. feltiae (SN), S. riobrave (355) also
exhibited superior laboratory virulence to C nenuphar
larvae in the prior study (S. rarum was not tested in the
earlier study). However, in contrast to the results of
Shapiro-Ilan et al. (2002), several species exhibited
pathogenicity in the present but not the former, i.e., H.
bacteriophora, H. megidis, and S. carpocapsae; the discrep-
ancy is likely due to the exposure period in the former
study being limited to 5 d (the species were also not
pathogenic at 5 d post-treatment in the present study).

The present study expands substantially on previous
laboratory screenings for C. nenuphar virulence. Our
study included four previously untested nematode
species (H. indica, H. georgiana, S. kraussei, and S. rarum)
as well as a number of previously untested strains, e.g.,
H. bacteriophora (Oswego and Vs strains), S. riobrave (7-
12 and TP strains), and S. carpocapsae (Sal strain). In
addition to S. rarum (17C&E), a number of the other
previously untested nematodes exhibited promising
levels of virulence and may warrant further study in-
cluding H. indica (HOM1 strain), H. bacteriophora (Os-
wego strain), S. kraussei, and S. carpocapsae (Sal strain).

Temperature affected nematode virulence to C. ne-
nuphar larvae. In the assays that contained independent
main effects (and allowed for statistical analysis of
temperature across treatments), C. nenuphar survival
decreased as temperature increased. Additionally, when
temperature effects were analyzed by treatment C. ne-
nuphar survival was also lowest in the highest tempera-
ture tested (258C). The impact of temperature on C.
nenuphar survival was not surprising as temperature is
known to affect entomopathogenic nematode in-
fectivity, virulence and reproductive capacity and most
species are most active at 20 to 308C (Kaya 1990, Grewal
et al., 1994; Shapiro-Ilan et al., 2006). Also as expected,

FIG. 2. Average percentage survival (± SEM) of Conotrachelus nenu-
phar larvae following a 12 d exposure (12 dpi) to entomopathogenic
nematodes in a loam soil (from New Hampshire). Hi = Heterorhabditis
indica, Sc = Steinernema carpocapsae, Sf = S. feltiae, Sk = S. kraussei, Sr = S.
riobrave; strain designations are indicated after the species abbreviation
and hyphen. Control = water only. Different letters above bars indicate
statistically significant differences (SNK test, % = 0.05).
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nematodes that have been observed to be cold tolerant
species, i.e., S. feltiae and S. kraussei (Grewal et al., 1994;
Mráček et al., 1999; Haukeland and Lola-Luz, 2010)
exhibited relatively higher virulence to C. nenuphar than
most other nematode treatments at the lower tempera-
tures tested. However, several nematodes that have not
been previously reported as cold tolerant also caused C.
nenuphar suppression at the lower temperatures e.g., H.
bacteriophora (VS), H. indica (HOM1), and S. riobrave
(TP). The potential activity of these nematodes at cooler

temperatures may be applicable for control of other tar-
get pests in other cropping systems.

Soil parameters such as texture, organic matter, and
electrical conductivity can influence nematode viru-
lence (Kaya, 1990; Shapiro-Ilan et al., 2006; Kaspi et al.,
2010). Although not compared directly, our results in-
dicate that relative virulence among nematode treat-
ments varied in the two different soils tested. Several of
the treatments that exhibited high levels of virulence
were common to both soils, i.e., H. indica (HOM1), S.
feltiae (SN), S. kraussei, and S. riobrave (355), whereas
others were not, e.g., H. bacteriophora (Oswego) and S.
rarum (17C&E) showed high virulence in the WV soil
but not the NH soil, and S. carpocapsae (Sal) exhibited
the opposite association. Generally, compared with lighter
soils, soils with higher clay content restrict nematode

TABLE 3. ANOVA statistics from laboratory experiments testing
virulence of entomopathogenic nematodes to Conotrachelus nenuphar
larvae in a loam soil (from New Hampshire).

Round DPIa Temperature (8C) df F P

1 5 12 7, 39 2.45 0.0350
1 5 18 7, 39 2.16 0.0598
1 5 25 7, 38 5.05 0.0004
1 12 12 7, 36 8.20 0.0001
1 12 18 7, 39 5.41 0.0002
1 12 25 7, 39 23.14 0.0001

2 5 12 7, 39 1.00 0.4460
2 5 18 7, 39 2.50 0.0317
2 5 25 7, 39 1.38 0.2412
2 12 12 7, 39 2.80 0.0184
2 12 18 7, 39 2.70 0.0222
2 12 25 7, 39 21.33 0.0001

3 5 12 5, 29 2.37 0.0641
3 5 18 5, 29 3.78 0.0093
3 5 25 5, 29 6.77 0.0003
3 12 12 5, 29 7.07 0.0002
3 12 18 5, 29 3.82 0.0088
3 12 25 5, 29 23.87 0.0001

a DAT = days post-inoculation.

TABLE 4. ANOVA statistics from laboratory experiments testing
virulence of entomopathogenic nematodes to Conotrachelus nenuphar
larvae in a clay loam soil (from West Virginia).

Round DPIa Temperature (8C) df F P

1 5 12 7, 39 2.59 0.0273
1 5 18 7, 39 3.46 0.0056
1 5 25 7, 39 9.40 0.0001
1 12 12 7, 39 7.16 0.0001
1 12 18 7, 39 8.95 0.0001
1 12 25 7, 39 19.46 0.0001

2 5 12 7, 33 1.37 0.248
2 5 18 7, 39 2.06 0.0718
2 5 25 7, 39 6.74 0.0001
2 12 12 7, 39 3.05 0.0137
2 12 18 7, 39 4.52 0.0009
2 12 25 7, 39 15.67 0.0001

3 5 12 6, 34 8.13 0.0001
3 5 18 6, 34 11.57 0.0001
3 5 25 6, 34 15.93 0.0001
3 12 12 6, 34 8.50 0.0001
3 12 18 6, 34 14.04 0.0001
3 12 25 6, 34 22.80 0.0001

a DAT = days post-inoculation.

FIG. 3. Average percentage survival (± SEM) of Conotrachelus ne-
nuphar larvae following exposure to 5 d exposure (5 dpi) en-
tomopathogenic nematodes in clay loam soil (from West Virginia).
Hb = Heterorhabditis bacteriophora, Hi = H. indica, Sf = Steinernema feltiae,
Sk = S. kraussei, Srar = S. rarum, Sr = S. riobrave; strain designations are
indicated after the species abbreviation and hyphen. Control = water
only. Different letters above bars indicate statistically significant dif-
ferences (SNK test, % = 0.05).
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movement and have potential for reduced aeration,
which can result in reduced nematode survival and
efficacy (Georgis and Poinar, 1983; Kung et al., 1990;
Molyneux and Bedding, 1984). Thus, in this study, one
might have expected lower virulence in the WV clay
loam than the NH loam because the former contains
lower levels of sand and more clay. However, in all assay
rounds, more nematode treatments were separated
from the control in the WV soil than the NH soil, and
therefore the premise based on soil texture does not
appear to have been supported. Indeed, even when soils
of differing textures have been directly compared excep-
tions have been observed, i.e., the soil with higher sand
(and lower clay) is not always most conducive to nema-
tode infection (Georgis and Gaugler, 1991; Shapiro
et al., 2000). Given the diversity of soil textures in which

entomopathogenic nematodes have caused high levels
of pest suppression (Miklasiewicz et al., 2002; Grewal
et al., 2005; Shapiro-Ilan et al., 2004, 2008), and based
on the results of our assays, we expect there is potential
for significant control of C. nenuphar in the soils tested
herein.

Our results may have predictive value in determining
which nematode species or strains are most suitable for
C. nenuphar suppression in different regions of North
America. For example, based on our results S. feltiae
may be particularly suitable to C. nenuphar control in
the Northern US and Canada. However, despite being
considered a warm-adapted nematode (Grewal et al.,
1994), S. riobrave caused significant suppression of C.
nenuphar in Michigan (Pereault et al., 2009), and
therefore may be also suitable for northern regions.
Predictions based on laboratory results do not always
turn out as expected in the field, e.g., S. feltiae caused
the highest C. nenuphar mortality in an earlier labora-
tory study (Shapiro-Ilan et al., 2002) but was ineffective
in the field (Shapiro-Ilan et al., 2004). On the other
hand numerous laboratory screening studies have led
to the selection of entomopathogenic nematodes that
proved successful in the field, e.g., H. indica for control
of D. abbreviatus (Shapiro et al., 1999; Shapiro and
McCoy, 2000; Shapiro-Ilan et al., 2005), and S. carpo-
capsae for control of the lesser peachtree borer, Synan-
thedon pictipes (Grote and Robinson) (Shapiro-Ilan and
Cottrell, 2006; Shapiro-Ilan et al., 2010) and pecan
weevil, Curculio caryae (Horn) (Shapiro-Ilan et al., 2003;
Shapiro-Ilan and Gardner, 2012).

Conceivably, entomopathogenic nematodes might be
used as a stand-alone tactic for reducing C. nenuphar
populations, e.g., in organic orchards. Alternatively, we
propose a multi-stage integrated management program
that includes insect attractants deployed in sentinel trees
(Leskey et al. 2008), selective use of chemical insecticides
for adult C. nenuphar control, and soil applications of
nematodes to suppress ground-dwelling stages. We are
currently conducting research toward implementation
of the integrated plan, and based on the results of this
study, have initiated field studies for optimization of
nematode treatments in the Northeastern US.
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